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Format of the Thesis 
 

This thesis follows the conventional format of six chapters. The relationship between these 

chapters is illustrated in the flowchart below. 

Chapter 1 is the introductory chapter, which is composed of six sections. These sections 

describe the motivation and background knowledge relevant to developing multicolour 

luminescent upconversion (UC) materials, including the concepts of multicolour UC 

luminescence, the mechanism of UC luminescence, the compositions of UC materials, ways 

of synthesizing UC materials, and current progress on how to fine-tune multicolour UC 

luminescence. These sections provide the research inspiration and specific aims of this thesis, 

which were to study the controlled synthesis of UC materials with multicolour luminescence, 

high-throughput production and wide gamut. 

Chapter 2 is the first research chapter, which investigates the distribution and multicolour 

luminescence of RE3+ (RE=Er3+, Ho3+, Tm3+) in alkaline indium oxide UC materials. It 

indicates that the strategy of doping various RE3+ ions is a simple and feasible route to 

achieving multicolour UC emission. 

Chapter 3 is a parallel research chapter that investigates the distribution of RE3+ (RE=Tm3+, 

Yb3+) in fluoride UC nanoparticles. After that, multicolour luminescence was realized via the 

addition of new activators such as Tb3+ and Eu3+ by cation exchange.  

Chapter 4 presents a novel method of direct cation exchange in surface ligand capped UC 

nanoparticles. This allows efficient, high-throughput production of strong, multi-coloured, 

luminescent nanoparticles. 

Chapter 5 further applies the knowledge obtained in Chapter 4. Using the current cation 

exchange strategy, hybridization of UC nanoparticles and lead halide perovskite quantum 

dots (PQDs) is attempted to fine-tune the multicolour, wide gamut luminescence.  

Finally, the key research outcomes of this thesis are summarized in Chapter 6. Potential 

future developments and prospects of multicolour luminescent UC materials are discussed.  
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Abstract 
 

Significant development has been done in rare earth (RE3+) ion-doped upconversion (UC) 

materials over the past few years, however one challenge remaining lies in the controlled 

synthesis of UC materials with tunable, wide-gamut, multicolour luminescence and high-

throughput production. This thesis focuses on exploring the distribution of RE3+ ions, 

understanding the network of energy transfer systems within interior UC materials, and 

developing resource- and time-saving methods for fine-tuning UC materials with multicolour 

luminescence, high performance and wide colour gamuts.  

Chapter 1 summarizes the motivations for the thesis and background knowledge relevant to 

the development of multicolour luminescent UC materials, as well as the specific aims of this 

thesis: controlled synthesis of multicolour luminescent UC materials and distribution study 

of RE3+ ions within them. 

In Chapter 2, Rietveld refinement of X-ray powder diffraction (XRD) was employed to 

characterize the distribution of RE3+ ions in bulk UC materials. Different RE3+ ions produced 

distinct emission peaks. Therefore, multicolour luminescence of activators, such as Er3+, 

Tm3+ and Ho3+, was achieved in alkaline indium oxide UC materials.  

In Chapter 3, synchrotron-based X-ray photoelectron spectroscopy (XPS) measurements 

were used to investigate the depth-resolved distribution of RE3+ within fluoride upconversion 

nanoparticles (UCNPs). The author proposed a natural Gd3+-rich shell in Yb3+/Tm3+ doped 

NaGdF4 UCNPs, which can effectively bridge the gap of energy transfer between sensitizers 

and activators to realized multicolour luminescence via cation exchange.  

Chapter 4 reports on a novel direct cation exchange method for UCNPs without removing 

surface ligands in organic solvent. It avoids the tedious pre-treatment of synthesized UCNPs, 

and the luminescent intensities using the new method are much stronger than those using 

conventional cation exchange in water. This facile and rapid cation exchange strategy opens 

a new path to the synthesis of multicolour-emitting nanoparticles expeditiously with high 

performance and high-throughput.  
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Chapter 5 further applies the knowledge obtained from Chapter 4. We attempted to develop 

hybrid heterostructures of UCNPs and lead halide perovskite quantum dots (PQDs), and to 

produce and fine-tune multicolour luminescence. The cation-exchanged ions were expected 

to bridge these two kinds of nanomaterials. However, it remains a great challenge.  

Conclusions and perspectives are given in Chapter 6, which also summarizes the key 

achievements of the thesis. Controlled synthesis and fine-tuning of the spectral UC emission 

properties of UCNPs may open a path to more complex applications. 

Keywords: Rare-earth ions, upconversion, cation exchange, multicolour luminescence
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CHAPTER 1 

 

Introduction  
 

1.1 Multicolour upconversion luminescence 

Multicolour luminescence is composed of a broad spectrum of colours. Multicolour 

luminescent materials, including organic dyes1-3, semiconducting quantum dots4-10, 

downconversion and upconversion (UC) materials11-16 and so on, have always been at the 

forefront of materials science. To enrich the fluorescence colour, nano semiconductors 

rely on the tuning of bandgap17-2020, while the doped nano-insulators require elaborate 

control of the dopants21-24. Controlled synthesis plays a fundamental role in producing 

multicolour luminescence in rare earth (RE3+)-doped UC materials. 

Upconversion materials are particularly suitable for such multicolour luminescent 

emissions because RE3+ activators that feature ladder-like-arranged energy levels can 

produce an individual red-green-blue (RGB) emission band that spans the wavelength 

range from ultraviolet to near-infrared (NIR). To realize multicolour luminescence in UC 

materials, one method is the homogeneous mixing of certain amounts of monochromatic 

RGB materials in a solution or solid-state substrate to produce superimposed colour 

images in the mixed materials (Figure 1.1a)25. Alternatively, by doping of various RE3+ 

activators simultaneously, the blending of various RGB elements in individual materials 

enables the construction of full-colour luminescence from materials of fixed composition 

(Figure 1.1b). Therefore, an appealing feature of these UC materials is that the emission 

colour can be controlled under near-infrared excitation by tailoring the intensity ratio of 

the different emission peaks.  

Apart from their multicolour luminescent properties, UC materials exhibit other unique 

luminescent properties including large Stokes shifts, high resistance to optical blinking 

and photobleaching, as well as the unique ability to convert long-wavelength stimulation 

into short-wavelength emission26-28. In addition, due to weak autofluorescence 
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Figure 1.2 Four typical kinds of UC luminescence mechanisms: excited state absorption (a); energy transfer UC (b); 

photon avalanche (c) and energy migration-mediated UC (EMU)34 

1.2.1 Excited-state absorption  

Excited-state absorption (ESA) is a process in which a single ion in the ground state 

continuously absorbs two or more pump photons. A schematic diagram of the ESA 

process is shown in Figure 1.2a for a simple three-level system. In the process of ESA, 

the ion absorbs the first photon and populates an excited metastable level from ground 

level, which is called ground state absorption (GSA). After that, the ion absorbs the 

second photon and is promoted from the excited metastable level to a higher state. Finally, 

the excited ions fall back from the higher-lying state to the ground state to produce 

upconversion luminescence. ESA is the most fundamental process of UC luminescence.  

1.2.2 Energy transfer upconversion 

Energy transfer upconversion (ETU) occurs in sensitizer-doped UC materials and is the 

dominant mechanism of UC luminescence. In this process, a sensitizer is excited and then 

relaxes back to the ground state; however, the energy is transferred to the neighbouring 

activator ions to produce UC luminescence, as shown in Figure 1.2b. According to the 

different energy transfer methods, the ETU can be approximately divided into three styles: 

successive energy transfer (SET), cross relaxation (CR) and cooperative upconversion 

(CU). SET occurs between two different types of ions and is the most important energy 

transfer style. When the energy levels of the sensitizer and activator are matched well, the 

activator can be excited by continuous energy transfer from the sensitizer, causing a 

transition to a higher energy level in the activator and resulting in high-energy photon 

luminescent emission. In contrast, CR occurs between two different or the same ions, one 

of which transfers energy to another ion, causing it to leap to an upper emitting state, 

while it returns a lower energy level through non-radiative relaxation. The concentration 
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of dopants used has a strong influence on the CR process. The higher the dopant 

concentration, the greater the probability of cross-relaxation, and the upconversion 

luminescence may exhibit concentration quenching because of the large cross-relaxation. 

CU is a process that occurs between three kinds of ions. Two ions of the same type in an 

excited state simultaneously transfer energy to another ion in the ground state, causing it 

to populate a higher energy level. In sum, ETU is instantaneous and pump power 

independent, and thus it has been widely studied to provide highly efficient UC 

luminescence over the past decade. 

1.2.3 Photon avalanche 

Photon avalanche (PA) is a combination of GSA and ESA and is the process that can 

produce the highest luminous efficiency. The PA process begins with the population of 

the metastable level by non-resonant weak GSA, followed by resonant ESA to populate 

upper emitting levels (Figure 1.2c). Generally, the sensitizer absorbing the incident 

photon populates the first excited state and another absorption pumps it to the second 

excited state. The sensitizer in the second excited state will cross-relax with adjacent 

ground state ions to generate two sensitizers in the first excited state. These two sensitizers 

may absorb photons and repeat the process, thereby causing snowball-like accumulation 

and generation of a large amount of sensitized ions, producing strong UC emission as an 

avalanche. PA usually occurs when the absorption of the excitation light from the excited 

state is weak, while the ground state absorption of the excitation light and the interaction 

between the ions in the system are strong.  

1.2.4 Energy migration-mediated UC 

In 2011, Wang et al. proposed a new UC mechanism named energy migration-mediated 

UC (EMU)54. The mechanism of EMU is essentially a type of energy transfer UC. 

However, it opens the door to solving the problem of energy mismatch between sensitized 

ions and the activated ion, and realizes UC luminescence of activators without long-lived 

intermediate energy states. In the process of EMU, sensitizer ions absorb photon energy 

and transfer it to nearby activator ions. Some of the activator ions at very high energy 

levels do not generate radiation relaxation via their own transition, but pass energy 

through the intermediate medium to other optical centres, resulting in a radiation 

transition that produces upconverted luminescence by new activators. In general, the 
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upper emitting state of the new activator ion should be slightly lower than the 

corresponding excited state of the intermediate medium. A schematic of the mechanism 

of EMU is shown in Figure 1.2d. 

 

1.3 Compositions of upconversion materials 

Upconversion materials are luminescent materials that convert NIR excitation into a 

visible emission by RE3+ doping55. Compared to commonly used organic fluorophores 

and quantum dots, UC materials are always composed of an inorganic crystal host and 

various RE3+ dopants embedded in the host lattice56. The host material, having a 

crystalline structure, provides a doping and luminescent lattice for the dopants, while the 

dopants of RE3+ ions provide luminescent centres52.  

1.3.1 Host materials 

Selection of appropriate host materials is critical in the synthesis of RE3+-doped 

nanocrystals with favourable optical properties such as high UC efficiency and a 

controllable emission profile. Firstly, the host material should not have a large absorption 

of the excitation power. Secondly, the phonon energy of the host should be low, which is 

a requirement to minimize the energy loss caused by non-radiative relaxation, thereby 

maximizing the radiative emission of UC materials. Furthermore, the crystal structure 

should have low variation. In this thesis, the compounds used for UC host materials are 

discussed in terms of alkaline indium oxide and fluoride.  

