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ABSTRACT 

This work reports the development of luminescent materials with upconversion (UC) 

and persistent luminescence (PL) properties for optical applications involving near-

infrared (NIR) illumination. The following are described and discussed: 1) controlled 

synthesis to obtain uniform and monodisperse nano- and micro-particles; 2) surface 

modification to provide hydrophilic functional groups, making them dispersible and 

stable in aqueous media; 3) the structural, morphological, optical and 

photoluminescent characterizations; 4) potential applications. 

Sub-20 nm core/multishell NaGdF4:Yb3+/Ca2+/Nd3+/Tm3+@NaGdF4:Nd3+/Ca2+@ 

NaGdF4:Yb3+/Ca2+/Er3+/Nd3+ UC nanoparticles (UCNPs) were obtained by seed-

mediated growth via high-temperature co-precipitation route. Through simple and 

precise control of the shell thickness along with tuning the content of lanthanide ions 

in each domain (core, middle shell, and outermost shell) it was possible to obtain 

multicolored and tunable luminescence from blue to white under 808 nm laser 

excitation. 

NaYbF4:Tm3+ UC particles (UCPs) with microrod shape of 8 µm in length and 2.5 

µm in diameter were also synthesized. These microrods in conjunction with Ag3PO4 

particles (photocatalyst) and H2O2 (oxidizing agent) were used in the development of 

a broad-spectrum photocatalytic system, active in the UV-Vis-NIR region. This 

photocatalytic system showed high photocatalytic activity in crystal violet (CV) dye 

degradation under both direct excitation with visible light (complete dye removal in less 

than 8 min) and indirect excitation of Ag3PO4 in the NIR due to photons emitted by the 

UCPs under 980 nm laser irradiation (almost total dye removal in approximately 90 

min). 

Furthermore, uniform OA-capped NaYbF4:Tm3+@NaYF4 core/shell UCNPs were 

synthesized. The UC property of these nanoparticles was improved by increasing the 

protection of the NaYbF4:Tm3+ core nanoparticles with a NaYF4 protective layer of 

different thickness. Increasing shell thickness led to a concomitant decrease in energy 

quenching associated with surface defects of the unprotected nanoparticles. 

To enhance the applications of these NaYbF4:Tm3+@NaYF4 UCNPs, their coupling 

with PL nanoparticles (PLNPs) was investigated, aiming at obtaining a system that 

presents UC and PL (UC-PL) with excitation and emission in the NIR, which may find 



 
 

potential applications in deep tissue luminescence bioimaging or in the activation of 

photosensitizers in the photodynamic therapy. 

As a result, OA-coated ZnGa2O4:Cr3+ (ZGO) PLNPs were first synthesized. The 

synthesis was carried out by solvothermal treatment at 210 °C, without the need for 

further calcination. Tunable size from 7 to 21 nm was achieved using different alcohols 

in the synthesis and a seed-mediated nanoparticle growth approach. The PL was 

nanoparticle size-dependent (PL lasting over 1000 s). 

After improving the optical properties of the OA-coated nanoparticles, the ligand 

exchange process for surface modification was carried out. This allowed removing 

hydrophobic ligands and anchoring hydrophilic groups provided by poly(acrylic acid) 

(PAA) polymer and cysteamine (Cys) molecules on the surface of the nanoparticles, 

ensuring their redispersion in aqueous media, as well as providing long-term colloidal 

stability. 

Finally, the coupling reactions of hydrophilic nanoparticles were investigated 

through the formation of covalent bonds between surface-functionalized UCNPs and 

PLNPs, on the basis of EDC/NHS (1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide 

hydrochloride)/(N-Hydroxysuccinimide) coupling chemistry. The results obtained 

suggest that the coupling reaction was successfully performed. However, new coupling 

conditions and characterizations are needed, as well as the study of the energy transfer 

between the nanoparticles for a better understanding of this coupling process and to 

guarantee future applications.



 
 

RESUMO 

Neste trabalho é relatado o desenvolvimento de materiais luminescentes com 

propriedades de UC e PL envolvendo radiação no NIR. São descritas e discutidas: 1) 

a síntese controlada para a obtenção de nano e micropartículas monodispersas e de 

tamanho uniforme; 2) a modificação da superfície para fornecer grupos funcionais 

hidrofílicos, tornando-as dispersíveis e estáveis em meio aquoso; 3) caracterizações: 

estrutural, morfológica, óptica e fotoluminescente; 4) as potenciais aplicações. 

UCNPs com tamanho menor que 20 nm, estrutura do tipo núcleo/multicamada e 

de composição/design representado como NaGdF4:Yb3+/Ca2+/Nd3+/Tm3+@ 

NaGdF4:Nd3+/Ca2+@NaGdF4:Yb3+/Ca2+/Er3+/Nd3+ foram obtidas por crescimento 

mediado por sementes através de uma rota de coprecipitação a 300 °C. Mediante o 

controle simples e preciso da espessura das diferentes camadas, juntamente com 

ajuste do conteúdo dos íons lantanídeos em cada domínio (núcleo, camada 

intermediária e camada mais externa) foi possível obter luminescência multicolorida e 

sintonizável do azul ao branco sob excitação laser de 808 nm. 

Também foram sintetizadas UCPs de NaYbF4:Tm3+ em formato de microbastões 

de 8 µm de comprimento e 2,5 µm de diâmetro. Estes microbastões, juntamente com 

partículas de Ag3PO4 (fotocatalisador) e H2O2 (agente oxidante) foram utilizados no 

desenvolvimento de um sistema fotocatalítico de amplo espectro, ativo no UV-Vis-NIR. 

O sistema fotocatalítico desenvolvido apresentou alta atividade fotocatalítica na 

degradação do corante cristal violeta (CV) sob irradiação com luz visível (remoção 

total do corante em menos de 8 min) e no NIR usando um laser de 980 nm (quase 

total remoção do corante em aproximadamente 90 min). 

Além disso, foram sintetizadas UCNPs de tamanho uniforme, de estrutura do tipo 

núcleo/casca e de composição/design representado como NaYbF4:Tm3+@NaYF4. A 

propriedade de UC destas nanopartículas foi aprimorada mediante o aumento da 

proteção das nanopartículas centrais (núcleo) de NaYbF4:Tm3+ com uma camada 

protetora de NaYF4 cada vez maior. O aumento da espessura da casca levou a uma 

diminuição concomitante da supressão da energia associada aos defeitos de 

superfície das nanopartículas sem revestimento. 

Para potencializar as aplicações destas UCNPs de NaYbF4:Tm3+@NaYF4 foi 

investigado seu acoplamento com nanopartículas de PL (PLNPs), visando a obtenção 

de um sistema que apresente UC e PL (UC-PL) com excitação e emissão no NIR, que 



 
 

podem encontrar aplicações potenciais em bioimagem de tecido profundo baseado 

em luminescência ou na ativação de fotosensibilizadores na terapia fotodinâmica. 

Em decorrência disso, primeiramente foram sintetizadas PLNPs de composição 

ZnGa2O4:Cr3+ (ZGO) revestidas com OA. A síntese foi realizada pelo tratamento 

solvotérmico a 210 °C, sem a necessidade de calcinação adicional. Foi possível 

controlar o tamanho de 7 a 21 nm usando diferentes álcoois na síntese e uma 

abordagem de crescimento de nanopartículas mediada por sementes. A 

luminescência persistente foi dependente do tamanho das nanopartículas (PL com 

duração acima de 1000 s). 

Após do aprimoramento das propriedades ópticas das nanopartículas revestidas 

com OA foi realizada a modificação de superfície mediante troca de ligante com PAA 

e Cys. Isto permitiu remover os ligantes hidrofóbicos e fornecer grupo funcionais 

hidrofílicos na superfície das nanopartículas, garantindo sua redispersão em meios 

aquosos, além de proporcionar estabilidade coloidal a longo prazo. 

Finalmente, as reações de acoplamento das nanopartículas hidrofílicas foi 

investigado através da formação de ligação covalente entre as UCNPs e as PLNPs 

funcionalizadas na superfície, com base na química de acoplamento EDC/NHS. Os 

resultados obtidos sugerem que a reação de acoplamento foi realizada com sucesso. 

Com tudo, são necessárias novas condições de acoplamento e caracterizações, bem 

como o estudo da transferência de energia entre as nanopartículas para melhor 

entendimento desse processo de acoplamento e para garantir futuras aplicações. 

  



 
 

SYMBOL TABLE 

 

1O2    Singlet oxygen 

2S+1LJ    Notation for energy levels 
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1 INTRODUCTION 

1.1 Luminescence materials 

A luminescent material, also called a phosphor, is any substance capable of 

emitting electromagnetic radiation, usually accompanied by the emission of thermal 

radiation, after being externally excited by some type of energy, such as 

electromagnetic radiation (photoluminescence), energetic electron beams 

(catholuminescence), energy of a chemical reaction (chemiluminescence), mechanical 

energy (triboluminescence), electrical voltage (electroluminescence), among others.1–

4 The type of excitation energy indicates the type of luminescent material. For example, 

a photoluminescent material composed of a host lattice and an emitting center 

(activator) absorbs photons of light of a certain wavelength and emits photons of 

another wavelength, either longer [downshift (DS), downconversion (DC)] or shorter 

[upconversion (UC)].2,3,5 

Although the emitting center can be directly excited by incident light, in most cases 

the function of a host lattice is to absorb that radiation and transfer it to the activator 

ion.6 

Some characteristics of a good host matrix include high thermal and chemical 

stability, being transparent in the region of interest, having low to relatively low phonon 

energies, being resistant to photobleaching, etc. 

Different inorganic materials have been widely used as host lattice, such as oxides, 

fluorides, phosphates, sulfides, silicates, aluminates, gallates, borates, 

aluminosilicates, selenides, sulfates, titanates, etc.3,7–12  

The function of the emitting center or activator ion is mainly to emit photons, 

commonly in the UV, Visible and NIR regions. The most commonly used activators are 

lanthanide (Ln) ions such as Eu2+, Eu3+, Tb3+, Er3+, Tm3+, Ho3+, Nd3+, Sm3+, Dy3+ and 

Pr3+,13–22 and some transition metal ions, such as Cr3+, Cr4+, Mn2+, Mn3+, Mn4+,23–27 

among others,19,28 which have emission peaks mainly in the visible and NIR regions, 

suitable for several applications28–34  

Since the absorption and emission properties of a luminescent material are 

generally determined by the type of host lattice and the characteristics of the activator 

ion, it is extremely important to choose them properly to ensure their successful 
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application. Similarly, the regions or wavelengths of excitation and emission for a given 

material also play a vital role for its appropriate and relevant use. 

Typically, luminescent materials absorb and emit in the UV-Vis and Vis region, 

respectively. However, excitation and/or emission in the UV-Vis region presents some 

disadvantages for certain bioapplications, for example, various constituents of 

biological tissues absorb and/or emit significantly in this region, which leads to a very 

limited penetration depth of photons into biological tissues, as well as a high 

autofluorescence signal.35–38 

Meanwhile, biological tissues show greater transparency in the NIR window (also 

called optical window or therapeutic window), between 650-950 nm (NIR-I), 1-1.35 µm 

(NIR-II), and 1.5-1.8 µm (NIR-III).35–42 In addition, the autofluorescence signal is 

practically insignificant, because the chromophores present in the components of 

biological tissues are not excited by light beyond the visible region, making the 

development of materials that absorb and/or emit in those regions of the NIR highly 

interesting.43–51 

Ln-doped materials with UC properties from NIR to UV-Vis-NIR, and materials 

presenting persistent luminescence (PL) properties with NIR emission have attracted 

great research attention in recent years due to their interesting optical properties and 

will be discussed in the next topics. 