Oxides have relatively high phonon energies due to the stretching vibration of the host 

lattice, but they always exhibit very good chemical stability. Some oxide-based UC 

phosphors that have relatively low phonon energy, such as Y2O3 and Gd2O3 (Figures 1.3a 

and b), are also widely studied57-64. Li reported that the oxide of CaIn2O4 has low phonon 

energy (~475 cm−1) (Figure 1.3c), which is much lower than those of other typical oxide 

hosts such as ZrO2 (~500 cm−1), Y2O3 (~550 cm−1), and silicate (~1100 cm−1) 65-68. In 

addition, due to the differences in cation valance and radius, the substitution of RE3+ ions 

always leads to a change in the lattice parameters and the formation of lattice distortion, 

which can significantly influence the energy transfer and optical properties of UC 

materials. Alkaline earth ions (Ca2+, Sr2+, and Ba2+) have similar ionic sizes to RE3+ ions69; 

therefore, alkaline indium oxides are always ideal host materials for RE3+ doping53, 70-76. 
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Doing research on alkaline indium oxide helps researchers to explore new excellent host 

materials for multicolour UC luminescence. 

 

Figure 1.3 Oxide host materials for UC luminescence: SEM and TEM images of Y2O3 upconverted materials (a)64; 

SEM images of Gd2O3 upconverted materials (b)63; FT-IR spectra of CaIn2O4 showing its low phonon energy, with 

an inset showing an SEM photograph of CaIn2O4 upconverted materials (c)66 

 

Figure 1.4 Synthesized UC host materials of α-NaYF4 (a), α-NaGdF4 (b), β-NaYF4 (c) and β-NaGdF4 (d) 

Fluoride has low phonon energy, a high refractive index, and good thermal stability9, 77. 

Therefore, it has been proposed to be the most promising host for UC luminescence. 

Fluorides of CaF2, LiGdF4, YF3, NaYF4 and KMnF3 have been synthesized and studied 

widely as UC host materials78-83. Among the fluorides, the hexagonal-phase NaYF4, 

having a phonon energy of about 350 cm-1, is acknowledged to be one of the most efficient 

UC hosts84-87. NaGdF4 is another promising and efficient host material for UC 

luminescence88-89. In the NaY(Gd)F4 host, Na+ and Y3+ (Gd3+) are used as host cations 

because their ionic radii are close to the ionic radius of RE3+ activators69. Therefore, 

crystal defects and lattice stress can be prevented during the synthesis of nanoscale 

particles with excellent UC luminescent properties. Gd3+ ions in a NaGdF4 structure can 

also effectively bridge the gap in energy transfer from sensitizer/accumulator to activators 

through long-range energy migration in the sub-lattice. Furthermore, Gd3+ is a common 

T1-weighted MRI contrast agent. Direct doping of a high concentration of Gd3+ ions into 
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the host can yield magnetic/upconverting UCNP probes, which can be used in 

bioimaging41-42.  

It should be noted that typical NaYF4 or NaGdF4 host materials have two kinds of crystal 

structure (cubic phase of α-NaREF4 and hexagonal phase of β-NaREF4, as shown in 

Figure 1.4) and the UC emission intensity is much higher in the hexagonal than the cubic 

phase. Therefore, β-NaREF4 (including β-NaYF4 and β-NaGdF4) are presently considered 

to be the most efficient host materials for UC luminescence. 

1.3.2 Dopants of RE3+ Ions 

Characterized by the progressive filling of the 4f orbitals, RE3+ ions always have 

considerable energy levels and, thus, exhibit fascinating optical properties.  

Activator. In the case of sensitized UC, the luminescence emitter is the activator. 

Specifically, the activator is the dopant ions that accumulate sufficient energy from the 

non-radiative transfer of another dopant ion and reach a corresponding upper-emitting 

state, which then induces emission of high-energy photons. In order to produce a 

practically useful UC emission, the energy difference between each excitation level and 

its lower intermediate level (or ground state) should be close enough to facilitate the 

photon absorption and energy transfer steps involved in UC processes. Er3+, Tm3+, and 

Ho3+ typically feature such ladder-like-arranged energy levels and are, thus, frequently-

used activators90-93. Usually, the doping concentrations of Tm3+ (or Er3+) activators are 

determined as 0.3%~2% (when Yb3+ sensitizers are determined as 10~25%)94-98. Under 

these concentrations, the synthesized UC materials always can generate brighter 

emissions under mild excitation. 

Sensitizer. A sensitizer is a donator of energy in the UC process. A sensitizer with a 

sufficient absorption cross-section in the near-infrared (NIR) region is usually co-doped 

along with the activator, taking advantage of the efficient ETU process between the 

sensitizer and activator to enhance UC luminescence efficiency. Currently, almost all UC 

materials are based on the co-doping of trivalent Yb3+ ions due to their very simple energy 

levels with only one excited 4f level of 2F5/2 99-103. The energy level interval between the 

ground state of 2F7/2 and the excited state of the 2F5/2 level is well matched with the 980 

nm NIR semiconductor laser, and the absorption cross-section of Yb3+ ions is much larger 

than that of other RE3+ ions. In addition, the 2F7/2-2F5/2 transition of Yb3+ is highly resonant 
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with many f-f transitions of typical upconverting RE3+ ions such as Er3+, Tm3+, and Ho3+, 

thus facilitating efficient energy transfer from Yb3+ to other ions. These optical 

characteristics make Yb3+ ions by far the most ideal UC sensitizer ions. The sensitizer 

content is normally kept no higher than 20 mol% in doubly (or triply) doped UC materials 

to minimize the energy loss of cross-relaxation. However, Ma et al. reported that ion 

doping with high concentrations of Yb3+ (up to 60%) can also greatly enhance the 

luminescent intensity in UC nanoparticles104-105. 

 

1.4 Synthesis and modification of upconversion materials 

Development of facile synthesis strategies for making high-quality RE3+-doped UC 

materials with controlled stoichiometric compositions, crystal structures, and 

morphologies is crucial for producing materials with desired chemical and optical 

properties. Since Auzel observed upconverted visible emissions, the practical use of UC 

materials has been primarily focused on bulk materials. To synthesize bulk UC materials 

such as oxide UC materials, high-temperature solid-state synthesis is a common 

method106-108. In recent years, with the rapid development of nanoscale materials, high-

quality UC fluoride nanoparticles can now be prepared by a range of synthetic approaches 

such as coprecipitation, thermal decomposition, hydro-(solvo)thermal synthesis, sol-gel 

processing109-115. In addition, cation exchange methods can be used to modify the 

properties of the as-synthesized UC nanoparticles116-119.  

1.4.1 Solid-state methods 

Solid-state reaction is a common method for synthesizing oxide matrix UC bulk materials 

due to its simplicity, large yield, low cost, and the ease with which raw materials can be 

obtained. In a general procedure, the raw materials required for synthesis are weighed, 

mixed and ground thoroughly according to stoichiometric ratios. After that, the mixtures 

are packed into alumina crucibles and placed in a muffle furnace or electric resistance 

furnace to conduct a sintering process at a suitable temperature and holding time. The 

matrix material and the RE3+ ions pass through a solid-state chemical reaction, and the 

RE3+ ions diffuse into the lattice of the matrix during the process of recrystallization at 

high temperature. Notably, thorough mixing of the raw materials is the key to preparing 

high-quality UC bulk materials by solid-state reaction. When the total amount of raw 



https://en.wikipedia.org/wiki/Solid
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Crystal_lattice
https://en.wikipedia.org/wiki/Crystal_lattice
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the formation of a large crystalline UCNP nanoparticle. From simulations of UCNP 

growth, one can see that the atomic arrangements of the final particles match well with 

the HRTEM photos of real UCNPs (Figure 1.5). 

 

Figure 1.6 Schematic illustration of the co-precipitation strategy used for the synthesis of RE3+-doped UCNPs and 

photographs of the reaction mixture at various stages of the co-precipitation method. The RE3+ oleate precursors are 

dissolved in oleic acid and 1-octadecene (a); precursor solution upon addition of NaOH and NH4F (b); precursor 

solution before nucleation (c); solution after nucleation by heating (d); and colloid of re-dispersed nanoparticles in 

cyclohexane after purification (e)124 

For the synthesis of monodispersed nanoparticles, an inorganic salt containing RE3+ ions 

is first transferred into a flask containing 1-octadecene and oleic acid. The unsaturated 

fatty acid is used as a surface ligand to control particle growth and subsequently stabilize 

the resulting nanoparticles against agglomeration. The mixture is then heated to 150 °C, 

resulting in the formation of RE3+-oleate coordination complexes. After that, injection of 

a methanol solution of NaOH and NH4F leads to the nucleation and growth of 

nanocrystals. A schematic illustration of the co-precipitation strategy involved in the 

synthesis of RE3+-doped UCNPs and photographs of the reaction mixture at various 

stages of co-precipitation are shown in Figure 1.6. In this process, RE3+-based acetates 

and chlorides provide RE3+ cations, while NaOH and NH4F provide anions. The process 

should occur under an anhydrous and oxygen-free environment. Temperature, reaction 

time and the amount of solvent are important in controlling the synthesis. β-phase 

nanoparticles of NaGdF4, NaLuF4, NaDyF4 and NaYbF4 NCs were also made using this 

method. The core-shell structure of NaREF4 UCNPs is obtained via a two-step reaction 

using the as-synthesized core particles as templates. A shell layer is then epitaxially 

grown onto the cores. The shell layer is grown by following a similar procedure to that 
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just described, except that the presynthesized core particles are added to the solution 

before the injection of the NaOH/NH4F solution. The hot-injection method also is an 

alternative method for epitaxial growth of the shell layer. As a result of the core-shell 

structure, the surface properties of the UCNPs can be modified, and the shape and size 

uniformity of the nanoparticles can be controlled well. 

The thermal decomposition method is another important technique for the production of 

UCNPs. It uses organometallic compounds as precursors for decomposition to form 

uniform UCNPs. Oleic acid and 1-octadecene are also frequently employed as high-

boiling-point organic solvents and passivating ligands that prevent the nanocrystals 

agglomerating. Nanoparticles made with this approach are monodispersed and uniform 

in their morphology and size. When oleylamine (OM) is employed as a polar capping 

reagent, the thermal decomposition method is ideal for synthesizing α-NaREF4 UCNPs125. 

In this thesis, the α-NaREF4 UCNPs that were tested were synthesized via this thermal 

decomposition method.  

It should be noted that no matter whether they are synthesized by coprecipitation or 

thermal decomposition, UCNPs are covered with organic surfactant molecules, making 

them dispersible in nonpolar solvents. To make them dispersible in an aqueous phase, 

many surface modification strategies have been reported, such as surfactant ligand 

removal126-127, amphiphilic molecule interaction128-130, and direct ligand exchange131-132. 

Removal of surfactant ligands provides a simple way to disperse UCNPs into an aqueous 

phase133. The oleic acid molecules weakly bind to the surfaces of UCNPs via coordinate 

covalent bonds, which make their removal by hydrochloric acid (HCl) easy under 

sonication. After HCl treatment, the abundant RE3+ ions exposed on the surface of UCNPs 

have a strong coordination capacity, allowing direct cation exchange via an aqueous phase 

reaction to further tune their luminescence. 

1.4.3 Cation exchange modification approach  

Currently, the main approaches for preparing UC nanoparticles are co-precipitation, 

thermal decomposition and hydrothermal reaction. Alternatively, cation exchange allows 

high-throughput production of multicolour-emitting nanoparticles134. The capability to 

modulate emission colours in RE3+-doped nanoparticles allows rapid access to a myriad 

of different colour spaces with minimum sample processing time. Furthermore, 
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Figure 1.8 Cation exchange in water strategy of UCNPs: Schematic representation of the cation exchange process 

(a); UC luminescence images showing the change in the emission colour of NaGdF4:Yb3+/Tm3+@NaGdF4 colloidal 

solutions upon addition of Tb3+ or Eu3+ ions (b)133. 

Particularly, Liu et al. reported a cation exchange in water strategy to achieve multicolour 

synthesis in NaGdF4: Yb3+/Tm3+@NaGdF4 core-shell nanoparticles under room 

temperature133. With core-shell structure containing NaGdF4 long-range energy migration 

layer, the luminescence properties of the nanoparticles can be easily tuned through adding 

different kinds of new activators ions such as Tb3+, Eu3+, Ce3+ and Mn2+ ions (Figure 1.8). 