1.2 General introduction to trivalent lanthanide ions 

Ln elements represent a group of 15 chemically similar elements in the periodic 

table from lanthanum (La) to lutetium (Lu), that are associated with the progressive 

filling of the 4f orbitals. These 15 elements, along with the chemically similar elements 

scandium (Sn) and yttrium (Y), are often collectively known as rare-earth (RE) 

elements (see Figure 1.1).3,52–54  
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Figure 1.1 Position of the Ln elements and their chemically similar elements Sc and Y in the periodic 
table. Electronic configurations of neutral atoms and in the predominant oxidation state are 
included to highlight the progressive filling of the 4f orbitals. 

Lanthanum (La), the first of the lanthanides, does not have electrons in the 4f 

subshell because it is higher in energy than the 5d subshell, so La has the electronic 

configuration [Xe] 6s25d1, where [Xe] behaves like a "core". By progressively 

increasing the number of protons in the nucleus in the lanthanide series, the 4f orbitals 

contract towards the nucleus, decreasing their energy and becoming more stable and 

penetrating than the 5d orbital, so Cerium (Ce) has the electronic configuration [Xe] 

4f16s25d1. From praseodymium (Pr) to europium (Eu), the progressive half-filling of the 

4f orbitals occurs and there is no filling of the 5d orbital, so they all follow the 

configuration [Xe] 4fn6s2 (n = 3–7). After Eu, the pairing energy of electrons in the half-

filled f orbitals is greater than the energy for filling the 5d orbital with an electron; 

therefore, for gadolinium (Gd) the next electron is added to the 5d orbital, and its 

configuration is [Xe] 4f76s25d1. From terbium (Tb) to ytterbium (Yb), increasing the 

number of protons in the nucleus leads to the previous pattern being resumed, and so 

all of them follow the configuration [Xe] 4fn6s2 (n = 9–14). Lu, which already has fully 

filled f-orbitals, has the configuration [Xe] 4f146s25d1.2,52–55 

The most common and stable valence state of Ln or RE ions is the trivalent one 

(Ln3+), for which they have an electronic configuration of [Xe] 4fn (n = 0 - 14), which is 

energetically well separated from the [Xe] 4fn−15d1 configuration (ΔE > 32,000 cm−1). 

This configuration generate a wide variety of electronic levels (also called microstates), 

because each of the n electrons of the 4fn configuration is associated with one of the 
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seven 4f wavefunctions and may have a spin of ± ½.56 The way to associate the n 

electrons with the 4f orbitals, considering the spin, can be calculated using the 

expression: 

(4l + 2)!

n!(4l + 2 - n)!
= 

14!

n!(14 - n)!
    if l = 3 

(1.1) 

For example, the number of microstates for Tm3+, electronic configuration [Xe] 4f12, 

is 91. Each energy level is characterized by three quantum numbers, S, L, and J, and 

is labeled as 2S+1LJ, according to Russel-Saunders’ theory.57 S denote the total electron 

spin, and results from the vector sum of the spins of the individual electrons. The value 

of S is used to obtain the total spin multiplicity according to the equation 2S + 1. For 

example, if S = 5, the multiplicity of the spectroscopic term or level is quintet. 

Meanwhile, L denote orbital angular momentum, and results from the sum of the 

magnetic orbital momentum of each individual electron. Each value of L is assigned a 

capital letter of the Latin alphabet to obtain the different spectroscopic terms: S (L = 0), 

P (L = 1), D (L = 2), F (L = 3), G (L = 4), H (L = 5), I (L = 6), K (L = 7), and so on. Vector 

addition of L and S affords the resulting quantum number, J, which can have values of 

(L + S), (L + S) – 1, ........(L − S).57–59 Since the 4f orbitals do not directly participate in 

chemical bonding due to shielding effect by the fully filled 5s and 5p orbitals, their 

energy levels 2S+1LJ are well defined and poorly sensitive to chemical environment.6061 

This shielding effect is mainly responsible for the luminescent properties associated 

with the forbidden 4f-4f transitions of the lanthanides ions, for example, their multiple 

narrow and sharp emission bands, long excited-state lifetimes, high resistance to 

photobleaching. 

Furthermore, the highly complex energy levels of the lanthanide ions may be 

suitable for giving rise to several optical processes during electronic transitions, 

including DS, DC, and UC (Figure 1.2).62–68 DS is a process that converts a high-

energy excitation photon, usually in the UV, into a lower energy emission photon, 

usually in the visible region.62–65 DC is a process in which one high-energy excitation 

photon, typically in the UV-Vis region, results in two or more lower-energy emission 

photons, commonly in the Vis-NIR region.62,66 In particular, the UC process allows the 

conversion of two or more low energy excitation photons, usually in the NIR, to 

generate a higher energy emission photon, typically in the UV-Vis-higher energy NIR 

region.62–65,67–69 Through these well-established optical processes, lanthanide ions can 
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have multiple and tunable emissions over a wide range of the electromagnetic 

spectrum, from UV to NIR. 

 

Figure 1.2 Simplified scheme of photon conversion processes. 

1.3 Lanthanide-doped UC materials 

Ln3+ ions can be incorporated as dopants into different nanomaterials including 

upconverting nanoparticles (UCNPs) to achieve unique luminescent optical properties. 

Ln3+-doped UCNPs are diluted guest-host systems where Ln3+ ions are spatially 

distributed as guest in an appropriate dielectric crystal host lattice.70 Typically, Ln3+-

doped UCNPs are composed of one or more sensitizer ions, with sufficiently large 

absorption cross-sections, and activators, which are optically active centers that 

produce emission when excited, e.g. Er3+, Tm3+, and/or Ho3+. Interestingly, by proper 

control of Ln3+ dopants, UCNPs can emit at specific and tunable wavelengths, thus the 

color of the resulting emitted light can also be controlled. 

1.3.1 UC Mechanisms 

Several basic mechanisms have been identified by which UC luminescence (UCL) 

processes associated with Ln3+ ions can be achieved (Figure 1.3),29,69,71–74 including: 

1.3.1.1 Excited-state absorption (ESA) 

For ESA process, Ln3+ ions with ladder-like energy levels, such as Er3+, Tm3+, Ho3+, 

and Nd3+, under 980 or 800 nm excitation, are often used. In this process, the Ln3+ ions 

in the ground state (GS) absorb photons and are promoted to the first excited state 

(E1), which must be a metastable level. Subsequently, the ions in E1 absorb another 

photon and are promoted to a second excited state E2, from which the ions decay to 

the ground state, emitting light of shorter wavelength. 

 

 

Downshifting Downconversion Upconversion
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1.3.1.2 Energy transfer upconversion (ETU) 

The ETU process is probably the most studied today due to its high conversion 

efficiency. Basically, two different types of Ln3+ ions are needed in this process, 

sensitizers (usually Yb3+ or Yb3+/Nd3+) and activators (for example Tm3+, Er3+ or Ho3+). 

The successive absorption of two or more NIR photons by the sensitizer ions (ion 1), 

with subsequent energy transfer (ET) from the E1 of the sensitizer ions to the E1 (long-

lived intermediate energy states of activator ions) and subsequent E2 of the activator 

ions (ion 2), is followed by the emission of higher energy photons than the excitation 

photons (NIR → UV-Vis-NIR). 

 

Figure 1.3 Schematic diagrams of different photon UC processes. 

1.3.1.3 Cooperative sensitization upconversion (CSU) 

CSU is a process that involves three ions, two sensitizers (ion 1 and 3), which are 

generally of the same type, and one activator (ion 2). This mechanism has been 

reported for materials containing Yb3+ ions as sensitizer and Pr3+, Eu3+, or Tb3+, as 

activator ion. The process begins with the excitation of the sensitizer ions, which 

simultaneously transfer the excitation energy from their E1 to the E1 of the activator 

ion, resulting in the emission of light of wavelength shorter than the wavelength of the 

excitation light during radiative decay from the E1 to the GS of the activator ion. The 

activator ion does not have an intermediate energy level that matches the energy 

transferred by only one of the sensitizer ions, therefore, the efficiency of this process 

is very low. 
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1.3.1.4 Cross relaxation (CR) 

CR is a process of energy transfer between two equal or different neighbor ions, 

but with similar energy differences between two energy levels of both, in such a way 

that an ion (ion 1) transfers its energy from an excited level E1 to a second ion (ion 2) 

that is already in its excited level E1. As a result, ion 1 decays to the GS (or to a lower 

energy excited level) and ion 2 is promoted to a higher energy excited level (E2). The 

process can be represented as E1 (ion 1) + E1 (ion 2) → GS (ion1) + E2 (ion 2). This 

process depends on the distance of the dopant ions and requires high concentrations 

of them. It should be noted that in general it is a detrimental process of luminescence 

extinction, however, in optimal concentrations of dopants it can help in other UC 

processes, for example, to populate the 1D2 (and higher) state of Tm3+ ions, through 

the process of 3F2,3 (Tm3+) + 3H4 (Tm3+) → 3H6 (Tm3+) + 1D2 (Tm3+), during ETU. 

1.3.1.5 Energy migration upconversion (EMU) 

EMU has been reported for core/shell nanoparticles and starts with an ETU process 

between a sensitizer ion (ion 1) and an accumulator ion (ion 2) in the core domain. 

Subsequently, instead of being emitted, the energy is transferred to a migrator ion (ion 

3). After that, the energy migrates through the core-shell interface by transfer between 

migrator ions (ion 3 - ion 4). Subsequently, ion 4 transfers the energy to an activator 

ion (ion 5), which finally decays radiatively, emitting a photon of shorter wavelength 

than the wavelength of the excitation photons. To avoid detrimental cross-relaxation 

processes, the sensitizer/accumulator and activator ions are spatially separated and 

confined in different layers of the core/shell structure. Usually Yb3+, Tm3+, and Gd3+ 

ions are incorporated as ions sensitizer, activator, and migrator ions, respectively, 

while Dy3+, Sm3+, Nd3+, Eu3+, Tb3+, Ce3+ ions are commonly incorporated as activator 

ions (ion 5).75–80 

In general, the UC process in this work refers to ETU mechanism, unless otherwise 

specified. 

1.3.2 Design and fabrication of UCNPs 

As UCL efficiency and the optical properties of UCNPs are generally affected by 

several parameters, such as types and concentration of dopant ions, host lattice, 

crystal phase as well as the architecture of the nanoparticles; this requires rationally 

designed UCNPs to ensure their successful use in various applications.71,74,81–83 
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1.3.2.1 Host lattice 

The host lattice determines the local symmetry, the spatial distribution of the dopant 

Ln3+ ions, as well as the crystalline field strength in its environment, and consequently, 

the ability to relax Laporte-forbidden f–f transitions; therefore, its proper selection is 

essential to obtain high UCL efficiency. The selection of the host lattice material 

proceeds to fulfill a primordial set of criteria, including being transparent in the spectral 

range of interest, non-hygroscopic, chemically stable, and photobleaching resistant. 

Additionally, to achieve high UCL efficiency the host lattice must have low lattice 

phonon energies.70,74,83–86  

Phonon-mediated non-radiative relaxation is one of the detrimental luminescence 

suppression pathways that affect the efficiency of the UC process.87,88 The smaller the 

gap between two energy levels or the higher the energy of the phonons, the greater 

the probability that the phonons can fill the gap between them by multiphonon emission 

and, consequently, the probability of driving the excited electrons to the lower energy 

level without radiative emission. 