However, without oleic acid protecting layer, the naked particles would show low UC 

emission intensities because of strong quenching effect from water. In addition, lacking 

of the coverage of surface ligands may lead the nanoparticles to produce aggregation and 

degradation, which recently has been observed in water circumstance.  

 

1.5 Current progress on multicolour upconversion luminescence 

Multicolour luminescence of UC materials is of particular importance to the development 

of more complex and multiplexed applications. The various strategies that can fine-tune 

multicolour UC luminescence mainly focus on: (1) doping with various RE3+ ions (a 

combination of different activator/sensitizers, or control of their concentrations); (2) 

utilization of energy migration-mediated upconversion (EMU) pathways; (3) utilization 

of an appropriate core/shell design; (4) control of nanosize and shape; (5) control of 

relaxation processes induced by the surrounding ligands; and (6) utilization of 

luminescence radiative reabsorption (LRR) or Forster resonance energy transfer (FRET) 

between the UCNPs and other luminescent materials22, 68, 137-140. In this thesis, the 

strategies adopted to produce multicolour luminescence are described as the following 

subsections. 

1.5.1 Doping with various RE3+ ions  

Each RE3+ ion has its own set of energy level structures. Different RE3+ ions can produce 
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distinct emission peaks, thus collectively covering a broad spectrum from the UV to NIR 

range. Therefore, a range of colour outputs can be selected by doping various RE3+ ions 

or using combinations of them. The most common activator ions used in UCNPs so far 

have mainly been Er3+, Tm3+, and Ho3+ ions, due to their ladder-like energy levels (Figure 

1.9) 141-143. The Er3+ ions have three main UC emission bands. Two green emission bands 

are located at around 525 nm and 540 nm, which correspond to the transitions of 2H11/2 

→ 4I15/2 and 4S3/2 → 4I15/2, respectively. One red emission band centred at around 650 nm 

is associated with the transition of 4F9/2 → 4I15/2. The Tm3+ ions have two main visible UC 

emission bands located at around 475 nm and 450nm, which originate from the transitions 

of 1G4 → 3H6 and 1D2 → 3F4, respectively. The Ho3+ ions have three UC bands of green 

to red emission, centred at 485, 540 and 650 nm in the visible region, which come from 

the transitions of 5F3→ 5I8, 5S2/5F4 → 5I8 and 5F5 → 5I8, respectively. Notably, all of the 

Er3+, Tm3+, and Ho3+ activator ions matched well with the 975 nm absorption for 

the 2F7/2 → 2F5/2 transition of Yb3+ ions. Thereby, these activator ions can be efficiently 

sensitized by Yb3+ ions via energy transfer, enabling these RE3+ ions or their various 

combinations to produce multicolour UC emissions with extremely high efficiency.  

 

Figure 1.9 The ladder-like energy levels of Er3+, Tm3+, Ho3+ and Yb3+ ions, as well as the general emissions bands of 

Er3+, Tm3+ and Ho3+ ions, showing they are common activators ions for multicolour UC luminescence144 

The selection of single RE3+ activators (combined with a sensitizer) in an individual host 

is a straightforward approach to producing multicolour UC emissions. In 2004, Haase et 

al. first reported efficient multicolour UC emission in colloidal RE3+-doped nanoparticles 

by codoping Yb3+/Er3+ and Yb3+/Tm3+ pairs into NaYF4 nanoparticles145. Upon the 

sensitization of Yb3+ ions, Er3+ produced strong yellow emissions, while Tm3+ yielded 

strong blue emissions (Figure 1.10a). Later, Capobianco et al. observed similar results in 

NaYF4 nanoparticles146. The Yb3+/Er3+ and Yb3+/Tm3+ doped particles exhibited 
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doped with Yb3+/Er3+, Yb3+/Tm3+ and Yb3+/Er3+/Tm3+ under single-wavelength excitation 

of 980 nm (Figure 1.12b)152.  

Some transition metal ions, such as Mn2+, also can be doped in UC materials to tune the 

UC emission colour. Zhao et al. presented a facile strategy for the rational manipulation 

of green and red UC emissions, and the pure dark red emission of NaYF4:Yb3+/Er3+ 

UCNPs by manganese-ion (Mn2+) doping153. The existence of Mn2+ ions disturbs the 

transition possibilities between the green and red emissions of Er3+ and facilitates red 

emission, resulting in a range of emission colours (from green to red) by variation of the 

Mn2+-doping level (Figure 1.13).  

 

Figure 1.13 Photoluminescence studies of NaYF4:Yb3+/Er3+ nanoparticles with various Mn2+ dopant concentrations: 

room temperature UC emission spectra of NaYF4:Yb3+/Er3+ nanocrystals with 0, 5 and 30 mol% Mn2+ dopant ions, 

respectively (a); schematic energy level diagram showing the possible UC mechanism of Mn2+-doped 

NaYF4:Yb3+/Er3+ nanocrystals (b); luminescent photograph of 30 mol% Mn2+-doped UCNPs dispersed in 

cyclohexane (c) 153 

1.5.2 Energy migration-mediated upconversion pathways 

Efficient UC emission is generally limited to RE3+ activators of Er3+, Tm3+, and Ho3+ ions. 

However, with the new UC mechanism of energy migration-mediated UC (EMU), 

efficient multicolour UC emission is also possible for RE3+ activators without long-lived 

intermediate energy states154-158. Liu et al. reported that through the use of Gd-mediated 

energy migration and core-shell engineering, efficient multicolour luminescence can be 

achieved in NaGdF4:Yb3+, Tm3+@NaGdF4:X3+ (X = Eu, Tb, Dy, or Sm) core-shell 

nanoparticles with RE3+ ions separately incorporated into the cores and shell layers of the 

nanoparticles (Figures 1.14a-c)54. In the case of the energy migration approach, Tm3+ is 

used as a ladder to assist energy transfer from a sensitizer ion to a migratory ion and then 

to an activator ion, while Gd3+ ions effectively bridge the energy transfer gap from 

sensitizer/accumulator to activators through long-range energy migration in the sub-

lattice. The ability to accomplish UC PL with a rather wide range of activators expands 
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nanoheterostructures consisting of NaYF4: Yb3+/Er3+ nanoparticles dendritically 

decorated with CdSe QDs (Figures 1.16c and d)166. These materials combine up-

converting and semiconducting properties, can up-convert NIR photons, and use the 

created excitons to generate charge carriers in CdSe, resulting in red emission by QDs 

under excitation of 980 nm.  

Although organic dyes and quantum dots offer improved emission tuneability, FRET 

mechanisms have been utilized without sufficient understanding until now. For example, 

Morgan et al. suggested that radiative reabsorption might also contribute to energy 

transfer from RE3+ ions to dye or quantum dots, although it is generally believed that 

FRET mediates the optical interaction27, 171. There are many opportunities to tune UC 

emission by coupling UC mechanisms to other types of emitters through FRET. These 

may open totally new design paths for achieving wide tunability at high efficiency, and 

resolve the roles of radiative reabsorption and FRET. 

 

1.6 Thesis aims and outline 

Despite researchers having developed various strategies for fine-tuning the multicolour 

luminescence of UC materials over the past few years, one useful application remains to 

be developed: the controlled synthesis of UC materials with tuneable multicoloured 

emissions, high-throughput production, wide gamut and high performance. To enrich the 

multicolour properties, doped UC materials require elaborate control of the RE3+ dopants 

acting as the optical centres. Since RE3+ ions feature ladder-like-arranged energy levels 

that produce emission bands, the gamut of UC luminescence is limited because of the 

fixed characteristics of the emissions produced by level transitions. The range of 

upconverted emissions is unable to cover the full panchromatic range. To obtain excellent 

multicolour UC materials, especially UCNPs, repeated synthesis can be used to regulate 

the compositional arrangements of RE3+ ions in UC materials but is resource- and time-

consuming. One has to perform a new set of reactions and have stringent control over a 

variety of experimental conditions, including the amount and concentration of dopant ions, 

the kinds of surfactants and solvent used, the reaction time and the temperature. These 

drawbacks may also raise safety and environmental concerns. Notably, the interaction 

between the optical centres that are spatially confined within a structure exerts a strong 
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influence on the emission profile of the material. Therefore, exploring the existence and 

distribution behaviour of doped ions in UC materials and understanding the energy 

transfer networks between sensitizer and activator ions within interior structures are 

prerequisites to achieving multicolour luminescence.  

This thesis aims to 1) explore the distribution of doped RE3+ ions in UC materials and 2) 

achieve the controlled synthesis of UC materials with multicolour emissions, high-

throughput production, wide gamut and high performance. The author will systematically 

introduce several strategies, including doping with various RE3+ ions, energy migration-

mediated UC, and Forster resonance energy transfer (FRET), to fine-tune the multicolour 

luminescence produced. These studies will offer colourful luminescence for light-based 

applications, enabling a range of applications such as multiplexed biological labelling, 

anti-counterfeiting, and graphics imaging and display.  

Specifically, the distribution of doped RE3+ ions in RE3+ (RE = Er, Ho, Tm)-doped 

alkaline indium oxide bulk materials and RE3+ (RE = Tm, Tb, Eu)-doped fluoride UC 

nanoparticles is explored to understand the multicolour luminescence produced by the 

network of energy transfer systems within their interior structures. Secondly, resource- 

and time-saving cation exchange methods are developed for fine-tuning the multicolour 

emission and strongly-luminescent properties of UC materials while preserving the 

original size, morphology and crystal phase of the nanoparticles. Based on the new cation 

exchange synthesis strategy, a hybrid heterostructure consisting of UCNPs and lead 

halide perovskite quantum dots (PQDs) is developed to fine-tune the multicolour 

luminescent gamut through FRET sensitization. Finally, a summary of the research 

presented in this thesis is presented. The results described in this thesis improve our 

knowledge of cation exchange strategies and heterostructure growth, and open up new 

opportunities for their synthesis. 
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CHAPTER 2 

 

Multicolour Luminescence of RE3+ (RE = Er, Ho, 

Tm) Ions in Bulk Alkaline Indium Oxide  
 

2.1 Introduction 

Direct doping with various rare-earth ions (RE3+) is one of the most effective methods of 

producing multicolour luminescence in upconversion (UC) materials. RE3+ dopant ions 

are activators that accumulate energy from sensitizer ions and then emit high-energy 

photons. RE3+ ions feature ladder-like-arranged energy levels; therefore, various RE3+ 

ions show different emission colours1-2.  

To generate practical multicolour properties, RE3+-doped UC materials require an 

elaborate selection of RE3+ activators3-4. The ions Er3+, Tm3+ and Ho3+ are frequently used 

as activators for their characteristic spectral emissions5-10. Er3+ ion has abundant energy 

levels. Acting as the luminescent centre, Er3+ can emit intense green and red light. The 

Ho3+ ion provides both a red emission (from 5F5 by an ESA process) and a faint green 

emission (from the 5S2 level). Tm3+ is an activator that produces the most efficient UC 

blue light. Yb3+ only has two energy states: 2F7/2 and 2F5/2. The 2F5/2 energy level of the 

Yb3+ ion can be resonant with the f–f transitions of other RE3+ activators, so co-doping of 

Yb3+ and other RE3+ activators is supposed to greatly enhance UC efficiency through an 

energy transfer process. By co-doping of Yb3+ with Er3+, Tm3+ or Ho3+ ions, the emission 

spectra of these ions cover almost the entire visible light spectrum, from blue to red. 

Though one of the most important directions in UC research focuses on fluoride hosts 

due to their low phonon energy11-14, developing new oxide UC matrix materials and 

improving their UC efficiency are also critical. Oxides exhibit high chemical stability and 

are always easy to synthesize. These oxide host materials have relatively low phonon 

energy and can also show excellent luminescent properties after doping by sensitizers and 
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activators. Some oxide-based UC phosphors with relatively low phonon energy, such as 

Y2O3 and Gd2O3, have been widely studied15-20. Li reported that the oxide of CaIn2O4 has 

a low phonon energy (~475 cm−1), which is much lower than those of other typical oxide 

hosts such as ZrO2 (~500 cm−1), Y2O3 (~550 cm−1), GdOCl (~500 cm−1)21-24. Therefore, 

RE3+ ion-doped CaIn2O4 phosphors show very efficient UC luminescence. Indium (In) 

belongs to the same group as boron, aluminium and gallium, and In3+ is a trivalent ion 

with a similar ionic size as RE3+ ions. Materials containing In3+ ions are suggested to be 

excellent host lattices for UC luminescence. Research has shown that alkaline indium 

oxides have stable physical and chemical properties and are good ultraviolet-excited 

fluorescent host materials for certain RE3+ ions, such as Eu3+ and Tb3+ 25-29. In the crystal 

structure of (Ca/Sr)In2O4 (orthorhombic, Pnma, ICSD #16241), two kinds of distorted 

InO6 octahedra are connected to form a network, and alkaline (Ca/Sr) ions located in the 

middle of the formed pentagonal prism tunnel. Alkaline earth ions (Ca2+/Sr2+) in this 

structure also exhibit close ionic size to RE3+ ions (Table 2.1)30-31. Because the radii of 

RE3+ ions are between those of In3+ and Ca2+ (or Sr2+) ions, there are two atomic sites 

where In3+ and Ca2+ (or Sr2+) show the potential to be replaced by RE3+ ions. Therefore, 

where the doped RE3+ ions are distributed in the crystal structure and how they influence 

the UC properties are mysteries worthy of study. Doing research on alkaline indium oxide 

also helps researchers to explore new host materials for UC luminescence. 

Table 2.1 Radii of In3+, typical upconverted RE3+, and Ca2+and Sr2+ ions under corresponding coordinates 

Name of ions Coordinate (CN) Radius（Å） 

In3+ 6 / 8 0.80 / 0.92 

Yb3+ 6 / 8 0.868 / 0.985 

Er3+ 6 / 8 0.89 / 1.004 

Ho3+ 6 / 8 0.901 / 1.015 

Tm3+ 6 / 8 0.88 / 0.994 

Ca2+ 6 / 8 1.00 / 1.12 

Sr2+ 6 / 8 1.18 / 1.26 

 

In this work, we prepared and studied Yb3+/Ho3+- and Yb3+/Er3+- pair co-doped 

(Ca/Sr)In2O4 continuous solid solution. The crystal structure evolution and distribution 

of RE3+ ions, such as their atomic occupancy in the crystal structure, were finely modified 
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using Rietveld refinement of X-ray powder diffraction. After that, multicolour 

luminescent SrIn2O4 UC bulk materials were prepared by doping of Yb3+/Er3+, Yb3+/Ho3+ 

and Yb3+/Tm3+ ions, and their multicolour luminescent properties are discussed in detail.  

 

2.2 Experimental section 

2.2.1 Reagents and equipment 

The chemicals and reagents described in this chapter are listed in Table 2.2. All the 

chemicals were used without further purification or modification unless stated otherwise. 

Table 2.2 Main experimental reagents, specifications and manufacturer 

Chemical Specification Manufacturer 

CaCO3 A.R. 

China National Medicines Corporation Ltd. 

SrCO3 A.R. 

In2O3 99.995% 

Tm2O3 99.995% 

Ho2O3 99.995% 

Er2O3 99.995% 

Yb2O3 99.995% 

Ethanol 96% 

The commercial instruments and equipment used for specimen synthesis in this chapter 

are listed in Table 2.3.  

Table 2.3 Main experimental equipment, specific indicators and manufacturer 

Equipment Specification Manufacturer 

Analytical balance ME-204 Mettler Toledo (Switzerland) 

 Muffle furnace KSL-1100X-S Hefei Kejing (China) 

 Air-dry oven DHG-9003 Shanghai Yiheng (China) 

Agate mortar 15 cm diameter Beijing Chemical Glass 

S i  

 

Corundum crucible 1.5 cm diameter Beijing Chemical Glass 

S i  

 

Power-tunable semiconductor laser, 980 nm VA-I-DC-980 Viasho Technology (China) 
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2.2.2 Synthesis of materials 

All samples were synthesized by a solid-state reaction method. In a typical procedure, 

starting materials of CaCO3, SrCO3, In2O3, Yb2O3, Ho2O3, and Yb2O3 were weighed 

according to stoichiometric ratios. Then, all materials were mixed and ground thoroughly 

in an agate mortar, placed into alumina crucibles and then sintered at 1300–1400 °C for 

3 hours under an air atmosphere at a heating rate of 5 °C/min. The samples were then 

allowed to cool to room temperature. Finally, all samples were washed three times with 

deionized water and dried for subsequent measurement.  

2.2.3 Characterization 

XRD characterization: X-ray diffraction (XRD, D8 Advance diffractometer, Bruker 

Corporation, Germany, with Cu-Kα and linear VANTEC detector, λ = 0.15406 nm, 40 

kV, 30 mA) was used to examine the phase composition and for structural refinement. 

The powder diffraction data for Rietveld analysis were collected in the 2θ range of 5–100° 

with a step size of 0.02° and counting time of 2–3 s per step32. Rietveld refinement was 

performed using TOPAS 4.2 software33. 

SEM characterization: The morphology of samples was characterized by field emission 

scanning electron microscopy (FESEM, JSM-7001F, Japan). 

Photoluminescence spectra by spectrofluorometer: The UC luminescent spectra were 

recorded on a spectrophotometer (F-4600, Hitachi, Japan) equipped with an external 

power-controllable 980 nm semiconductor laser (Beijing Viasho Technology Company, 

China) as the excitation source. 

Diffuse reflection spectra: Diffuse reflection spectra were measured on a UV-vis-NIR 

spectrophotometer (Shimadzu UV-3600, Japan) attached to an integral sphere, with 

BaSO4 used as a reference standard. 

Fourier transform infrared spectroscopy: Fourier transform infrared spectra (FT-IR) 

were recorded with a PerkinElmer Spectrum 100 spectroscope (USA). All measurements 

were carried out at room temperature. 
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xSrx)In2O4: 0.1Yb3+/0.005Ho3+ sample. Table 2.4 presents the main processing and 

refinement parameters of these samples. 

Table 2.4 Main processing and refinement parameters of (Ca1-xSrx)In2O4:0.1Yb3+/0.005Ho3+, pure CaIn2O4 and 

SrIn2O4 samples 

Compound Space 

 

a, Å b, Å c, Å V, Å3 Rwp, % 

CaIn2O4 Pnma 9.64847 

 

3.21443(3) 11.29593 

 

350.336 

 

11.14 

CaIn2O4:0.1Yb3+,0.005Ho3+ Pnma 9.6543 (2) 3.21652(8) 11.3034 

 

351.007 

 

12.29 

(Ca0.9Sr0.1)In2O4:0.1Yb3+,0.005Ho3+ Pnma 9.6768 (4) 3.22542(13) 11.3307 

 

353.65 

 

11.65 

(Ca0.7Sr0.3)In2O4:0.1Yb3+,0.005Ho3+ Pnma 9.7180 (5) 3.24012(16) 11.3826 

 

358.41 

 

9.96 

(Ca0.5Sr0.5)In2O4:0.1Yb3+,0.005Ho3+ Pnma 9.7613 (5) 3.25218(17) 11.4253 

 

362.70 

 

10.17 

(Ca0.3Sr0.7)In2O4:0.1Yb3+,0.005Ho3+ Pnma 9.7967 (4) 3.25980(12) 11.4624 

 

366.06 

 

9.33 

(Ca0.1Sr0.9)In2O4:0.1Yb3+,0.005Ho3+ Pnma 9.8266 (3) 3.26668(10) 11.4917 

 

368.886 

 

11.05 

SrIn2O4:0.1Yb3+,0.005Ho3+ Pnma 9.8519 (4) 

 

3.27340(6) 11.5178 

 

371.443 

 

9.08 

SrIn2O4 Pnma 9.83188 (9) 3.26563(3) 11.49003 

 

368.914 

 

10.14 

 

 

Figure 2.2 Refined lattice parameters a, b, c, and unit cell volume (V) showed a linear increase as functions of x 

values in (Ca1-xSrx)In2O4: Yb3+/Ho3+ UC materials 

Figure 2.2 shows the refined lattice parameters of a, b, c, and unit cell volume (V) as 

functions of x values in (Ca1-xSrx)In2O4:Yb3+/Ho3+ (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) 

samples, and individual a, b, c, and V values in pure CaIn2O4 or SrIn2O4. Since Ca/Sr in 
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eight coordination, and the ionic radii IR (Ca2+, CN = 8) = 1.12Å, IR (Sr2+,= 1.26Å) 35, 

the lattice parameters a, b, c and V of these samples showed a linear increase with 

increasing Sr content, indicating that (Ca1-xSrx)In2O4 formed a continuous solid solution. 

Moreover, pure CaIn2O4 and SrIn2O4 had smaller lattice parameters and cell volumes than 

Yb3+/Ho3+-co-doped CaIn2O4 and SrIn2O4, respectively. This is because In/Yb/Ho in six 

coordination, and IR (Yb3+, CN = 6) = 0.868Å, IR (Ho3+, CN = 6) = 0.901Å, IR (In3+, CN 

= 6) = 0.8Å. Yb3+/Ho3+ dopants in CaIn2O4 or SrIn2O4 enlarged the unit cells due to their 

larger IR than In3+, testifying that Yb3+ and Ho3+ ions occupied the In3+ ion sites.  

2.3.2 Luminescence upon phonon energy in (Ca/Sr)In2O4 

As known, the phonon energy of the host has an important influence on the UC 

luminescent efficiency. Therefore, FT-IR spectra of pure SrIn2O4 and CaIn2O4 were 

determined (Figure 2.3). Compared with CaIn2O4 (489, 637 cm-1), the strong absorption 

bands of SrIn2O4 (467, 598 cm-1) shifted to smaller wavenumbers, suggesting that the 

phonon energy of SrIn2O4 (467 cm-1) was lower than that of CaIn2O4. Moreover, because 

of the difference between Sr2+ and Ca2+ ions, RE3+ doped SrIn2O4 may show better 

luminescent properties than RE3+ -doped CaIn2O4, which was confirmed by doping 

Yb3+/Er3+ and Yb3+/Ho3+ ions in the (Ca/Sr)In2O4 host. 

  

Figure 2.3 FT-IR spectra of pure SrIn2O4 and CaIn2O4 showing that the phonon energy of SrIn2O4 (467 cm-1) is 

lower than that of CaIn2O4 (489 cm-1) 

In the Yb3+/Er3+-doped (Ca/Sr)In2O4 UC compounds, the amount of RE3+ ions was 

determined as 0.1Yb3+/xEr3+ (x = 0.005, 0.01, 0.03). The UC luminescence spectra of 

these samples are shown in Figure 2.4. Obvious visible emissions at around 550 and 663 

nm were observed, which indicates that Yb3+/Er3+-doped SrIn2O4 compounds with 



Chapter 2  

44 

 

excellent UC luminescent properties were prepared successfully. From the inset of Figure 

2.4, one can see that the luminescent intensities of SrIn2O4 and CaIn2O4 increased with 

increases in Er3+ (from 0.005 to 0.03). However, the intensities of Yb3+/Er3+-co-doped 

SrIn2O4 were higher than that of CaIn2O4, regardless of the doping concentration. 