Since many energy levels of the sensitizer and activator ions participate in the UC 

process, it is necessary for the host lattice to have sufficiently low phonon energies, 

especially when conversions of three or more photons are required. Although bromides 

and chlorides of Ln3+ generally exhibit low phonon energies, e.g., 175 and 240 cm−1, 

respectively for LaBr3 and LaCl3,89,90 they are generally highly hygroscopic, water 

soluble, and deliquescent, which limits their use as host lattices in UC processes.90–92 

In contrast, oxides, and phosphates of Ln3+ meet high chemical stability but their 

phonon energies are relatively high, e.g., 600, 700, and 1050 cm−1, for Y2O3, Gd2O3, 

and LaPO4, respectively,89,93–95 leading to relaxation of the excited states by phonon-

mediated nonradiative decays, and making the UC process inefficient. Fluoride-based 

host lattice systems, for example, NaLnF4 and LnF3, meet the prerequisite of chemical 

stability, non-hygroscopic nature, transparency in the UV-Vis-NIR region, resistance to 

photobleaching, as well as relatively low phonon energies (~350 cm−1) to achieve high 

UC efficiency, thus are often used as host lattice materials for the synthesis of Ln-

based UCNPs.70,89,90,95–97 

As mentioned above, the local symmetry of the dopant ions at the lattice sites of 

the inorganic host material has a prominent impact on the optical properties of the 

UCNPs, which is correlated to the difference in crystal fields in the dopant ions vicinity 
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generated in different crystal symmetries. NaYF4, NaYbF4 and NaGdF4, which are the 

most representative host lattice materials for UC, are known to crystallize in two 

different crystal phases,67,98–104 the cubic phase (α-NaLnF4) and the hexagonal phase 

(β-NaLnF4). The last one is thermodynamically more stable at room temperature98 and 

generally exhibits much stronger and sharper UCL, as well as higher quantum yield 

and UC efficiency than the cubic phase, due to the lower crystal symmetry which 

increases the 4f-4f transition probabilities by relaxing forbidden selection 

rules.67,70,99,105 However, there is a greater tendency for the formation of the cubic 

rather than the hexagonal phase.99,106–108 The cubic phase can be obtained at room 

temperature. However, obtaining the hexagonal phase requires a phase transition from 

the cubic one, demanding more energy because the free energy barrier for that phase 

transition is remarkably high.99,106,107,109–111 In most cases, the hexagonal phase can 

be obtained by thermal treatment, which require elevated temperature conditions 

accompanied by long reaction times. 

1.3.2.2 Dopant ions 

Sensitizer and activator ions are mostly responsible for the UC process to occur, 

and their type and content can directly determine the efficiency of the process, as well 

as the color of the emitted light.89,112–114 Sensitizer ions allow the UCNPs to absorb the 

excitation photons, while activator ions help in the UC process thanks to their ladder-

like arrangement of levels with similar energy differences between them and relatively 

long lifetimes of their excited states, which allow the population of higher energy states, 

and the subsequent emission of higher energy photons. 

Only a few sensitizer-activator ion pairs are suitable for UC process, including 

Yb3+−Er3+, Yb3+-Tm3+, and Yb3+-Ho3+, which can operate successfully under 980 nm 

thanks to the relatively large absorption cross section of Yb3+ ions in that region, due 

to the electronic transition 2F7/2 → 2F5/2.70,89,90,96,112–114 

Additionally, several of the transitions between the ladder-like arranged energy 

levels of Er3+, Tm3+ and Ho3+ ions are closely resonant with the 2F7/2 → 2F5/2 transition 

of Yb3+ ions, favoring the successive energy transfers between sensitizer and activator. 

In particular, Er3+ and Tm3+ ions have large enough energy gaps between various 

energy levels to decrease the probability of phonon-mediated nonradiative relaxation 

and increase the UC efficiency along with the probability of radiative transitions in the 

visible region for Er3+ ions and UV-Vis (blue)-NIR for Tm3+ ions (Figure 1.4).74,81,115–117 
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Er3+ ions have three main UCL emission bands, including a red emission band 

around 660 nm and two fairly close green emission bands around 525 and 545 nm, 

which involve the UC of two photons. During sample excitation, a first photon is 

absorbed mainly by Yb3+ ions through 2F7/2 → 2F5/2 transition. Yb3+ ions in the 2F5/2 

excited state transfer the energy nonradiatively to Er3+ ions in the 4I15/2 GS, leading to 

the 4I11/2 excited level population of Er3+ ions and the return of Yb3+ ions to 2F7/2 GS. 

After that Er3+ ions can either decay nonradiatively to the 4I13/2 excited state or be 

promoted to the 2H5/2 excited state mediated by a second ET from excited Yb3+ ions 

after absorption of a new photon. Er3+ ions in the 2H5/2 excited state decay 

nonradiatively to either the 2H11/2 state (responsible for emission at 525 nm) or the 4S3/2 

state (responsible for emission at 545 nm) (Figure 1.4). Similarly, Er3+ ions in the 4I13/2 

excited state can be promoted to the 4F9/2 excited state (responsible for emission at 

660 nm) after a second ET from the excited Yb3+ ions. The radiative decay from 2H11/2, 

4S3/2, and 4F9/2 excited states to the 4I15/2 GS of Er3+ ions produces the characteristic 

green and red emissions of these ions, according to the literature.118–121 

Meanwhile, the main UC emission bands of the Tm3+ ions are located in the NIR 

(~800 nm), blue (around 475 and 450), and UV (near 360, 345, and 290 nm) regions, 

for this reason Tm3+-doped UCNPs are suitable for applications in deep tissues 

bioimaging or in the activation of photocatalysts, photosensitizers (PS), or PL 

nanoparticles (PLNPs). 

As in the UC mechanism based on Er3+ ions, the UC process based on Tm3+ ions 

starts with the absorption of the excitation light at 980 nm by Yb3+ ions leading to 

population of the excited state (2F5/2) as a result of the 2F7/2 → 2F5/2 transition. The 

excited Yb3+ ions transfer their energy to Tm3+ ions through successive energy transfer 

(ET) steps, resulting in the population of its higher energy levels. The excited Tm3+ ion 

then relaxes by emitting upconverted photons of shorter wavelengths (than the 

excitation wavelength of 980 nm) at around 290, 345, 360, 450, 475, and 800 nm which 

are, respectively, attributed to the 1I6 → 3H6, 1I6 → 3F4, 1D2 → 3H6, 1D2 → 3F4, and 1G4 

→ 3H6 transitions of Tm3+ ions (Figure 1.4).105,122–124 
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Figure 1.4 Schematic diagram of the mechanism of the UC process between the Yb3+–Er3+ and Yb3+–
Tm3+ pairs involving their energy level diagrams to explain the main UC emissions of the 
Er3+ and Tm3+ ions. ET: Energy transfer; CR: Cross relaxation. 

It is worth mentioning that increasing the concentration of sensitizer and activator 

ions will always lead to an increase in the UCL intensity of UCNPs. Of course, higher 

the concentration of Yb3+ ions, greater the intrinsic absorption cross-section of the 

UCNPs. However, a very high concentration of Yb3+ ions could lead to non-radiative 

relaxation by energy migration to quenching sites on UCNPs surface.125–127 

On the other hand, although the increase in activator ions concentration shortens 

the distance between sensitizer-activator ions, a highly doped system with activator 

ions irremediably leads to deleterious cross-relaxation processes and, consequently, 

to non-radiative decay;84,125–127 therefore, an adequate control of the elemental 

composition of UCNPs is essential to avoid energy losses due to non-radiative decay 

and maximize the emissions of upconverted photons.29,128,129 

In addition, doping a suitable host material with different types of activators (e.g., 

Er3+/Tm3+) in conjunction with Yb3+ as the sensitizer, ensuring precise control of their 

concentration, can produce multicolor UCL under 980 nm diode laser 

excitation.113,117,130–132 However, this strategy can also lead to cross-relaxation 

processes between the different types of activators, resulting in low UCL efficiency. 

To address the problem of non-radiative decay associated with energy migration to 

quenching sites on UCNPs surface and achieve multicolor UCL by simultaneous 

doping with different activator ions it is necessary to design the nanoparticle with a 

core/shell architecture,133–135 where the protective shell prevents the migration of 

energy from Yb3+ ions in the core region to quenching sites on nanoparticle surface, in 
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addition to allowing the activator ions to be separated into two different domains, the 

core and shell region. 

1.3.2.3 Nd3+-sensitized core/shell/shell UCNPs 

In the Yb3+-sensitized UC process, the excitation wavelength (980 nm) may be 

strongly absorbed by water molecules in biological environment, which could cause 

local heating problems in the vicinity of cells and tissues, thus damaging them.136 To 

solve this problem, some research has been focused on the extension of the UC 

excitation spectrum to shorter wavelengths (especially, in the vicinity of 808 nm using 

Nd3+ ions as sensitizers), where water molecules do not absorb significantly.136–143 

Nevertheless, efficient multicolor UCL output from Nd3+-sensitized UCNPs remains 

vague until this point. The UC mechanism under 800 nm laser excitation differs 

basically from the UC mechanism based on the excitation of Yb3+ ions under 980 nm 

laser irradiation in the first step. Specifically, the electrons of Nd3+ ion in the 4I9/2 GS 

are excited to the 4F5/2 level by the 808 nm laser. After a non-radiative decay of Nd3+ 

ions from the 4F5/2 excited level to the 4F3/2 excited level, an energy transfer occurs 

between the excited Nd3+ ions and the Yb3+ ions in the GS, causing the population of 

the excited level 2F5/2 of Yb3+ ions and the return of Nd3+ ions to the GS (Figure 1.5).141 

After that, the energy transfer from the Yb3+ ions to the activator ions occurs as 

mentioned above. 

 

Figure 1.5 Schematic  illustration  of  the  UC  process  involving  Nd3+, Yb3+,  and Er3+,  based on the 
excitation of Nd3+ ions at 800 nm. 

In Chapter 3 of this work, Nd3+-sensitized UCNPs, using NaGdF4 as host matrix, 

are further explored, and a detailed study of the synthesis is conducted, controlling the 

core/multishell architecture and the lanthanide contents to obtain multicolor UCL. Such 
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tunable multicolor UCL emission makes these Nd3+-sensitized Gd3+-based 

core/multishell UCNPs potential candidates for bioimaging and magnetic resonance 

imaging (MRI) dual modal application. 

1.3.3 Synthesis of UCNPs 

The optical properties and, in general, the successful application of UCNPs in 

different fields, depend largely on obtaining monodisperse UCNPs, with adequate 

control of size, shape, elemental composition, and crystalline phase during synthesis. 

The most common methods for the synthesis of high-quality Ln3+-doped core-only, 

core/shell, and core/multishell UCNPs include high-temperature coprecipitation and 

thermal decomposition methods, hot-injection strategies, and conventional and 

microwave-assisted hydrothermal treatment,8,13,122,144–148 

Additionally, the seed-mediated growth via high-temperature co-precipitation route 

and ripening-mediated self-focusing method for layer-by-layer epitaxial shell growth 

allow optimal control of the growth of one or more layers on the core (seed) 

nanoparticles and obtain high-quality core/shell and/or core/multishell structured 

UCNPs.135,149–151 

For developing of this thesis, high-temperature co-precipitation methods, 

microwave-assisted hydrothermal treatment, seed-mediated growth via high-

temperature co-precipitation route and ripening-mediated self-focusing method with 

injections of small sacrificial nanoparticles for layer-by-layer epitaxial shell growth were 

followed, and therefore, only the fundamentals of these methods will be described 

here. 

1.3.3.1 High-temperature coprecipitation method for the synthesis of core UCNPs 

High-temperature coprecipitation method for the synthesis of UCNPs is based on 

the formation of small amorphous coprecipitates of fluoride-based nanoparticles at 

room temperature, followed by growth and ripening at high temperatures (280-315 °C) 

for a relatively short time, ranging from minutes to a few hours. Although other co-

precipitating (stabilizing) agents/high boiling solvents could also be used, oleic acid 

(OA) as the stabilizing agent and 1-octadecene (ODE) as the solvent are the most 

widely used as they allow obtaining uniform, high-quality UCNPs and because of their 

cost-effectiveness, biocompatibility, and efficiency133,152–154 
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1.3.3.2 Microwave-assisted hydrothermal treatment for the synthesis of core UCNPs 

Hydrothermal treatment is a synthesis strategy that employs a Teflon-lined sealed 

autoclave reactor that allows obtaining UCNPs from aqueous solutions of the 

precursors at lower temperatures (180–220 °C) than those needed in the high-

temperature coprecipitation method, but with much longer reaction times (12–24 h) 

and much higher pressures (0.3–4 MPa). 