 

Figure 2.4 Comparison of UC luminescence spectra of 0.1Yb3+/xEr3+ (x = 0.005, 0.01, 0.03) co-doped SrIn2O4 

and CaIn2O4 

 

Figure 2.5 UC emission spectra of pure CaIn2O4, (Ca1-xSrx)In2O4: 0.1Yb3+/0.005Ho3+ (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 

1.0), and SrIn2O4 upon 980 nm laser excitation. The inset shows the variation in UC emission intensity 

For the Yb3+/Ho3+-doped (Ca/Sr)In2O4 UC compounds, Figure 2.5 presents the UC 

emission spectra of pure CaIn2O4, (Ca1-xSrx)In2O4: 0.1Yb3+/0.005Ho3+ (x = 0, 0.1, 0.3, 

0.5, 0.7, 0.9, 1.0), and pure SrIn2O4 upon 980 nm laser excitation. For the samples of (Ca1-

xSrx)In2O4: Yb3+/Ho3+, strong green emission, with the strongest peak at 546 nm, was 

obtained, which was associated with the characteristic energy level transition of 
5S2(5F4)→5I8 of Ho3+ 6, 21, 36. SrIn2O4: Yb3+/Ho3+ showed the strongest UC luminescence 
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among all the samples, also suggesting that SrIn2O4 is a better UC host material.  

2.3.3 Luminescence upon structures in (Ca/Sr)In2O4 

In the Yb3+/Ho3+-doped (Ca/Sr)In2O4 UC compounds, it can be seen that the majority of 

Ca/Sr-ratio-substituted samples had lower UC luminescent intensities than the CaIn2O4: 

Yb3+/Ho3+ and SrIn2O4: Yb3+/Ho3+ samples. In order to explain the UC emission intensity 

differences in Ca/Sr-ratio-substituted samples, the detailed crystal structures and 

polyhedrons of some samples were analysed. The (Ca/Sr)O8 polyhedral distortion index, 

D, can be calculated as followed: 

𝐷𝐷 = 1
𝑛𝑛
∑ |𝑙𝑙𝑖𝑖−𝑙𝑙𝑎𝑎𝑎𝑎|

𝑙𝑙𝑎𝑎𝑎𝑎
𝑛𝑛
𝑖𝑖=1                                                      (1), 

where li is the distance between the central atom and the ith coordinating atom, and lav is 

the mean bond length.37-38  

 

Figure 2.6 UC emission intensities at 546 nm of (Ca1-xSrx)In2O4: 0.1Yb3+/0.005Ho3+ (x = 0.1, 0.5, 0.9) (a). 

Calculated distortion indexes of (Ca/Sr)O8 polyhedron in pure CaIn2O4, (Ca1-xSrx)In2O4: 0.1Yb3+/0.005Ho3+ (x = 0.1, 

0.5, 0.9), and pure SrIn2O4 (b); (Ca/Sr)O8 polyhedron of pure CaIn2O4, Ca1-xSrxIn2O4: 0.1Yb3+/0.005Ho3+ (x = 0.1, 

0.5, 0.9), and pure SrIn2O4 (c) 

The calculated distortions of pure CaIn2O4, (Ca1-xSrx)In2O4: Yb3+/Ho3+ (x = 0.1, 0.5, 0.9), 

and pure SrIn2O4 were determined as 0.234, 0.267, 0.392, 0.264, and 0.223, respectively. 

With the increased Sr substituting for Ca, the UC emission intensities of (Ca1-xSrx)In2O4: 

Yb3+/Ho3+ decreased first and then increased, as shown in Figure 2.6a. Meanwhile, the 
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crystal structures of (Ca1-xSrx)In2O4:Yb3+/Ho3+ became distorted with the substitution 

between Ca/Sr, and these distortions first increased and then decreased, as shown in 

Figure 2.6b. In Figure 2.6c, distortions also can be observed from the variations in Ca-O3 

bond distances, which were 2.677 and 2.671 in pure CaIn2O4, 2.590 and 2.903 in 

(Ca0.5Sr0.5)In2O4: Yb3+/Ho3+, and 2.723 and 2.732 in pure SrIn2O4. Accordingly, a new 

model was proposed, where the distortion (D) of the (Ca/Sr)O8 polyhedron has a negative 

relationship with UC luminescent intensity (I) in (Ca1-xSrx)In2O4: Yb3+/Ho3+ samples: 

𝐼𝐼 ∝ 1
𝐷𝐷

                                                             (2), 

The lattice expansion and increased distortion caused by partial substitution for Ca/Sr 

changed the crystal field acting on the Ho3+ or Yb3+/Ho3+ ions, leading to variation in the 

UC luminescent properties of the Yb3+/Ho3+ co-doped (Ca1-xSrx)In2O4 continuous solid 

solution phosphors. This result also indicates that SrIn2O4 is a better UC host material. 

2.3.4 Upconversion emission colour of Er3+ in SrIn2O4 

Figure 2.7 displays the UC luminescence spectra of as-prepared SrIn2O4: 0.1Yb3+/xEr3+ 

and SrIn2O4: 0.01Er3+ phosphors upon 980 nm laser excitation. The insets show the 

variation in UC emission intensities (Er3+, at 663 nm and 550 nm) of these corresponding 

samples. For SrIn2O4: 0.1Yb3+/xEr3+, strong green and red UC emissions with peaks at 

525, 550, and 663 nm were observed, which were assigned to the characteristic Er3+ ion 

transitions of 2H11/2→4I15/2, 4S3/2→4I15/2, and 4F9/2→4I15/2, respectively39.  

  

Figure 2.7 UC luminescence spectra of SrIn2O4: 0.1Yb3+/xEr3+ and SrIn2O4: 0.01Er3+ samples 

Compared with SrIn2O4: 0.01Er3+, the luminescent intensity of SrIn2O4: 0.1Yb3+/0.01Er3+ 

increased greatly, indicating that the addition of Yb3+ ions improved the UC properties of 
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these materials. UC emission intensities of red (663 nm) and green emissions (550 nm) 

reached maximums in SrIn2O4: 0.1Yb3+/0.03Er3+ and SrIn2O4: 0.1Yb3+/0.01Er3+, 

respectively. The luminescent intensities of SrIn2O4: 0.1Yb3+/xEr3+ increased first and 

then decreased at either 663 nm or 550 nm with increasing Er3+ concentration, suggesting 

that concentration quenching occurred. The over-doped Er3+ ions led to a decreased 

distance between Er3+ and Yb3+ (or Er3+) ions, which limited the energy transfer (ET) of 

Yb3+→Er3+, followed by decreasing the luminescent intensity of Er3+ ions. 

The UC emission intensity (Iem) depends on the pumping laser power (Ppump) which 

follows the relation: 

Iem ∝ (Ppump)n  (3), 

where n is the number of pump photons required for the transition from the ground state 

to the upper emitting state. The value of n can be obtained from the slope of a straight 

line fitted to log Iem versus log Ppump 40. Figure 2.8a shows the UC emission spectra of 

SrIn2O4: 0.1Yb3+/0.01Er3+ with different pumping powers, and the inset shows the 

dependence of green and red UC emission intensities upon pumping power. The 

calculated slopes were 2.09 ± 0.07 for the red emission (663 nm: 4F9/2 → 4I15/2) and 1.81 

± 0.06 for the green emission (550 nm: 4S3/2 → 4I15/2), indicating that UC luminescence 

in Yb3+/Er3+ co-doped SrIn2O4 is mainly a two-photon process. According to the above-

mentioned photon process, an energy level diagram of Er3+ and Yb3+ ions and the 

proposed UC luminescent mechanism that produces green and red emissions is provided 

in Figure 2.8b. First of all, infrared photons near the 980 nm wavelength are absorbed by 

Yb3+ ions, elevating them from the 2F7/2 to the 2F5/2 energy level. Then, the energy is 

transferred to the Er3+ ions, because the non-radiative energy transition (ET) from 2F5/2 of 

Yb3+ to 4I11/2 of Er3+ is resonant or near resonant and, thus, very efficient. The first ET 

promotes an Er3+ ion from the 4I15/2 to the 4I11/2 level, and the second ET elevates the Er3+ 

ion from the 4I11/2 to the 4F7/2 level if 4I11/2 is already populated. The Er3+ ions in the 4F7/2 

state decay non-radiatively to the slightly lower energy states of 2H11/2 and 4S3/2, so that 

green light of 525 nm and 550 nm is emitted by the Er3+ transition from the 2H11/2 to 4I15/2 

and 4S3/2 to 4I15/2 states, respectively. At the same time, Er3+ can decay to the 4F9/2 level 

via a non-radiative relaxation process, and then red light (663 nm) was observed through 

the radiative transition from 4F9/2 to 4I15/2. Moreover, Er3+ in the 4I11/2 level can relax non-

radiatively to the less-excited state of 4I13/2; thus, the second ET can also take place from 
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the 4I13/2 level and promote Er3+ to the 4I9/2 level. The relative UC intensity of red light is 

larger than that of green light, indicating that the population of the 4F9/2 level was greater 

than that of the 2H11/2 and 4S3/2 levels.  

 

Figure 2.8 UC emission spectra of SrIn2O4: Yb3+/Er3+ with different pumping powers, and the dependence of green 

and red UC emission intensities upon pumping power (a). Proposed UC luminescence mechanism in SrIn2O4: 

Yb3+/Er3+ phosphors (b) 

2.3.5 Upconversion emission colour of Ho3+ in SrIn2O4 

Figure 2.9 presents the UC emission spectra of Yb3+/Ho3+-doped SrIn2O4 samples upon 

980 nm near-infrared laser excitation. In the UC spectra, a strong green emission band 

with a peak at 546 nm and slight red luminescence around 673 nm were observed, which 

are assigned to the characteristic level transitions of 5S2(5F4)→5I8 and 5F5→5I8 of Ho3+, 

respectively. With increasing Ho3+ concentration, the luminescent intensity of these 

samples first increases and then decreases, as shown in the inset. This result was attributed 

to the concentration quenching effect, which can be explained by the energy transfer (ET) 

of Yb3+→Ho3+: increasing the content of Ho3+ leads to a decreased distance between Ho3+ 

and Yb3+(or Ho3+) ions, which promotes non-radiative ET and decreases the luminescent 

intensity of Ho3+ ions. The optimum Ho3+/Yb3+ content was determined to be 0.75%/10% 

according to the strongest luminescence intensity.  

Figure 2.10a depicts the UC emission spectra of SrIn2O4: 0.75%Ho3+/10%Yb3+ upon 980 

nm excitation with various pumping powers. As shown in the inset, the slopes of SrIn2O4: 

0.75%Ho3+/10%Yb3+ were determined to be 1.99 for the green emission (5S2(5F4)→5I8) 

and 1.87 for the red emission (5F5→5I8), indicating that a two-photon process took place 

in the UC luminescence of Ho3+/Yb3+ co-doped SrIn2O4. Figure 2.10b proposes the UC 

luminescence mechanism of these Yb3+/Ho3+ co-doped phosphors. In the present system, 
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blue, green and red emissions. Although the radius of the RE3+ ion is located between 

those of In3+ and Ca2+ (Sr2+) ions, Rietveld refinement showed that doped RE3+ ions 

occupied the In3+ sites, which helps to understand the network of energy transfer systems. 

Yb3+/Er3+-doped SrIn2O4 UC phosphors showed strong red emission and Yb3+/Ho3+-

doped SrIn2O4 emitted green light, while Yb3+/Tm3+-doped SrIn2O4 showed blue light. 