In addition, the microwave-assisted hydrothermal approach is a fast and simple 

method that drastically reduces the reaction time (0.5–1 h), even at temperatures lower 

than 200 °C. It also provides an excellent control over experimental parameters and a 

uniform distribution of energy inside the sample due to the high penetrability of 

microwave radiation, achieving a low thermal gradient and uniform heating. 

Micrometric size UC particles (UCPs), which can be used in heterogeneous 

photocatalysis processes for the activation of photocatalysts under NIR excitation, can 

be synthesized by microwave-assisted hydrothermal treatment.105,122 

1.3.3.3 Methodologies for the synthesis of core/shell and core/multishell UCNPs 

Epitaxial shell growth on UCNPs is a widely used strategy to spatially separate the 

optically active core from the surrounding environment, reducing non-radiative decays 

caused by energy migration to quenching sites on its surface and improving the 

efficiency of the UC process. Furthermore, shell growth is an attractive option to 

fabricate UCNPs with multifunctionality. 

1.3.3.3.1 Seed-mediated growth via high-temperature co-precipitation route 

This strategy is a powerful and versatile approach to synthesize high quality 

core/shell structure UCNPs with a relatively uniform morphology and size. Similar to 

the high temperature coprecipitation method, this is based on the coprecipitation of 

lanthanide fluorides and their subsequent growth and ripening at high temperatures, 

but in this case the coprecipitation is carried out in the presence of small crystals as 

seeds (core UCNPs), which are used as seed nuclei for the epitaxial growth of the 

outer shell layer.76,151 However, in the widely used seed-mediated shell growth on β-

NaLnF4, the shell precursors preferentially nucleate as α-NaLnF4 and thus a ripening-

mediated process is necessary to lead to the formation of β-core/β-shell UCNPs. By 

consecutively repeating the coprecipitation/ripening of new precursors using the 
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core/shell nanocrystals as seeds, it is possible to obtain UCNPs in core/multishell 

architecture. The shell thickness can be controlled by controlling the molar ratio of core 

to shell precursor.153,154 

1.3.3.3.2 Ripening-mediated self-focusing method for layer-by-layer epitaxial shell 

growth 

This approach consists in that larger particles with smaller surface-to-volume ratios 

are favored over energetically less stable smaller particles, resulting in the growth of 

larger particles at the expense of smaller ones. When small α-phase nanoparticles, 

called sacrificial nanoparticles (α-SNPs), are injected at high temperature into a 

mixture containing OA, ODE, and larger β-phase core UCNPs (defocusing process), 

the thermodynamically less stable α-SNPs dissolve rapidly, forming shell monomers. 

The fast release of these monomers results in a supersaturation of monomers which 

are then deposited on the larger stable core nanoparticles forming the β-core/β-shell 

structure (self-focusing). The most interesting point of this approach comes mainly 

from the high degree of control that can be achieved over the size, shape, and structure 

of the UCNPs without the need for vigorous control during synthesis. Additionally, this 

strategy saves time by repeating the defocusing and self-focusing cycle, which allow 

layer-by-layer growth during the same synthesis, enabling to evaluate the shell 

thickness and synthesize core/multishell UCNPs more efficiently.150 

1.3.4 Surface Modification 

Most of the synthetic methodologies mentioned above produce UCNPs with 

hydrophobic surfaces, exclusively dispersible in nonpolar organic solvents, due to the 

hydrophobic nature of the capping ligands used during the synthesis (e.g., OA). The 

resulting non-dispersibility nature of these nanoparticles in aqueous media limits their 

use in bioapplications, where hydrophilicity is essential. 

Since surface properties determine the biocompatibility of nanoparticles in vitro and 

in vivo, a crucial step in the use of UCNPs in bioapplications is the surface hydrophilic 

modification to make them water-dispersible, provide both a stable aqueous colloidal 

dispersion, and anchor suitable ligands to the surface for subsequent conjugation with 

biomolecules and/or other ligands. 

A wide variety of surface modification strategies have been developed to fulfill this 

prerequisite and can be categorized into four groups: chemical modification of the 
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original hydrophobic ligand on the surface, amphiphilic coatings, encapsulation with 

inorganic materials forming a hydrophilic shell and complete exchange of the original 

ligand by another.155–160 

Here only the ligand exchange strategy will be discussed since it was the only one 

used in the development of this thesis, and because it is usually the simplest, fastest, 

and most cost-effective strategy. 

1.3.4.1 Ligand exchange strategy 

Ligand exchange is a versatile strategy for modifying the surface of UCNPs, which 

is usually quite simple, fast, and cost-effective. It is based on the replacement of the 

original hydrophobic ligands by others of a hydrophilic nature. Ligand exchange can 

be achieved in two ways: by direct exchange of the original hydrophobic ligands for the 

new ones and by two-step strategies using NOBF4 (or acid treatment with HCl) to 

remove the hydrophobic ligands, followed by coating with the new hydrophilic ones.155–

157,161

1.3.4.1.1 Direct exchange of the original hydrophobic ligands 

For this purpose, ligands that have a higher coordination capacity with the 

lanthanide ions than the original ligands are used, in many cases in excess. The 

protocols are quite simple, but the elaboration is tedious and more challenging than 

the chemical reaction itself. Typically, oleate-capped UCNPs and the hydrophilic 

ligands are mixed in a suitable solvent under continuous stirring, generally at high 

temperature for a few hours or days. 

A major disadvantage is that protocols must be optimized for each type/family of 

ligands because each requires specific reaction conditions. Furthermore, the particles 

tend to agglomerate during ligand exchange.155,162 

1.3.4.1.2 Two-step strategies 

This is a widely applicable strategy for nanoparticle surface modification. In a first 

step, the hydrophobic ligands are removed from the surface of UCNPs in the presence 

of an excess of NOBF4, resulting in the stabilization of the nanoparticles by BF4
− ions. 

Although the nanoparticles are stabilized by BF4
− ions instead of NO+ ions, the 
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participation of the latter is important, since it has been shown that other fluoroborates 

work much less well, or even not at all in this strategy. 

Total exchange of OA molecules by BF4
− ions usually takes 20 minutes or less at 

room temperature, without the use of large amounts of solvents, requiring only stirring 

or sonication, thus resulting in an easy, fast, and cost-effective method, as well as 

being a general ligand-exchange strategy that may also be applied to other types of 

nanoparticles and enables their sequential surface functionalization. 

In addition to the above, the aggregation during the ligand exchange process is 

considerably reduced compared to other protocols, and the resulting nanocrystal 

dispersions in aprotic polar solvents such as dimethylformamide (DMF) have long-term 

colloidal stability.157 

In a second step, by simply adding and stirring, new molecules or polymers with 

functional groups of a hydrophilic nature can be anchored to the surface of the 

nanoparticles, resulting in the exchange of BF4
− ions for new ligands, such as 

poly(acrylic acid) (PAA), poly(vinylpyrrolidone) (PVP), poly(ethylene glycol) (PEG), 

citrate, etc.157,163  

1.3.5 Application of UCNPs and UCPs 

The unique luminescent properties of UCNPs and UCPs make them attractive for 

various interesting bioapplications, such as nanothermometry, photoluminescence 

bioimaging, in bioassays for the detection of viruses, bacteria, and cancer cells, 

treatment of some diseases including cancer, photoinduced drug delivery, etc.164–169 

Furthermore, Ga3+-based UCNPs can be used as dual-mode imaging contrast 

agents.170 

In addition to their multiple bioapplications, UCNPs and UCPs can also be used in 

heterogeneous photocatalysis, to obtain UV-Vis-NIR active broad-spectrum 

photocatalytic systems by coupling UCNPs or UCPs with UV-Vis active photocatalysts, 

since the emitted photons by the UC materials in the UV-Vis region can activate 

photocatalysts with appropriate bandgap energy.105,122,171 Furthermore, the 

combination of broad-spectrum photocatalytic systems with other advanced oxidation 

processes, including the heterogeneous Fenton-like process, seems a highly 

promising strategy to achieve more efficient degradation results, and even to improve 

the photostability of photoinstable photocatalysts, such as Ag3PO4, which has high 

photocatalytic activity, but suffers from photoreduction when exposed to UV-Vis light. 
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The two main objectives of Chapter 4 of this work were (i) the development of a 

broad-spectrum photocatalytic system by combining UCPs with Ag3PO4, 

photocatalyst, and (ii) the improvement of Ag3PO4 photostability using H2O2, which 

allows Ag3PO4 oxidation back/regeneration while leading to the formation of reactive 

oxygen species through Fenton-like reactions. 

Moreover, increasing attention has been paid to the use of UCNPs in the activation 

of PL materials,172,173 to simultaneously explore the advantages offered by the 

individual use of each of the two types of materials. For example, excitation of UCNPs 

at NIR allows deep penetration into biological tissues, while afterglow emission of PL 

materials could prevent damage to biological tissues by avoiding the continuous use 

of the excitation laser irradiation. 

1.4 PL materials 

PL materials, also called long-lasting or afterglow materials, have drawn 

considerable attention in the field of luminescence bioimaging and other 

bioapplications since they allow decreasing the exposure time of tissues to the 

excitation radiation, in addition to considerably reducing the autofluorescence 

background signal.174–176 This is due to the inherent ability of PL materials to function 

as optical batteries, storing excitation energy and eventually emitting lower energy 

photons for a long time after removing the excitation source, which in many cases can 

even be seen with the naked eye for several hours. 

Generally, two kinds of active centers are involved in PL process: traps and 

emitters. Trap levels originate because of lattice defects, impurities, or co-dopants in 

the material, mainly just below the conduction bands.177–179 

Excitation with suitable energy leads to the separation of electron-hole pairs, 

forming holes in the valence band and electrons in the conduction band, the latter are 

captured in the trap levels. 

The traps operate as deposits that store the excitation energy. When the excitation 

light is switched off, the charge carriers are gradually released from such traps and 

recombine radiatively or non-radiatively with the emitters (e.g., activator dopant ions) 

to emit PL177,180 as schematically shown in Figure 1.6. 
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Figure 1.6 Schematic representation of a PL mechanism. 

The characteristics of the emission center mainly determine the emitting 

wavelength region of interest, while those of the trap center determine the intensity and 

duration of PL.179,181 

Various types of lattice defects such as cation or anion substitution, interstitial 

impurities, cation or anion vacancies, and antisites act as electron and hole traps in 

the host material (Figure 1.7).182,183 

Figure 1.7 Examples of different types of point defects in a crystal lattice. 

Emission centers can be lanthanide ions (e.g., Ce3+, Eu2+, Nd3+, Er3+, Pr3+, Sm3+) 

with 5d → 4f or 4f → 4f transitions, transition metal ions (e.g., Cr3+, Mn2+, Mn4+, Ni2+) 

with d → d transitions, or other metal ions (e.g., Pb2+, Bi3+) with p→s transitions, etc. 

However, only a few have PL emissions in the NIR region.177,179,181,184 
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Cr3+-doped gallates such as ZnGa2O4:Cr3+ (ZGO) have recently paid important 

attention as highly promising PL materials for application as contrast agents for long-

term in vivo luminescence-based optical imaging23,174,185,186 due to their long-lasting 

emission in the NIR-I around 700 nm originating from the 2Eg→4A2g transition of Cr3+ 

emitters, according to Tanabe-Sugano diagram (Figure 1.8).187,188 

Furthermore, the excitation of ZGO is not only limited to the ultraviolet region, like 

most afterglow phosphors, but it can also be excited by X-rays and visible light, 

increasing the interest of researchers for its use in various applications.189–192 

Figure 1.8 Tanabe-Sugano diagram for Cr3+ ion in octahedral geometry (left) and 2Eg and 4A2g energy 
states involved in Cr3+ ion emission around 700 nm (right). 

Nevertheless, several challenges to ensure the application of these materials in 

bioapplications remain unresolved. One of the major challenges related to the use of 

PL materials in bioapplications is the lack of crystal size control, since high calcination 

temperatures (above 1000 °C) are needed to induce lattice defect formation and 

increase PL signal, leading to exaggerated particle growth and poor size 

distribution.12,193–195 In addition, the large size of the particles and the lack of ligands 

on the surface make their redispersion in aqueous media practically impossible. 

80

60

40

20

0

2F

2G
4P

4F

50403020300

2A2g

2A1g

4A2g

2Eg

2T2g

2T1g

4T1g

4T2g

4T1g

~700 nm

Δo/B

E
/B

4A2g

2Eg



61 

These challenges have been the subject of various studies in recent years. For 

example, by combining sol-gel and calcination procedures, several researchers 

obtained PL nanomaterials at lower temperatures (around 1000 °C), but the problem 

of agglomeration remained unsolved.196,197 

Particularly, hydro(solvo)thermal treatments allow obtaining ZGO particles at much 

lower temperatures. In addition, they offer the possibility of obtaining PL nanoparticles 

(PLNPs) with better control of size and morphology, thus being of greater relevance 

for bioapplications.189,198–201 

Until now, the hydro(solvo)thermal strategies that allow better control of size and 

morphology in the synthesis of PLNPs and other nanomaterials are those that use 

long-chain fatty acids, such as OA, to coat the nanoparticles,189,199–201 since a lower 

degree of polydispersity is obtained and agglomeration between them can be avoided, 

as mentioned above for the synthesis of UCNPs. 

Srivastava et al.199 obtained 6.1 nm ZGO nanoparticles through a biphasic 

synthesis route, heating a mixture formed by an aqueous solution of Zn(NO3)2, 

Ga(NO3)3 and Cr(NO3)3 and an organic solution of OA and toluene at 160 °C in an 

autoclave reactor. However, there was still a need for subsequent calcination at 750 

°C to obtain PL emission. 

Also using OA as a stabilizing agent, Yeh et al.189 synthesized ZGO concave 

nanocubes with an edge length of 30 nm through a solvothermal process at 220 °C, 

which showed afterglow emission for more than 6 h without the need for additional 

calcination. 

Similarly, Chen et al.200 synthesized ZGO PLNPs by a liquid-solid-solution 

hydro(solvo)thermal method at 210 °C using Zn(NO3)2, Ga(NO3)3, Cr(NO3)3, and a 

mixture of OA, ethanol, water, and sodium hydroxide. Due to the oleate molecules on 

the surface the PLNPs produced were monodisperse and flexible for surface 

functionalization, however they emphasized that their optical properties need to be 

improved. 

More recently, Gao et al.201 reported a solvothermal synthesis route, based on 

methanol-mediated pyrolysis of zinc, gallium, and chromium acetylacetonates to 

synthesize size-adjustable ZGO in a mixture of OA and ODE. Interestingly, the authors 

used smaller nanoparticles as seeds to obtain larger nanoparticles by seed-mediated 

growth, which allowed them to achieve an almost 10-fold increase in luminescence 

lifetime. They concluded that the increase in size favors the storage and release of 
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electrons captured by relatively deep traps, which leads to an increase in the 

luminescence lifetime (). 

In addition to the controlled synthesis of ZGO PLNPs with suitable morphological 

characteristics and good optical properties, other prerequisites must be resolved 

before the proper use of these nanocrystals in bioapplications. For example, 

nanoparticles must have good redispersibility in aqueous media, long-term colloidal 

and gravitational stability, and functional groups anchored to their surface to enable 

their subsequent conjugation with biomolecules. 

In Chapter 5 of this thesis, hydrophilic NIR-emitting ZGO PLNPs with improved 

afterglow properties that fulfill several fundamental requirements for optical 

bioapplications were obtained; therefore, the aforementioned challenges were well 

addressed here. 

In addition to the advances related to the development of PLNPs suitable for 

bioapplications obtained in this thesis, these ZGO PLNPs may be appropriate for 

coupling with UCNPs to develop biocompatible UC-PL systems, thus opening new 

research horizons. 

1.5 NIR-activated PL materials 

Taking into account the above considerations on the advantages of using near-

infrared excitation/emission in bioapplications, the interesting optical properties of 

UCNPs, and the inherent ability of PL materials to function as optical batteries and emit 

for a long post-excitation time, the development of UC-PL systems activated by NIR 

radiation and presenting PL in the NIR has attracted great research interest.172,173 

A great advantage of developing UC-PL materials is the possibility of obtaining NIR-

rechargeable “optical batteries”, which can find interesting applications including the 

activation of PS in photodynamic therapy (PDT) or deep tissue luminescence 

bioimaging. 

Unlike conventional PDT, for example, a UC-PL-PS system achieves a deeper 

penetration of the excitation light (980 nm laser), which is absorbed and upconverted 

by the UC materials. The photons emitted in the UV-Vis region by the UC materials 

activate the PL materials, which continue to emit for a long post-excitation period after 

which a new recharge takes place. In parallel, the photons emitted by the PL materials 
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lead to the excitation of PS responsible for producing singlet oxygen (1O2) capable of 

killing cancer cells. 

However, most of the works published so far on the subject use PL materials 

obtained by calcination at high temperatures and even UCPs with several micrometers 

in size, which makes their real use in bioapplications practically impossible.173,202,203  

Therefore, it is of paramount importance to develop novel UC-PL systems that are 

properly sized and fulfill the fundamental prerequisites for their potential 

bioapplications. 

For this reason, the NIR-emitting PLNPs obtained in Chapter 5 of this work have 

been used in conjunction with sub-40 nm size UCNPs obtained in Chapter 6 of this 

work to investigate their coupling in order to develop a UC-PL system with suitable 

properties for bioapplications. 
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7 GENERAL CONCLUSION 

Briefly, materials with UC and PL properties involving NIR illumination (excitation 

and emission) were successfully developed here. 

The lanthanide-doped fluoride-based UCNPs showed high degree of 

monodispersity, uniform size and mainly spherical shape. 

The vital role that different factors have on the morphological, structural, optical, 

and photoluminescent properties of UCNPs was demonstrated. The content of the 

activator ions directly determines the color of the light emitted by the UCNPs. It is 

important to choose the activator ion according to the required applications. For this, it 

must be considered if the wavelength emitted by them fits the needs. In addition, the 

adequate concentration can avoid cross-relation processes between the dopant ions. 

On the contrary, high concentrations can negatively affect emission processes due to 

non-radiative relaxation processes such as cross-relaxation or energy migration to 

surface quenching sites. 

Particularly high concentrations of Yb3+ can induce further growth of nanocrystals. 

Higher concentrations of Yb3+ and larger sizes of the nanoparticles may be suitable for 

the UC under 980 nm laser excitation, especially when the conversion of three or more 

photons is required. However, coating of the core nanoparticle with an inactive layer is 

generally necessary to prevent surface migration to surface quenching sites. 

Therefore, coating the core nanoparticle with a shell can increase several times the 

UC luminescence intensity. 

Regarding the PLNPs, a relationship was found between the nanoparticle/crystallite 

size and the PL properties. In addition, it was shown that the synthesis conditions (for 

example, variation in the type of solvent), influence the growth of the nanoparticles 

and, consequently, the PL properties. 

The main conclusions of each chapter of this thesis are shown below. 

First, in Chapter 3, sub-20 nm Nd3+-sensitized Gd3+-based core/shell/shell UCNPs 

showed simultaneous emission of Tm3+ (blue) and Er3+ (green and red) ions under 808 

nm laser irradiation. The color of the emitted light was thus tuned from blue to white by 

controlling the concentration of the dopant ions. It was demonstrated that the doping 

of Tm3+ and Er3+ ions in the core and outermost shell domains, respectively, as well as 

the enrichment of the intermediate shell with Nd3+, prevents cross-relaxation processes 

between them. Furthermore, the precise control of the content and concentration of 
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the dopant ions in each domain, as well as the thickness of each layer, plays a vital 

role in the energy transfer process. These results contribute to the development of new 

materials with multicolor emission and the understanding of energy transfer 

mechanisms between sensitizer and activator ions. In addition, it helps to understand 

possible routes to alleviate deleterious processes that decrease the radiative emission 

via quenching the excitation energy. 

Chapter 4 addresses and offers solutions to two major problems associated with 

the use of otherwise very photoactive and promising Ag3PO4 photocatalyst: (i) the lack 

of photoactivity in the NIR region and (ii) limited photostability due to 

self(photo)reduction involving reduction from Ag+ to Ag0. Problem (i) is addressed here 

by combining Ag3PO4 with NaYbF4:Tm3+ UCPs. These UCPs showed quite intense UC 

luminescence in the UV-Vis region under NIR irradiation using a 980 nm laser. The 

photons emitted by the UCPs have enough energy to photoexcite Ag3PO4, thus 

extending its application to the NIR region. Consequently, the activation of Ag3PO4 can 

occur indirectly with NIR light, in addition to its direct photoexcitation using low-cost 

commercial LEDs. The problem of limited photostability and poor recyclability of 

Ag3PO4 is addressed here using a minute quantity of hydrogen peroxide (H2O2) as the 

oxidant and photocatalyst regenerating agent that prevents the reduction of Ag+ and/or 

assists in the oxidation of Ag0 back to Ag+, thus ensuring the structural integrity and 

recyclability of the photocatalyst. Interestingly, the H2O2-induced photocatalyst 

regeneration process produces reactive oxygen species long after the photoexcitation 

process has been turned off (light off condition) and thus the photocatalytic system 

remains active even under dark conditions, leading to the photodegradation of CV dye 

both under light on and light off conditions. The simple but practical approach 

introduced in Chapter 4 marks a significant advancement in the development of 

recyclable photoactive materials for diverse photo(eletrochemical) applications. 

UCNPs or UCPs can also be implemented to develop many other systems based 

on the UC process, for example, they could be combined with ZGO PLNPs to develop 

NIR rechargeable optical batteries, which may find potential applications in bioimaging 

and photodynamic therapy. Therefore, the synthesis of ZGO PLNPs and their coupling 

with UCNPs was also investigated here. 

Regarding the obtaining of ZGO PLNPs, Chapter 5 addresses and offers solutions 

to three fundamental limitations of PL materials: (i) the lack of precise control over 

particle size/distribution, (ii) the short-lived PL for small nanoparticles, and (iii) their 
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poor water dispersibility and/or limited colloidal stability required for certain biological 

applications. Problem (i) have been addressed by using a solvothermal synthesis 

approach employing OA as the nanoparticle stabilizing/capping agent, which prevents 

their agglomeration and irregular growth. Problem (ii) have been addressed by 

increasing the nanoparticle size in a controlled way using a seed-mediated growth 

approach, which was accompanied by an increase in PL. Problem (iii) have been 

addressed using surface modification strategies through ligand exchange of the 

hydrophobic OA molecules, anchored to the nanoparticles surface, by hydrophilic 

molecules (PAA and Cys, in conjunction with NOBF4), which allows its redispersion in 

aqueous media and confers long-term colloidal stability. Furthermore, the carboxyl and 

amino groups anchored to the surface of these nanoparticles are suitable for 

functionalization with various biomolecules or other types of materials including 

UCNPs, and thus are relevant for biological applications. 

The proposed generalized strategy, which satisfies several prerequisites in relation 

to bioapplications, could be employed to prepare different kinds of surface-

functionalized PLNPs for bioapplications. 