Thus, through the strategy of doping with various RE3+ ions, multicolour luminescence 

in a large colour gamut was fulfilled in oxide bulk UC materials using activators such as 

Er3+, Tm3+ and Ho3+. 
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CHAPTER 3 

 

Multicolour Luminescence of RE3+ (RE = Tm, 

Tb, Eu) ions in Fluoride Nanoparticles 
 

3.1 Introduction 

Direct doping with various RE3+ ions is the key to producing multicolour luminescence 

in fluoride upconversion nanoparticles (UCNPs). With the improvement of synthesis 

technology in recent years, RE3+ ion-doped fluoride UC materials have become widely 

studied at the nanoscopic level, where UCNPs can be well controlled in terms of particle 

size, phase, dimension and doping level1-5. With these advances, UCNPs with multicolour 

luminescence have been used in a wide range of applications such as 3D volumetric 

displays 6-7, sensing 8-10, bio-imaging and fluorescent probes11-13, drug delivery 14-15, 

photovoltaic devices 16 and anti-counterfeiting technology 17-19. 

In typical RE3+ ion-doped fluoride UCNP systems, NaYF4 and NaGdF4 are considered 

ideal host materials for UC luminescence due to their very low phonon energies. By 

introducing thousands of photon sensitizers (i.e., Yb3+ ions) and activator ions (i.e., Tm3+ 

and Er3+) to form an energy-transfer network in a single nanoparticle, NaREF4 UCNPs 

can up-convert low energy near-infrared (NIR) photons into high-energy visible 

emissions with many unique properties, including tunable multicolour emission 

capability, high signal-to-noise ratio, low cytotoxicity and high chemical and 

photoluminescent stability20-21. These properties originate from intro-configuration 4fn 

electron transitions between the RE3+ doped ions22. In order to tune and improve the 

multicolour luminescent properties of UCNPs, it is critical to understand their crystal 

structures, the distribution of RE3+ ions within them, and their internal energy transfer 

networks.  
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However, very little attention has been paid to dopant ion distributions in NaREF4 host 

crystals. It has been often assumed that the dopants of sensitizer and activator ions are 

uniformly distributed because these ions have similar chemical properties to the trivalent 

RE3+ host ions. However, minor differences in ionic radius and electronic polarity could 

cause different local distributions, so doped ions can show different local distributions 

across a single nanoparticle. Van Veggel et al. found that due to cation exchange, using a 

procedure intended for an alloy structure that does not have a true alloy structure means 

that the dopant ions are not statistically distributed in the nanoparticle. They employed 

synchrotron-based high-resolution X-ray photoelectron spectroscopy (XPS) to analyse 

RE3+-doped and undoped NaREF4 nanocrystals. The results showed non-uniform 

distributions of Y3+, Nd3+ and Tb3+ in a NaGdF4 matrix, due to the differences in the ionic 

radii of the dopants compared to that of Gd3+ 23. Additionally, they were able to identify 

two distinct chemical environments of Y at the surface and interior of the NaYF4 

nanoparticles 24, and also provided evidence for the core-shell structure of 

NaYF4/NaGdF4 25 and LaF3/GdF3 26 (Figure 3.1a). Zhang et al. also reported 

heterogeneous distributions of Yb3+ and Er3+ ions in NaGdF4 nanoparticles at different 

stages of the spontaneous growth process (Figure 3.1b) using energy dispersive X-ray 

spectroscopy (EDX) and inductively coupled plasma mass/atomic emission spectrometry 

(ICP-MS/AES)27. Yan and co-workers found that the lattice parameters, as well as the 

coordination number and local symmetry of rare earth ions within NaY/GdF4: Yb3+/Er3+ 

nanoparticles, changed with the molar ratio of [F]/[RE] 28.  

 

Figure 3.1 The phenomenon of non-uniform distributions of Y3+, Nd3+ and Tb3+ ions in a NaGdF4 host (a)23. 

Heterogeneous distribution of Yb3+ in NaGdF4 UCNPs: the total doping concentrations of Yb3+ and Er3+ ions at 

different growth stages, and the evolutions of Yb3+ and Er3+ doping concentrations during the spontaneous growth 

process (b)27 

These examples illustrate that systematic characterization of the dopant distribution in 

host NaREF4 nanoparticles will lead to a better understanding of the UC luminescence 
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mechanism. Because of the different nucleation energies of RE3+ ions, some ions may 

tend to be concentrated in the centre of the nanoparticles and exhibit a radially-decreasing 

concentration gradient towards the surface, forming a core-shell-like nanostructure. The 

core-shell-like distribution of doped RE3+ ions across nanoparticles plays a potential role 

in optimizing and improving the properties of multicolour luminescence. 

In this work, by employing synchrotron-based XPS measurements, we conducted a 

systematic analysis of the distributions of RE3+ ions within typical NaYF4: Yb3+, Tm3+ 

and NaYF4: Gd3+, Tm3+ UCNP systems. Then, the UC luminescent properties of NaGdF4 

UCNPs by doping with Yb3+/Tm3+ ions were studied. Under the guidance of the 

distribution of RE3+ ions within the UCNPs, Yb3+/Tm3+/Tb3+ and Yb3+/Tm3+/Eu3+-ion co-

doped NaGdF4 UCNPs were prepared using a cation exchange method in water, and we 

systematically correlated the structure with its multicolour luminescence.  

 

3.2 Experimental section 

3.2.1 Reagents and equipment 

The chemicals and reagents described in this chapter are listed in Table 3.1. All the 

chemicals were used without further purification or modification unless otherwise stated. 

Table 3.1 Main experimental reagents, specifications and manufacturer 

Chemicals Specification Manufacturer 

YCl3·6H2O 99.99% 

Sigma-Aldrich (Australia) 

 

GdCl3·6H2O 99.99% 

YbCl3·6H2O 99.99% 

TmCl3·6H2O 99.99%. 

ErCl3·6H2O 99.99%. 

TbCl3·6H2O 99.99%. 

EuCl3·6H2O 99.99%. 

NaOH 99.99% 

NH4F ≥99.99% 

NaF 99.99% 

Oleic Acid (OA) 90% 

1-Octadecene (ODE) 90% 
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Oleylamine (OM) 90% 

Ethanol 100% 

Chem-Supply (Australia) 

Methanol ≥99.9% 

Toluene ≥99.9% 

Cyclohexane ≥99.9% 

Tetrahydrofuran (THF) ≥99.9% 

Hydrochoride (HCl) 37% Sigma-Aldrich (Australia) 

The instruments and equipment used for specimen synthesis in this chapter are listed in 

Table 3.2.  

Table 3.2 Main experimental equipment, specific indicators and manufacturer 

Equipment Specification Manufacturer 

Analytical balance SJF2104 (0.1 mg) Eppendorf (Germany) 

Ultrasonic cleaner Benchtop Cleaners (FXP) 2.7 Litre Unisonics (Australia) 

Vortex mixer LSE Corning (Australia) 

Centrifuge Centrifuge 5424 and 5804 Eppendorf (Germany) 

Magnetic stirrer Model: RO 10 IKA (Australia)  

Heating mantle Temperature range: up to 400 °C Labquip Technologies 

(A li ) Temperature controller Temperature range: up to 400 °C Labquip Technologies 

(A li ) Three-neck round-bottom 

fl k 

50 mL, 100 mL Synthware (China) 

Thermometer Range: 0 to 330 °C RS Components PTY Ltd. 

Rare earth extra power stir 

b  

TPFE-coated, elliptical Sigma-Aldrich (Australia) 

Pipettes Eppendorf Reference® 2, whole set Eppendorf (Germany) 

Pipette tips epT.I.P.S.® Motion, full range Eppendorf (Germany) 

Centrifuge tubes SSUbio 1260-00 and 1310-00 Scientific Specialties, Inc. 

Glass slide 25 × 57 mm Hurst Scientific Pty. Ltd. 

Cover slip 22 × 22 mm Muraban Laboratories 

3.2.2 Synthesis of materials 

The coprecipitation method was used to produce monodispersed core UCNPs for testing 

in this chapter29.  

Synthesis of NaYF4: 20%Yb3+, 4%Tm3+ UCNPs: β-20%Yb3+, 4%Tm3+ UCNPs were 

prepared according to previous reports30-31. Typically, a methanol solution of 0.04 mmol 

javascript:;


Chapter 3  

60 

 

TmCl3, 0.2 mmol YbCl3, and 0.76 mmol YCl3 was mixed with 6 ml OA and 15 ml ODE 

in a 50 ml round-bottom flask. The mixture was degassed under an Ar flow and then 

heated at 150 °C under stirring for 30 min until the solution became clear. After cooling 

to 50 °C, a methanol solution containing 4.0 mmol NH4F and 2.5 mmol NaOH was added 

and stirred vigorously for more than 30 min. Then, the mixed solution was heated to 

110 °C to evaporate the methanol and then to 150 °C to evaporate the residual water. 

Finally, the solution was heated to 300 °C with different heating profiles by using heating 

durations of 21 mins, 17 mins, 12 mins, 9.3 mins and 8 mins. After reaction and cooling 

to room temperature, the synthesized nanocrystals were washed with cyclohexane/ethanol 

several times and dispersed in toluene (or cyclohexane) for use. By adjusting the mole 

ratio of NH4F and NaOH, different sizes of UCNPs could be synthesized. The NaYF4: 

45%Gd3+, 4%Tm3+ material was also synthesized using this method.  

Synthesis of NaGdF4: 49%Yb3+, 1%Tm3+ UCNPs: The same method as above was 

adopted, except for some minor changes: the methanol solution contained NH4F (3.3 

mmol) and NaOH (2.5 mmol), and the heating temperature was 290 °C. 

Preparation of Yb3+/Tm3+/Tb3+ and Yb3+/Tm3+/Eu3+ co-doped NaGdF4 UCNPs: 

Corresponding samples were prepared using a cation exchange method in water 

according to a previous report 32. In a typical process, the as-prepared oleic acid-capped 

nanoparticles were dispersed in a mixed solution of ethanol (1 mL) and HCl (0.2 M; 1 

mL). The mixture was sonicated for 5 min and collected by centrifugation. Subsequently, 

the resulting products were washed with ethanol/H2O several times and re-dispersed in 

H2O. After that, a stock solution (1 mL) of the as-prepared ligand-free NaGdF4: 

Yb3+/Tm3+ nanoparticles was mixed with an aqueous solution of RECl3 (RE = Tb3+, Eu3+). 

The resulting mixture was shaken thoroughly and heated at room temperature for 30 min. 

Subsequently, the products were collected by centrifugation, washed with H2O several 

times, and re-dispersed in H2O for testing. 

3.2.3 Characterization 

TEM Characterization: The morphology of the synthesized nanocrystals was 

characterized using transmission electron microscopy (TEM; Philips CM10 TEM) at an 

operating voltage of 100 kV. The samples were prepared by placing a drop of a dilute 
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suspension of nanocrystals onto formvar-coated copper grids (300 mesh) and allowing it 

to dry in a desiccator at room temperature. 

XRD Characterization: X-ray diffraction (XRD) patterns were recorded on a D8 

Advance X-ray powder diffractometer (Bruker Corporation, Germany) using Cu-Kα1 

radiation (40 kV, 25 mA, λ = 0.15418 nm) in the 2θ range from 5° to 100°. Scan steps 

were 0.02° with a 4 s duration at each step. Rietveld refinement was performed using 

TOPAS 4.2 software33. The XRD samples were prepared by placing several drops of 

nanocrystal dispersion in a toluene cast on a glass wafer. 

Photoluminescence Spectra by Spectrofluorometer: The UC luminescence spectra were 

obtained using of a Fluorolog-Tau3 spectrofluorometer (JobinYvon-Horiba) equipped 

with an external 980 nm CW diode laser with a pump power density of 500 W/cm2. The 

UC nanocrystals were prepared to a concentration of 1 mg/ml by the subtractive 

weighting method for the entire specimen. The dispersion was transferred to quartz 

cuvettes with 10 mm path lengths, and three measurements were conducted for each 

sample.  