Finally, for developing an UC-PL system the coupling of hydrophilic UCNPs and 

PLNPs was investigated here. An UC-PL system may be able to function as an "optical 

battery", rechargeable under NIR irradiation and with PL emission also in the NIR 

region, which makes it attractive for applications requiring deep penetration of the 

excitation and emission light. The coupling reactions were performed based on 

EDC/NHS coupling chemistry for the formation of amide groups. The results suggest 

that the carboxylic and/or amino functional groups anchored to the surface of the 

nanoparticles are essential for the formation of covalent bonds in the coupling process 

between them. However, new coupling conditions and the study of resonant energy 

transfer between UCNPs and PLNPs should be better investigated to ensure possible 

applications. 
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8 RESUMO EXPANDIDO DA TESE EM PORTUGUÊS 

Esta seção apresenta resumidamente os principais resultados desta tese de 

doutorado. 

Inicialmente, foram obtidas nanopartículas de conversão ascendente de energia 

(UCNPs) baseadas em Gd3+ e sensibilizadas com Nd3+ para emissão simultânea dos 

íons Tm3+ (azul) e Er3+ (verde e vermelho) sob excitação de 808 nm. 

Para obter uma emissão multicolorida eficiente dos UCNPs e evitar relaxações 

cruzadas deletérias entre os íons Ln3+ ativadores (localizados no núcleo e/ou na 

casca), é essencial obter nanopartículas com nanoestrutura adequada. 

A Figura 1a esquematiza um design apropriado para obter emissão multicolorida a 

partir dos íons Tm3+ e Er3+ sob excitação em 808 nm dos íons Nd3+. 

A separação dos íons ativadores em diferentes camadas (Tm3+ no núcleo e Er3+ 

na casca2), juntamente com a dopagem relativamente alta de Nd3+ na casca1 permite 

a transferência de energia de maneira bidirecional, evitando processos de relaxação 

cruzadas entre esses íons. 

A Figura 1b mostra o diagrama ilustrativo da obtenção das nanopartículas com 

nanoestrutura do tipo núcleo/casca/casca com composição NaGdF4: 

Yb3+(40)/Ca2+(7)/Nd3+(1)/Tm3+(0,75)@NaGdF4:Nd3+(30)/Ca2+(7)@NaGdF4:Yb3+(40)/

Ca2+(7)/Nd3+(1)/Er3+(X = 1, 2, 3, 5, 7 mol%) [doravante referido como CSS (Er3+ = 1, 

2, 3, 5 e 7 )] mediante o crescimento das respectivas nanopartículas núcleo e 

núcleo/casca (doravante referido como CS). 

As imagens de TEM na Figura 1c revelam a formação de nanopartículas esféricas 

de 7, 12 e 19 nm, respectivamente, para as nanopartículas com estrutura do tipo 

núcleo (i), CS (ii) e CSS (iii). 

 

Figura 1  Diagrama esquemático do design do tipo núcleo/casca/casca para emissão multicolorida a 
partir dos íons Tm3+ (no núcleo) e Er3+ (na casca2) sob excitação dos íons Nd3+ em 808 nm 
(a). Ilustração esquemática da síntese das UCNPs CSS seguindo um método de crescimento 
camada por camada mediado por sementes (b). Imagens de microscopia. 
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Para investigar o efeito das cascas sobre as propriedades óptica foram medidos 

os espectros de UC das UCNPs de estrutura do tipo núcleo, CS e CSS(Er3+ = 5) 

sintetizadas sob excitação de laser de 808 nm (Figura 2a). 

Os picos de luminescência de UC centrados em torno de 451 e 477 nm são 

atribuídos às transições 1D2 → 3F4 e 1G4 → 3H6 dos íons Tm3+, respectivamente. A 

intensidade de luminescência de UC integrada na faixa de 442 a 505 nm é 77 vezes 

maior após o revestimento da nanopartícula núcleo com a casca. A razão por trás 

dessa observação pode ser explicada com base em dois fatores. Primeiro, a severa 

supressão da energia relacionada à superfície das nanopartículas núcleo 

NaGdF4:Tm3+(0,75)/Yb3+(40)/Nd3+(1)/Ca2+(7) é diminuída pelo revestimento com a 

camada de NaGdF4:Nd3+(30)/Ca2+(7). Em segundo lugar, a alta concentração de íons 

Nd3+ (30 mol%) na casca das UCNPs CS pode coletar a luz em 808 nm de forma mais 

eficiente e posteriormente transferi-la para a região central (núcleo) para sensibilizar 

os íons Yb3+ e simultaneamente a Íons Tm3+ (ativador) para produzir emissão azul. 

Após o crescimento da segunda casca (ou seja, 

NaGdF4:Yb3+(40)/Nd3+(1)/Ca2+(7)/Er3+(5) na superfície das nanopartículas CS, a 

luminescência de UC de ambos os ativadores (Er3+ e Tm3+) foi observada em conjunto 

(espectro azul na Figura 2a). Junto com as transições 1D2 → 3F4 e 1G4 → 3H6 dos íons 

Tm3+, o pico de emissão verde centrado em 544 nm (4S3/2 → 4I15/2) e o pico de emissão 

vermelho centrado em 650 nm (4F9/2 → 4I15/2) dos íons Er3+ também são observados. 

Esses resultados comprovam que a casca enriquecida com Nd3+ pode coletar a luz de 

excitação de forma eficiente e permite a migração de energia através da interface 

núcleo/casca para íons Tm3+ no núcleo e Er3+ na camada mais externa para produzir 

luminescência de UC multicolorido a partir das nanopartículas CSS. 

O controle preciso da concentração dos íons Er3+ na camada mais externa das 

nanopartículas CSS os torna candidatos potenciais para produzir eficiente 

luminescência de UC multicolorida. É evidente a partir da Figura 2b que o ajuste 

apropriado da concentração de Er3+ na camada mais externa desempenha um papel 

essencial na mudança nas intensidades relativas das cores de emissão verde (4S3/2 

→ 4I15/2) e vermelha (4F9/2 → 4I15/2) dos íons Er3+, resultando na produção de cores 

luminescência que variam do azul ao branco. Tais mudanças espectrais também 

podem ser observadas a olho nu como mostrado nas imagens digitais inseridas na 

Figura 2b. 
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Figura 2   (a) Espectros de luminescência de UC das nanopartículas com estrutura do tipo núcleo, CS 
(30 mol% de Nd3+ na casca) e CSS (5 mol% de Er3+ na camada mais externa). (b) Espectros 
de luminescência de UC das nanopartículas com estrutura CSS com diferentes 
concentrações de Er3+ [(i) = 1, (ii) = 2, (iii) 3, (iv) = 5 e (v) = 7 mol%]. Estão inseridas em (b) 
às respetivas imagens digitais das correspondentes nanopartículas. Os experimentos foram 
realizados sob excitação laser de 808 nm. 

 

Figura 3  (a) padrão DRX, (b) imagem MEV e (c) espectro de absorção UV-Vis-NIR (linha pontilhada) 
e espectro de luminescência de UC sob irradiação laser de 980 nm (linha sólida preta) das 
UCPs de composição NaYbF4:Tm3+. A inserção em (b) mostra uma visão ampliada de uma 
única partícula orientada verticalmente. 

Por outro lado, também foram sintetizadas partículas de conversão ascendente de 

energia (UCPs) de composição NaYbF4:Tm3+. Estas UCPs foram obtidos pelo 

tratamento hidrotérmico assistido por micro-ondas, usando ácido 

etilenodiaminotetracético (EDTA) como agente coprecipitante. Suas propriedades 

estruturais, morfológicas e ópticas, foram estudadas usando espectroscopia de XRD, 

SEM e fotoluminescência (PL), respectivamente ( Figura 3). 

Os padrões de difração de raios-X das UCPs encaixam perfeitamente com o 

padrão de difração padrão da fase hexagonal dos cristais de β-NaYbF4 (PDF nº 27-
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1427) (Figura 3a) que geralmente está associada a luminescência de UC mais forte 

do que a fase cúbica (α-NaYbF4). 

Esta amostra consiste em microbastões de cerca de 7,9 ± 1,4 μm de comprimento 

e 2,5 ± 0,5 μm de diâmetro (Figura 2b). Uma vista ampliada de um microbastão 

orientado verticalmente revela a sua forma hexagonal (inserção na Figura 3b), de 

acordo com os resultados da análise de XRD (Figure 3a). 

A presença de íons Yb3+ e/ou propriedades de absorção NIR das UCPs são 

evidentes a partir do pico de absorção característico do Yb3+ em cerca de 975 nm no 

espectro de absorção eletrônico, obtido pela medição da refletância difusa da amostra 

em pó (Figura 3c, linha pontilhada). 

A presença do Yb3+ permite assim que as UCPs absorvam os fótons NIR fornecidos 

pelo laser de 980 nm, enquanto a dopagem com o íon Tm3+ como ativador auxilia na 

obtenção de luminescência de UC na região UV e visível do espectro (Figura 3c , linha 

contínua). 

O espectro de UC das UCPs em suspensão aquosa, medido sob excitação de laser 

de 980 nm, mostra assim picos de emissão centrados em torno de 286, 344, 361, 452 

e 477 nm que são, respectivamente, atribuídos às transições 1I6 → 3H6, 1I6 → 3F4, 1D2 

→ 3H6, 1D2 → 3F4 e 1G4 → 3H6 dos íons Tm3+ (Figure 3c, linha contínua). 

Seguidamente, os microbastões de UC sintetizados foram usados na ativação do 

Ag3PO4, fotocatalisador altamente fotoativo na região UV-Vis, mediante os fótons 

emitidos sob excitação no NIR. O Ag3PO4 foi sintetizado mediante uma metodologia 

fácil de precipitação usando acetato de prata (CH3COOAg) e Na2HPO4.12H2O como 

precursores. Após calcinação a 200 °C, as propriedades morfológicas, 

composicionais, cristalográficas e ópticas das partículas de Ag3PO4 foram estudadas 

usando SEM, EDX, XRD e DRS, respectivamente. A imagem de SEM do Ag3PO4 

revela a formação de partículas quase esféricas de tamanho micrométrico (diâmetro 

médio: 475 ± 182 nm) (Figura 4a). Também se observa que a superfície destas 

partículas está decorada com pequenas nanoesferas (diâmetro médio aproximado: 16 

± 4 nm) (Figura 4a), que podem corresponder à formação de nanopartículas de Ag na 

superfície do Ag3PO4 calcinado, promovidas pelo tratamento térmico. O espectro de 

EDS (Figure 4b) mostra claras linhas de emissão de Ag, P e O, confirmando a 

presença desses elementos nas amostras. O difratograma de XRD na Figure 4c, 

mostra que todos os picos de difração da amostra encaixam perfeitamente com os da 

fase cúbica de corpo centrado de Ag3PO4 (PDF no. 06-0505). 
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Figure 4  (a) imagem de SEM, (b) espectro de EDS, (c) padrão DRX e (d) espectro de absorção UV-
Vis-NIR do fotocatalisador Ag3PO4. O sinal do Si no espectro EDS é atribuído ao porta-
amostra. A inserção em (a) mostra uma visão ampliada de uma partícula de Ag3PO4. A 
inserção em (c) mostra o valor do band-gap obtido a partir do gráfico da função de Kubelka-
Munk contra a energia (eV). 

 

Figura 5 Sobreposição do espectro de absorção do fotocatalisador Ag3PO4 com o espectro de 
luminescência de UC dos microbastões de NaYbF4:Tm3+(0,5) sob irradiação com laser de 
980 nm (a). Mudança temporal na concentração do corante CV em função do tempo de 
irradiação com LEDs azul (b). Diminuição na concentração do corante CV em função do 
tempo de irradiação com laser de 980 nm na presença dos sistemas fotocatalíticos UCPs–
Ag3PO4 (c) e UCPs–Ag3PO4–H2O2 (d). Além dos experimentos fotocatalíticos na presença 
de somente Ag3PO4 em (b), UCPs-Ag3PO4 em (c) e UCPs–Ag3PO4–H2O2 em (d), diferentes 
controles também são mostrados. 

O espectro de absorção da amostra de Ag3PO4 em pó foi medido por 

espectroscopia de refletância difusa (Figura 4d). Este apresenta forte absorção na 
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região UV-Vis, atribuída à transferência de carga intrínseca de Ag3PO4 da banda de 

valência (VB) para a banda de condução (CB), com um band-gap indireto de 2,30 eV, 

como estimado a partir do gráfico de Kubelka-Munk (inserção na Figura 4d). 

A forte absorção do Ag3PO4 se sobrepõe bem com a emissão de diodos emissores 

de luz (LEDs) azul (460 ± 10 nm) e com o espectro de emissão dos microbastões de 

NaYbF4:Tm3+ sob excitação no NIR (Figure 5a), permitindo a fotoexcitação efetiva do 

Ag3PO4 e a fotodegradação de poluentes de maneira direta com os LEDs azul, e de 

maneira indireta sob irradiação no NIR devido aos fótons emitidos pelas UCPs. 

A resposta fotocatalítica do Ag3PO4 foi, portanto, avaliada na degradação do 

corante violeta cristal (CV) sob dois modos de iluminação diferentes, a saber, 

iluminação com LEDs azul (fotoexcitação direta do Ag3PO4) (Figura 5b) e irradiação 

laser de 980 nm (fotoexcitação indireta de Ag3PO4 pelos fótons UV-visível emitidos 

pelas UCPs) (Figura 5c). 

A absorbância normalizada do corante exibiu uma diminuição drástica em apenas 

2 min de iluminação com os LEDs (Figure 5b, linha vermelha) e quase 100% de 

descoloração do corante foi alcançado em menos de 8 min (veja a inserção na Figura 

5b), indicando a alta atividade fotocatalítica sob luz visível das partículas de Ag3PO4 

preparadas. 

Depois de confirmar a excelente atividade fotocatalítica inerente do Ag3PO4 sob luz 

visível foi avaliada a fotoatividade no NIR do sistema composto pelas UCPs e o 

fotocatalisador (UCPs-Ag3PO4) (Figura 5c). Foi observada uma degradação de quase 

100% do corante em 180 min sob na presença do sistema UCPs-Ag3PO4 sob 

irradiação laser (Figura 5c), confirmando, portanto, sua fotoatividade baseada no NIR. 

Além disso, a presença de H2O2 levou a uma melhora considerável na degradação do 

corante sob irradiação de laser de 980 nm, atingindo quase 100% de degradação do 

corante em apenas 90 min de iluminação no NIR (Figura 5d). 

Experimentos controle foram realizados para entender melhor o processo 

fotocatalítico e avaliar a contribuição de diferentes fatores. Por exemplo, pode-se notar 

que a diminuição da absorbância do corante no experimento de adsorção (Ag3PO4 

sem luz) (Figura 5b, linha verde) e a fotólise direta do corante sob irradiação com luz 

visível (Figura 5b, linha vermelha) e com laser de 980 nm, independentemente da 

ausência (Figura 5c, linha vermelha) ou presença de H2O2 (Figuras 5 d, linha 

vermelha), é insignificante. 
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Da mesma forma, observamos uma diminuição de cerca de 40% na concentração 

do corante CV na presença de apenas Ag3PO4 (linha laranja na Figura 5c ) sob 

irradiação laser de 980 nm. Isso pode ser atribuído à excitação direta no NIR do 

Ag3PO4 altamente fotoativo. 

De maneira similar, foi observada uma redução significativa na concentração do 

corante CV pelo sistema UCPs-Ag3PO4-H2O2 na ausência de iluminação NIR (linha 

azul na Figura 5d ), o que pode ser associado à produção de espécies reativas de 

oxigênio, mediante reação do tipo Fenton entre H2O2 e as partículas de Ag na 

superfície de Ag3PO4 formadas durante o processo de calcinação. Em todos os casos, 

a diminuição da concentração do corante CV na presença do sistema UCPs–Ag3PO4 

e/ou UCPs–Ag3PO4–H2O2 sob irradiação com laser de 980 é muito maior (~100%), 

confirmando a atividade fotocatalítica baseada no NIR desses dois sistemas. 

Além do uso na fotocatálise heterogênea, os materiais com propriedades de UC 

também podem ser empregados na excitação de outros materiais, por exemplo, 

PLNPs. As características resultantes da combinação de UCNPs com PLNPs podem 

oferecer desvantagens proeminentes para bioaplicações. As PLNPs possuem a 

capacidade única de funcionar como baterias ópticas (ou seja, armazenar energia de 

excitação) e emitir fótons de energia mais baixa por um longo tempo após desligar a 

luz de excitação externa. Isso permite uma diminuição no tempo de exposição do 

tecido à radiação de excitação e, adicionalmente, à diminuição do sinal de fundo de 

autofluorescência em comparação com o uso particular das UCNPs.  

Em particular o galato de zinco dopado com crômio (ZnGa2O4:Cr3+, doravante 

nomeado como ZGO) apresenta luminescência persistente no NIR entorno de 700 

nm. Da mesma forma que a radiação de excitação das UCNPs em 980 nm a emissão 

do ZGO encontra-se na primeira janela biológica, ou seja, em uma região de baixa 

absorção pelos tecidos biológicos, aumentando notavelmente a profundidade de 

detecção e melhora da eficácia terapêutica. 

Devido ao mencionado anteriormente, neste trabalho também foram sintetizadas 

PLNPs de ZGO para posteriormente investigar o acoplamento com UCNPs.  

As PLNPs de ZGO foram sintetizados mediante um método solvotérmico líquido‒

sólido‒solução de acordo com metodologias adaptadas da literatura. Usou-se uma 

mistura de OA, NaOH, álcoois de cadeia curta, água e os nitratos de Zn2+, Ga3+ e Cr3+. 

Estas amostras revestidas com OA exibiram algumas mudanças em sua morfologia, 

tamanho de partícula, tamanho de cristalito, bem como nas suas propriedades 



214 
 

 

luminescentes, dependendo do tipo de álcool usado na síntese (Figure 6). Os PLNPs 

sintetizados na presença de propanol (ZGOP, Figura 6a) e etanol (ZGOE, Figura 6b) 

apresentaram uma morfologia quase esférica e uma distribuição de tamanho 

unimodal, com diâmetro médio de partícula de 7,1 e 7,7 nm, respectivamente. Por 

outro lado, a amostra preparada com metanol (ZGOM, Figura 6c) apresentou uma 

distribuição bimodal com a coexistência de nanopartículas pequenas (10,6 nm) e 

grandes (64,4 nm), de formato esferoidal e triangular, respectivamente. 

A análise de XRD em pó na Figura 6d mostra que todas as amostras de ZGO 

cristalizaram na fase cúbica do ZnGa2O4 (PDF Card 00-038-1240), sem a presença 

de quaisquer impurezas de fase. Os tamanhos de cristalitos obtidos a partir dos 

difratogramas da Figura 6d, usando a equação de Scherrer são 6,9, 7,2 e 14,2 nm 

para ZGOP, ZGOE e ZGOM, respectivamente, de acordo com os tamanhos de 

partículas calculados a partir das imagens TEM correspondentes (Figura 6a-c). 

A Figura 6 e-g mostra os espectros de excitação (e) e emissão (f), bem como os 

decaimentos da luminescência pós-excitação correspondentes à emissão em 697 nm 

(g). Os decaimentos da luminescência em (g) foram obtidos após excitação das 

amostras sintetizadas na presença dos três álcoois diferentes durante 2 min com um 

LED branco e um atraso de 20 segundos. Como pode ser observado a partir dos 

espectros de excitação (Figura 6e), as amostras apresentam três bandas 

características, localizadas nas regiões UV (250‒350 nm), azul (420 nm) e laranja 

(540 nm). As bandas localizadas em torno de 420 nm e 540 nm são atribuídas às 

transições permitidas por spin do estado fundamental [4A2 (4F)] dos íons Cr3+ em uma 

simetria octaédrica para os estados excitados 4T1 (4F) e 4T2 (4F), respectivamente. A 

outra banda na região UV resulta de uma sobreposição parcial do band gap da matriz 

hospedeira de ZnGa2O4 com a transição permitida por spin do estado fundamental 

[4A2 (4F)] para o estado excitado [4T1 (4P)] de Cr3+ íons. Todas as amostras exibiram 

um perfil de decaimento semelhante (Figure 6g), que foi ajustado em uma função de 

decaimento biexponencial (ExpDec2 Fit), indicando dois tempos de vida diferentes e 

sugerindo que existem pelo menos dois caminhos para a recombinação radiativa dos 

portadores de carga na produção de luminescência persistente dessas 

nanopartículas. 
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Figura 6    Imagens de TEM em duas ampliações diferentes e a correspondente distribuição de tamanho 
extraída das imagens de TEM (a-c) das amostras de ZGO preparadas na presença de 
propanol (a), etanol (b) e metanol (c). XRD (d), espectros de excitação (λem = 697 nm) (e), 
espectros de emissão (λexc = 291 nm) (f) e curva de decaimento de luminescência pós-
excitação (g) das correspondentes amostras em pó. 

 

Figura 7   Imagens de TEM (a), distribuição de tamanho calculada a partir das correspondentes imagens 
de TEM (b) e curvas de decaimento da luminescência persistente (c e d) das mostras de 
ZGO com diferentes tamanhos. As curvas em (c) foram obtidas a partir do cálculo das 
intensidades integradas dos espectros de emissão (601‒790 nm) em diferentes intervalos 
de tempo pós-excitação (λexc = 291 nm). As curvas em (d) correspondem ao decaimento da 
emissão (𝜆em = 697 nm) pós-excitação (LED branco). A excitação das amostras realizou-se 
durante 120 s; atraso pós-irradiação de 25 e 5 s para (c) e (d), respectivamente. Todos os 
experimentos foram realizados em ciclohexano. 
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Para preparar partículas ligeiramente maiores com propriedades de luminescência 

aprimoradas, foram empregadas as pequenas nanopartículas ZGOE (7,7 nm) (agora 

denominadas ZGOE1) como sementes para sintetizar nanopartículas maiores 

(ZGOE2) de aproximadamente 12 nm (veja Figura 7 a,b). Subsequentemente, as 

ZGOE2 resultantes foram usadas como sementes para preparar nanopartículas ainda 

maiores (ZGOE3) (veja Figura 7 a,b). No entanto, a amostra ZGOE3 mostrou uma 

distribuição de tamanho bimodal (9,5 nm e 24 nm), sugerindo que o crescimento do 

cristal é acompanhado por nucleação fresca. 

Seguidamente, as amostras dispersadas em ciclohexano foram irradiadas a 291 

nm (λexc) durante 120 s. Os espectros de luminescência (601‒790 nm) pós-excitação 

começaram ser registrados 25 s após desligar a luz de excitação. Em seguida, foram 

calculadas as intensidades integradas (Figura 7c) obtidas a partir desses espectros 

em diferentes intervalos de tempo pós-excitação. À medida que o tamanho médio de 

partícula aumentou de 8 para 21 nm, os tempos de vida (t) do primeiro (t1) e segundo 

decaimento (t2) (ajuste ExpDec2) aumentaram de 45 para 56 s e de 233 a 375 s, 

respectivamente. Esses resultados demonstram o impacto positivo do aumento do 

tamanho das partículas, via crescimento mediado por sementes, nas propriedades 

luminescentes das PLNPs.  