X-ray Photoelectron Spectroscopy (XPS) with Variable Excitation Energy: X-ray 

photoelectron spectroscopy (XPS) with variable photon energy was performed on the Soft 

X-ray Spectroscopy beamline at the Australian Synchrotron. UCNPs dispersed in 

cyclohexane were drop-cast onto clean test-grade silicon wafers (<1 ohm/cm) and 

allowed to dry in air before being loaded into the analysis chamber at ultrahigh vacuum 

(~10-10 mbar) for data acquisition. Spectra calibrated to a polycrystalline gold reference 

were collected at varying X-ray photon energies with an energy step size of 0.1 eV in the 

regions of the Y 3d core level, the Yb 4d core level and the Gd 4d core level (200–140 

eV). A background fit was applied to each spectrum and the integrated area of each 

intensity determined with the area ratios of Y and Yb (Gd) plotted against photoelectron 

kinetic energy. The inelastic electron mean free path of the photoelectrons was calculated 

using QUASES-IMFP-TPP2M Ver. 3.0 software. 
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emitted photoelectrons and, hence, the electron inelastic mean free path (IMFP). Hence, 

the XPS sampling depth (taken as 3 × IMFP) in NaYF4 is a function of photoelectron 

kinetic energy (KE), which is plotted in Figure 3.5a. The XPS sampling depth based on 

synchrotron radiation is approximately 2–10 nm under the surface of the nanoparticle. 

Because most of the NaYF4 UCNPs we prepared had a size distribution of 20–40 nm, this 

sampling depth is very suitable for studying the elemental distribution of UCNPs from 

surface to interior. For example, at hν = 400 eV, the sampling depth in NaYF4: 

20%Yb3+/4%Tm3+ was about 3.2 nm, and at 1600 eV, it was about 8.7 nm.  

Figures 3.5b, c, d show the depth-resolved XPS spectra of Y 3d, Yb 4d and Si 2s core 

levels collected from UCNPs of NaYF4: 20%Yb3+ (13.0 nm), NaYF4: 20%Yb3+ (31.1 nm), 

and NaYF4: 60%Yb3+ (51.3 nm) at photon energies of 590 eV, 990 eV and 1790 eV. The 

photoelectron data for Yb3+ and Y3+ were collected within the same photoelectron energy 

window under identical acquisition conditions. The variations in the relative intensities 

of Yb3+ and Y3+ with increasing sampling depth are associated with the inhomogeneous 

distributions of these elements. Each spectrum had a Shirley background removed and 

the peak intensities were extracted using Gaussian peak fitting. As shown in the figures, 

the binding energies of the doublet peaks of the Y 3d split spin-orbital core level match 

the reported values of ~159 eV and ~161 eV, respectively, for the Y 3d5/2 and Y 3d3/2 

peaks 23-24. The binding energy of the Yb 4d core level also matches the reported value of 

~185 eV 37. The Si 2s peak at around ~153 eV belongs to the silicon wafer used as the 

substrate for the experiment. At the lowest photon energy used, 590 eV and, thus, at the 

shallowest sampling depth, the Yb 4d peak was undetectable; however, as the photon 

energy was increased to 990 eV and, finally, to 1790 eV, the relative ratio of the intensity 

of the Yb 4d peak to the Y 3d doublet increased. The XPS peak of the Yb3+ dopant 

increased significantly compared with that of the host Y3+ as the photon energy was 

increased from 590 eV to 1790 eV, corresponding to the sampling depth range of 3.2–8.7 

nm. This indicates that the nanoparticles are more heavily doped with Yb3+ at the crystal 

core. 

To determine the distribution of the dopant ions in NaYF4 matrix nanoparticles, the 

intensity ratio of the Yb 4d and Y 3d core levels was calculated and plotted as a function 

of the electron kinetic energy and effective sampling depth after correction by the relevant 

photoionization cross-sections 38 in Figure 3.6. Figure 3.6a shows the intensity ratios of 
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core-shell-like NaGdF4: Yb3+/Tm3+ nanoparticles minimize the surface quenching effect 

and, more importantly, effectively bridge the energy transfer gap between sensitizers and 

activators through long-range energy migration in the sub-lattice. The core-shell-like 

distribution feature of UCNPs opens a new energy pathway that can be exploited to tune 

and improve the multicolour luminescent properties of UCNPs.  
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CHAPTER 4 

 

Direct Cation Exchange of Surface Ligand 

Capped Up-conversion Nanoparticles to Produce 

Strong Multicolor Luminescence 
 

4.1 Introduction 

Controlled synthesis plays a fundamental role in the production of multicolour 

luminescence in lanthanide-doped upconversion nanoparticles (UCNPs, or UCNCs). 

Since the nanotechnology era began in 1960 1, controlled synthesis has created diverse 

artificial nanomaterials, including quantum dots2-5, metal nanoparticles6-7, 

defects/elements-doped nanoparticles8-9, and 2D nanomaterials10-11. Most of them show 

colourful fluorescence and have light-based functionality beyond the size/morphology 

advantages, giving them enormous application potential in the fields of life sciences, 

electronic displays, energy harvesting and quantum engineering12-19. To enrich the 

fluorescence colour, nano semiconductors rely on the tuning of bandgaps20, while doped 

nano-insulators require elaborate control of the dopants21-24. Repeated synthesis is able to 

regulate these compositional arrangements but is resource- and time-consuming. 

Cation exchange strategies make it possible to tune multicolour luminescence properties 

of large classes of UCNPs expeditiously25. Currently, the main approaches for preparing 

UCNPs are co-precipitation, thermal decomposition and hydrothermal reaction. To obtain 

excellent UC luminescent properties such as multicolour emissions and strong intensities, 

one has to perform a new set of reactions and have stringent control over a variety of 

experimental conditions, including the amount and concentration of dopant ions, the 

kinds of surfactants and solvents used, and the reaction time and temperature26-27. All of 

these drawbacks may raise some safety and environmental concerns. Alternatively, cation 

exchange allows high-throughput production of multicolour-emitting nanoparticles while 
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disadvantages of low UC intensity due to the quenching effect of naked particles without 

protecting ligand layers and the absorption of excitation laser energy by the water36-37. 

These drawbacks limit their development and application; thus, it is fundamentally 

necessary and important to explore new cation exchange methods for UCNPs. 

Here, we report a novel cation exchange method for as-synthesized RE3+-doped UCNPs, 

which are emerging as promising light carriers in different fields23, 38-43. Our method can 

directly exchange cations when the surfaces of the as-synthesized nanocrystals are capped 

with ligands. Under the premise of retaining surface ligands, we are able to complete 

cation exchange within seconds by simply dripping the cation-containing solution into 

the nanocrystal colloid. This novel cation exchange method allows the high-throughput 

production of RE3+-doped UCNPs with a myriad of different colour spaces.  

 

4.2 Experimental section 

4.2.1 Reagents and equipment 

Most chemicals and reagents used in this chapter have already been described in Chapter 

3. Additional chemicals are listed in Table 4.1. All chemicals were used as received 

without further purification or modification unless otherwise described. 

Table 4.1 Main experimental reagents, specifications and manufacturer 

Chemical Specification Manufacturer 

Toluene ≥99.9% 

Chem-Supply (Australia) 

 

Hexane ≥99.9% 

Acetone ≥99.9% 

Acetonitrile 

 

≥99.9% 

Tetrahydrofuran (THF) ≥99.9% 

N,N-dimethylformamide (DMF) 

()()( ) 

99.5% 

Dimethylsulfoxide (DMSO) 99.5% 

Most instruments and equipment used in this chapter were also described in Chapter 3, 

and additional instruments used for specimen synthesis in this chapter are listed in Table 

4.2.  

Table 4.2 Main experimental equipment, specifications and manufacturer 
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Equipment Specification Manufacturer 

Glass slide 25 × 57 mm Hurst Scientific Pty. Ltd. 

Coverslip 22 × 22 mm Muraban Laboratories 

4.2.2 Synthesis of materials 

Synthesis of NaGdF4: Yb3+/Tm3+ (49%/1%) UCNPs: Core-only NaGdF4: Yb3+/Tm3+ 

(49%/1%) nanoparticles were prepared according to the method described in Chapter 3. 

Typically, a methanol solution of 0.5 mmol GdCl3, 0.49 mmol YbCl3, and 0.01 mmol 

TmCl3 was mixed with 10 ml OA and 15 ml ODE in a 50 mL flask. The mixture was 

heated at 150 °C under stirring for 30 min until the solution became clear. After cooling 

to 50 °C, a methanol solution containing NH4F (3.3 mmol) and NaOH (2.5 mmol) was 

added with vigorous stirring for more than 1 h. Then, the mixed solution was heated to 

90 °C to evaporate the methanol and then to 150 °C to evaporate all the residual water. 

Finally, the solution was heated to 290 °C and kept there for 1.5 h under a flow of argon. 

After reaction and cooling to room temperature, the synthesized nanoparticles were 

washed with cyclohexane/ethanol several times and dispersed in toluene for use. By 

adjusting the mole ratio of NH4F and NaOH, different sizes of UCNPs could be 

synthesized. 

Synthesis of NaGdF4: Yb3+/Tm3+@NaGdF4 core-shell UCNPs: A modified hot-injection 

method was used for growing core-shell-structured UCNPs. Some 0.2 mmol of NaGdF4: 

Yb3+/Tm3+ nanoparticles were dispersed in cyclohexane and mixed with OA (8 mL) and 

ODE (12 mL) in a 50 mL three-neck flask. The mixture was degassed under an Ar flow 

and kept at 100 °C for 30 min to completely remove the cyclohexane. Then, it was heated 

to 150 °C and kept at this temperature for 30 min to remove any remaining water. The 

mixture was then quickly heated to 290 °C and a certain amount of pure NaGdF4 source 

solution was injected into the core nanoparticle mixture solution using a syringe at a rate 

of 0.05 ml/2 min. After the reaction, the precipitate was washed with cyclohexane/ethanol 

several times and dispersed in toluene for use. To synthesize pure NaGdF4 shell 

precursors, typically, a methanol solution of 1 mmol GdCl3 was mixed with 10 ml OA 

and 15 ml ODE in a 50 mL flask. The mixture was heated at 150 °C under stirring for 30 

min until the solution became clear. After cooling to 50 °C, a methanol solution 

containing NH4F (3.3 mmol) and NaOH (2.5 mmol) was added with vigorous stirring for 
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at least 1 h. Then, the mixed solution was heated to 90 °C to evaporate the methanol and 

to 150 °C to evaporate any residual water. After reaction and cooling to room temperature, 

pure NaGdF4 precursor was obtained.  

Cation exchange in organic solvent: To obtain the optimal emission intensity, we 

prepared a series of UCNPs by cation exchange in organic solvent (OSCE) with different 

amounts of activators (Tb3+ and Eu3+). In a typical experiment, a stock toluene solution 

(666 µL) of the 0.05 mmol as-prepared UCNPs (NaGdF4: Yb3+/Tm3+ or NaGdF4: 

Yb3+/Tm3+@NaGdF4) was mixed with an ethanol solution (333 µl) of RECl3 (RE = Tb3+, 

Eu3+). The resulting mixture was shaken thoroughly at room temperature for 10 min. 

Subsequently, the products were collected by centrifugation, washed with toluene/ethanol 

(2:1) several times, and re-dispersed in toluene. When using methanol, DMF or DMSO 

for dissolving RECl3, the corresponding molar ratio of toluene and organic solution 

should be optimised. Corresponding samples by WACE were prepared according to 

previous reports8. 

4.2.3 Characterization 

TEM and XRD Characterization: TEM and XRD characterization were described in 

Chapter 3. 