Da mesma forma, as amostras em ciclohexano foram irradiadas com um LED 

branco durante 120 s. As curvas de decaimento de luminescência pós-excitação (λem 

697 nm) foram registradas 5 s depois de remover a excitação (Figura 7d). A partir da 

Figura 7d pode-se inferir que o aumento no tamanho das nanopartículas permite maior 

armazenamento da energia de excitação. Adicionalmente, as amostras ZGOE3 e 

ZGOE2 continuaram emitindo fotoluminescência por mais tempo em comparação com 

ZGOE1, o que novamente apoia a importância de aumentar o tamanho das 

nanopartículas pelo crescimento mediado por sementes para melhorar as 

propriedades ópticas das PLNPs de ZGO. 

Depois de aprimorar as propriedades de PL das nanopartículas de ZGO revestidas 

com OA foi realizada a modificação de superfície para remover os ligantes 

hidrofóbicos e fornecer grupos hidrofílicos na sua superfície. As nanopartículas 

ZGOE3 foram revestidos com ácido poliacrílico (PAA) mediante uma estratégia de 

troca de ligante de uma etapa (direta) (rota 1, Figura 8a) e através de uma estratégia 

de troca de ligante de duas etapas (rota ii, Figura 8a). Neste último caso, as moléculas 

de OA originais são substituídas por íons BF4
− usando NOBF4 em N,N-
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dimetilformamida (DMF). Posteriormente, os íons BF4
− são também substituídos pelo 

polímero PAA em pH 9 (rota ii-a) ou moléculas de cisteamina (rota ii-b). As amostras 

foram nomeadas como ZGOE3-PAA, ZGOE3-B, ZGOE3-B-PAA e ZGOE3-B-Cys 

após as modificações de superfície com PAA (rota i), NOBF4 (rota ii), NOBF4/PAA 

(rota ii-a) , e NOBF4/Cys (rota ii-b), respectivamente. 

As imagens de TEM na Figura 8b-e mostram que as nanopartículas ZGOE3 

mantiveram seu formato após a modificação da superfície com os diferentes ligantes. 

Conforme mostrado na Figura 8b, grandes aglomerados de nanopartículas foram 

obtidos após a modificação de superfície com apenas PAA (ZGOE3-PAA) através da 

estratégia de uma etapa (rota i). Entretanto, todas as outras modificações de 

superfície permitiram uma boa dispersão das nanopartículas (Figura 8c-e). 

Adicionalmente, as modificações de superfície em duas etapas envolvendo BF4
− 

conferiram estabilidade coloidal de longo prazo às nanopartículas em meio aquoso 

(60 dias ou mais), como evidenciado na Figura 8f (i e ii). 

As medições de espalhamento dinâmico de luz (DLS) (Figura 8f) das dispersões 

aquosas após 60 dias de armazenadas em repouso (sem agitação e após agitação) 

não mostraram alterações importantes no diâmetro hidrodinâmico das amostras 

ZGOE3-B-Cys (i) e ZGOE3-B-PAA (ii), em relação ao DLS inicial (antes do período de 

60 dias), demonstrando sua boa estabilidade coloidal. A alta estabilidade destas 

amostras está relacionada ao seu alto valor de potencial ζ (-46 e +40 mV, para 

ZGOE3-B-PAA e ZGOE3-B-Cys, respectivamente) (Figure 8g). 

Por outro lado, a amostra ZGOE3-PAA exibiu um valor de potencial ζ mais baixo (-

11 mV, implicando estabilidade coloidal limitada) (Figura 8g) e, portanto, uma 

distribuição de tamanho hidrodinâmico multimodal [Figura 8f (iii)]. Para esta amostra, 

os diâmetros hidrodinâmicos bimodais mudam significativamente quando a amostra 

preparada (184 e 462 nm) é armazenada por 60 dias sem agitação (95 e 408 nm), 

confirmando que de fato esta amostra tem pobre estabilidade coloidal. 
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Figura 8   Diagrama esquemático da modificação da superfície das nanopartículas de ZGO através de 
diferentes estratégias (a). Imagens de TEM ZGOE3 antes e depois das modificações de 
superfície (b-e). Tamanho hidrodinâmico das amostras antes e após 60 dias em repouso 
sem agitação e após agitação (f). Valor de potencial ζ das amostras ZGOE3-B-Cys, ZGOE3-
PAA e ZGOE3-B-PAA. 

 

Figura 9 Curvas de decaimento pós-excitação de ZGOE3 (em ciclohexano), ZGOE3-B-PAA (em 
tampão pH 9) e ZGOE3-B-Cys (em água) (a). Imagens de luminescência da amostra 
ZGOE3-B-Cys em pó registradas em diferentes intervalos pós-excitação (b). Excitação: 120 
s com LED branco; atraso pós-irradiação de 5 s. As imagens de luminescência em (b) contra 
um fundo preto são representadas com cores falsas onde a cor indica a escala de 
intensidade de luminescência de preto a branco. 

Seguidamente, as curvas de decaimento de luminescência de ZGOE3-B-Cys e 

ZGOE3-B-PAA foram medidas (Figura 9a) da mesma maneira descrita acima para as 

amostras revestidos com OA. 

As PLNPs hidrofílicos retêm a PL em meio aquoso, e observa-se apenas uma 

pequena diminuição em sua duração, o que pode estar relacionado à diferença de 

solvente/meio ou do agente de revestimento das nanopartículas. De fato, as 

moléculas de Cys são menores e, provavelmente, não fornecem às nanopartículas a 

mesma proteção que as moléculas maiores de OA ou PAA contra interações com o 
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solvente, causando dissipação de energia na superfície por interações com grupos O‒

H de moléculas de água. 

Por outro lado, após irradiação da amostra ZGOE3-B-Cys em pó durante 120 s 

com o LED branco seguiu-se o decaimento da intensidade de luminescência pós-

excitação a partir das imagens de luminescência (Figura 9b). Essas imagens mostram 

a possibilidade de detecção acima de 1500 s, o que é interessante para obtenção de 

bioimagens de luminescência com baixo sinal de autofluorescência. 

Uma vez que se conseguiu boa luminescência persistente e estabilidade coloidal 

de longo prazo das nanopartículas de ZGO em meio aquoso, o seguinte passo foi a 

investigação do acoplamento dessas nanopartículas com os materiais com 

propriedades de UC. Entretanto, as UCPs de NaYbF4:Tm3+ sintetizados 

anteriormente, que apresentaram forte sinal de luminescência de UC na região UV-

Vis, não apresentam um tamanho adequado para esse objetivo. 

Por isso procedeu-se sintetizar nanopartículas com estrutura do tipo núcleo/casca 

e composição NaYbF4:Tm3+@NaYF4. A emissão UV-Vis foi aprimorada mediante o 

controle da espessura da casca. Para controlar adequadamente a espessura dessa 

camada injetou-se diferentes quantidades de pequenas nanopartículas de NaYF4, 

denominadas sacrificial nanoparticles (SNPs), diretamente na mistura de reação das 

UCNPs centrais (núcleo) de NaYbF4:Tm3+ a 300 °C (veja Figura 10a). As UCNPs de 

NaYbF4:Tm3+ de aproximadamente 27,2 nm (veja as Figuras 10c) são favorecidas 

sobre as SNPs de NaYF4 energeticamente menos estáveis de aproximadamente 9,5 

nm (veja as Figuras 10b), resultando no crescimento de partículas maiores 

(NaYbF4:Tm3+@NaYF4) às custas das menores (NaYF4), formando a estrutura 

núcleo/casca de NaYbF4:Tm3+@NaYF4 com diferentes espessuras da casca, desde 

1,4 até 3,4 nm, como mostrado na Figura 10 d-g. 

Pode-se observar na Figura 11 que o aumento da espessura da casca teve uma 

influência positiva na intensidade de luminescência de UC medida sob excitação laser 

de 980 nm. A explicação para esta observação reside no fato de que o revestimento 

das nanopartículas centrais (núcleo) com uma casca cada vez maior permite uma 

concomitante redução da dissipação da energia por migração para a superfície, 

devido à maior distância núcleo-superfície. 
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Figura 10 Diagrama esquemático do crescimento da casca a partir das UCNPs de apenas núcleo com 
injeção de SNPs com base no processo de amadurecimento de Oswald (a). Imagens de 
TEM e as correspondentes distribuições de tamanho (b-g) das SNPs (b) e as UCNPs de 
apenas núcleo (c) e de estrutura núcleo/casca com diferentes espessuras da camada de 
acordo com o número de injeções de SNPs. 

 

Figura 11 Espectros  de  luminescência  de  UC  das  amostras  núcleo/casca de NaYbF4:Tm3+@NaYF4 
com diferentes espessuras de casca. Os espectros foram obtidos sob irradiação com laser 
de 980 nm. 
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Após a troca dos ligantes hidrofóbicos por PAA, como foi descrito acima para as 

PLNPs, procedeu-se com as reações de acoplamento entre as PLNPs e as UCNPs 

hidrofílicas, usando as nanopartículas com as propriedades ópticas aprimoradas. 

 

Figura 12 (a-c)  Imagens  de  TEM  das  nanopartículas  produtos  das  reações  de   acoplamento   dos 
experimentos (a), (b) e (c), respetivamente, com base na química de acoplamento EDC/NHS 
em tampão borato pH = 9. 

As imagens de TEM na Figura 12, são os resultados do acoplamento entre as 

PLNPs e as UCNPs com base na química de acoplamento EDC/NHS para a formação 

de grupo amida. Para o acoplamento entre as nanopartículas revestidas com PAA 

usou-se o polímero poli(etilenoglicol)bis(amina) (NPEGN), em conjunto com os 

reagentes EDC e NHS. 

Em todos os casos, a quantidade de UCNPs foi fixa, enquanto a quantidade de 

PLNPs e NPEGN utilizadas foram variadas (ver Tabela 1). 

 As imagens de TEM sugerem que para a quantidade de PLNPs no experimento 

da Figura 12a pode ser muito baixa em relação à quantidade de UCNPs, enquanto no 

experimento da Figura 12c a quantidade de PLNPs em relação à quantidade de 

UCNPs parece ser adequada. No entanto, ao comparar as Figuras 12 b e c, pode-se 

observar que a mesma quantidade de NPEGN (0,003 mmol) leva à formação de 

alguns aglomerados no experimento da Figura 12b  (que podem ser devido à formação 

de ligações covalentes entre os UCNPs e PLNPs), mas não no experimento da Figura 

12c. É provável que para o experimento da Figura 12c a quantidade de PLNPs usada 

(metade do que no experimento da Figura 12b) seja baixa o suficiente para permitir 

que a quantidade de NPEGN seja ligada a todos os grupos carboxílicos disponíveis 

na superfície das UCNPs e PLNPs, portanto, o acoplamento entre essas 

nanopartículas não ocorre ou pode ocorre em menor proporção. Enquanto isso, no 

experimento da Figura 12b a quantidade de PLNPs pode ser grande o suficiente para 

que mais grupos carboxílicos estejam disponíveis do que grupos amino do polímero 
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NPEGN. Consequentemente, alguns grupos carboxílicos estão livres para a reação 

de acoplamento.  

Além disso, é possível observar nanopartículas individuais, inclusive na Figura 12b, 

o que pode indicar que nem todas as nanopartículas foram ligadas ao realizar esta

estratégia de acoplamento. 

Por fim, como perspectivas futuras para melhor entendimento desse processo e 

obtenção de sistemas UC-PL, novos experimentos de acoplamento, assim como 

caracterizações, incluindo o estudo da transferência de energia entre as 

nanopartículas será necessário. 

Tabela 1 Condições experimentais das reações de acoplamento entre UCNPs e PLNPs. 

Experimento de 

acoplamento 
(a) (b) (c) 

mmol das 

UCNPs 

revestidas com 

PAA 

0.025 

mmol das 

PLNPs 

revestidas com 

PAA  

0.02 0.1 0.05 

mmol de EDC 0.1 0.15 

mmol de NHS 0.04 0.08 

mmol de NPEGN 0.001 0.003 

Médio Tampão borato pH 9 
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