High-resolution transmission electron microscopy (HRTEM) and energy-dispersive 

X-ray spectroscopy (EDS): Element mapping images were collected by aberration-

corrected analytical transmission electron microscopy (TEM, JEOL ARM-200F) 

equipped with a Centurio SSD energy-dispersive X-ray spectroscopy (EDS) detector set 

at 77 K. The TEM was operated at 80 kV. The line profiles were processed with the 

LOWESS smoothing algorithm as implemented in OriginPro software.  

Photoluminescence spectra by spectrofluorometer: The UC luminescence spectra 

were obtained using a Fluorolog-Tau3 spectrofluorometer (Jobin Yvon-Horiba) equipped 

with an external 980 nm CW diode laser with a pump power density of 500 W/cm2. The 

upconversion nanoparticles were dispersed in toluene and prepared to a concentration of 

1 mg/ml by the subtractive weighting method for the entire specimen. Corresponding 

samples by WACE were also prepared to a concentration of 1 mg/ml. The dispersion was 

transferred to quartz cuvettes with 10 mm path lengths, and three measurements were 

conducted for each sample.  
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Figure 4.8 Eu3+ ions for OSCE in core-only NaGdF4: Tm3+/Yb3+ UCNPs: the emission peaks of 589 (5D0→7F1) and 

611 nm (5D0→7F2) belong to Eu3+ ions 

4.3.2 Exchange ion characterization 

To confirm the introduction of exchange ions into the lattice, we performed a structural 

analysis of the nanocrystals. Transmission electron microscope (TEM) images revealed 

the particle size and morphology of UCNPs before and after OSCE with 0.5 μM Tb3+ 

ions. Before cation exchange, the size of the initial NaGdF4: Yb3+,Tm3+ UCNP template 

was about 23 nm (Figure 4.9 a). After cation exchange in toluene/ethanol under ambient 

conditions for 10 min, the exchanged particles showed no obvious changes in terms of 

particle size (23.1 nm) and morphology (Figure 4.9 b).  

We then employed high-resolution transmission electron microscopy (HRTEM) imaging 

and energy-dispersive X-ray spectroscopy (EDS) to confirm the existence of Tb3+ ions 

(Figure 4.9c-f). Combined with the linear profile for a single particle (Figure 4.9c), we 

found that Tb3+ ions only appeared on the surface, while Gd3+ ions existed in the centre 

of the particles, indicating the enrichment of Tb3+ at the surface of UCNPs. We also used 

the X-ray diffraction (XRD) and Rietveld refinement to characterize the structural 

evolution in terms of cell parameters and cell volumes. Both of the X-ray patterns were 

in line with the hexagonal cell (P63/m), with parameters close to the standard model of 

ICSD #519203947. Therefore, the crystal structure was taken as a starting model for 

Rietveld refinement. The results indicate that OSCE did not induce variation in particle 

phase. In the structure of NaGdF4: Yb3+,Tm3+ UCNPs, Yb3+, Tm3+, and Gd3+ ions occupy 

the same position and have ionic radii of 1.042, 1.052, and 1.107 Å (9 coordination), 
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4.3.4 UC luminescence of Eu3+ by OSCE 

A similar phenomenon occurs when Eu3+ ions work as the exchange ions. Figure 4.15 

shows the nanostructure of core-shell NaGdF4: Yb3+,Tm3+@NaGdF4 UCNPs used for 

cation exchange with Eu3+ ions, as well as the upconversion luminescent spectra and 

digital images by WACE and OSCE, respectively.  

 

Figure 4.15 Eu3+ ions working as exchange ions: Nanostructure of core-shell NaGdF4: Yb3+,Tm3+@NaGdF4 UCNPs 

used for cation exchange with Eu3+ ions (a); Luminescent photos of UCNPs produced by WACE, initial UCNP 

template, UCNPs produced by OSCE under irradiation by a 980 nm laser (b); Upconversion emission spectra after 

cation exchange through WACE and OSCE, respectively (5 Eu3+ concentrations), and all samples are 1 mg/mL (c); 

Intensities of Tm3+ and Eu3+ emissions as a function of Eu3+ content (d); Intensity ratio of Eu3+/Tm3+ emissions as a 

function of Eu3+ content (e). All spectra were recorded under 980 nm excitation at a power density of 500 W cm-2 

Under excitation at 980 nm using a CW laser, it is apparent in the digital photos that the 

emission intensity of UCNPs after Eu3+ exchange by OSCE was much stronger than in 

those produced in parallel by WACE. (Figure 4.15b). The emission peaks at 592 nm and 

613 nm correspond to the characteristic ion level transitions of 5D0→7F1 and 5D0→7F2 of 

Eu3+ ions, respectively49. The colour of the new nanoparticles formed by OSCE tended to 

be red because of the characteristic UC emission peaks of Eu3+ ions. Five Eu3+ 

concentrations, 0.05, 0.25, 4, and 25 μM, were chosen for cation exchange. Under 

excitation at 980 nm using a CW laser, it is clearly shown in the spectra that the 

characteristic emissions of Eu3+ and Tm3+ ions in UCNPs produced by OSCE were very 

strong. In contrast, those produced by WACE were comparatively weak. Regardless of 
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the Eu3+ concentration used for the cation exchange, the UC luminescent intensities of 

the Eu3+-doped UCNPs produced by the OSCE process were always obviously higher 

than those produced by WACE (Figures 4.15c and d).  

4.3.5 UC luminescence at the single particle level 

We used a home-made confocal microscope to quantify the emission intensities of the 

core-shell nanocrystals after Tb3+ exchange through OSCE and WACE at the single 

particle level. To achieve high signal-to-noise ratios with the confocal microscope for 

accurate single-nanocrystal analysis, we made large-sized core-shell NaGdF4: 

Yb3+,Tm3+@NaGdF4 UCNPs (~37 nm core, ~44 nm core-shell, Figure 4.16) for 

luminescence testing at the single particle level.  

 

Figure 4.16 TEM images of core-shell UCNPs used for single-particles tests: firstly, core-only NaGdF4: Yb3+/Tm3+ 

nanoparticles about 37 nm in size were prepared, and then NaGdF4: Yb3+/Tm3+@NaGdF4 core-shell structures of 

about 44 nm were prepared by hot injection 

 

Figure 4.17 Confocal scanning images and averaged brightness of core-shell NaGdF4: Yb3+,Tm3+@NaGdF4 single 

nanoparticles: confocal images of UCNPs by WACE, initial UCNP template, and UCNPs by OSCE, respectively, 

and all samples were produced by 1 μM Tb3+ ion exchange (a-c); Brightness statistics of the single UCNPs 

corresponding to a−c. All optical images were recorded with a 842 nm short-pass filter under irradiation of a 980 

nm single-mode laser (30 MW cm-2) (d) 

The average brightness of single core-shell UCNPs after Tb3+-WACE was about 511 

photon counts after background subtraction, which is half as much as the brightness of 

the initial core-shell UCNP template (999 photon counts; Figures 4.17a, b, d). For the 
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core-shell UCNPs after Tb3+-OSCE, the average brightness of single particles (1293 

photon counts) was about 1.3-fold stronger than that of initial core-shell UCNP templates 

(Figure 4.17 b, c, d). The brightness of single UCNPs after Tb3+- OSCE was about 2.5-

fold stronger than that of UCNPs after Tb3+-WACE. These results are consistent with the 

spectroscopic properties tested in colloidal solutions using a spectrofluorometer, 

demonstrating that multicolour-emitting nanoparticles with high luminescent 

performance were obtained by the developed OSCE synthesis strategy, which is facile 

and rapid. 

4.3.6 Multicolour by OSCE and CIE chromaticity 

CIE chromaticity coordinates (x,y) of typical samples were calculated throughout their 

upconversion luminescent spectra, as shown in Figure 4.18. The core-shell NaGdF4: 

Yb3+,Tm3+@NaGdF4 UCNPs only showed the characteristic emission of Tm3+ ions, 

which is close to the blue light region (0.28, 0.26). After OSCE by Tb3+ ions, the core-

shell NaGdF4: Yb3+,Tm3+@NaGdF4 UCNPs presented Tm3+ and Tb3+ emissions, with a 

colour located in the white light region (0.3, 0.32). After OSCE by Eu3+ ions, the core-

shell-like NaGdF4 UCNPs showed emissions of Tm3+ and Eu3+, which are in the red light 

region (0.27, 0.18). The results indicate that multicolour luminescence, as well as high 

performance, were realized in the as-synthesized UCNPs by using our OSCE synthesis 

strategy. Particularly, the formed Yb3+/Tm3+/Tb3+ co-doped NaGdF4: 

Yb3+,Tm3+@NaGdF4 UCNPs showed strong colour output located in the centre of the 

white region.  

 

Figure 4.18 CIE chromaticity coordinates (x,y) of core-shell NaGdF4: Yb3+,Tm3+@NaGdF4 UCNPs; the UCNPs 

after OSCE by Tb3+ ions; and the UCNPs after OSCE by Eu3+ ions upon 980 nm excitation  
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4.4 Conclusions  

In this chapter, we developed a rapid and facile cation exchange method for UCNPs, 

without needing to remove surface ligands in an organic solvent. This cation exchange 

strategy makes it possible to produce multicolour luminescence in RE3+-doped 

upconversion nanoparticles expeditiously. Using typical Tb3+ and Eu3+ ions for cation 

exchange, we have quantitatively compared the UC emissions of cation-exchanged 

UCNPs prepared by the OSCE and conventional WACE methods, we found that OSCE 

is featured by strong emissions of exchanged activators. The WACE method had a 

significant quenching effect on the fluorescence intensity of UCNPs, whereas the OSCE 

method gives UCNPs higher intensity in both colloidal and single-particle states. This 

facile and rapid OSCE synthesis strategy provides a new way to create UCNPs with high 

luminescent performance at high rates of production. Furthermore, with the preservation 

of surface ligands, UCNPs can be re-dispersed into an oleic acid environment. These 

techniques show great potential for growing new heterogeneously structured 

nanomaterials.  
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CHAPTER 5 

 

Cation Exchange for the Hybrid Growth of 

Multicolour Luminescent Upconversion 

Nanoparticles 
 

5.1 Introduction 

Though many methods have been used for tuning the multicolour properties of 

upconversion nanoparticles (UCNPs), the colour gamut of UC luminescence remains 

limited because of the fixed characteristic emissions produced by the level transitions of 

rare-earth (RE3+) ions1-4. Synthesizing hybrid nanocrystals containing two or more 

nanoscale components is a promising strategy for widening the colour gamut and 

enhancing the efficiency of UC multicolour luminescence1, 5-11. This is critical to meeting 

the growing demands of many potential applications. 

Lead halide perovskite quantum dots (PQDs) have a very wide gamut (~140%) which 

exceeds that of commercially available OLEDs12-14. Their tunable bandgap and PL 

emissions can be precisely controlled by varying the halide composition (Figure 5.1)15-18. 

Besides, PQDs also show narrow emission bandwidths (12–40 nm), high 

photoluminescence quantum yields and facile fabrication19-21. Therefore, they have 

attracted much attention in a wide array of research fields22. The PQDs are 

downconversion materials, which always absorb high-energy photons of violet to green. 

Notably, the UC emission bands of UCNPs are located in the same region as the photon 

absorption of PQDs23-26. By combining UCNPs and PQDs in one system, UCNPs can act 

as energy donors, while PQDs can act as acceptors. Therefore, energy transfer could take 

place in such a hybrid system under NIR excitation. There are two ways of completing 

such energy transfer: 1) luminescence radiative reabsorption (LRR, also called radiative 

energy transfer, RET), and 2) the non-radiative dipole-dipole coupling of Forster 
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resonance energy transfer (FRET). Dong et al. reported an approach to fine-tuning the 

multicolour UC luminescence of CsPbX3 PQDs through sensitization by RE3+-doped 

NPs27. The sensitization is governed by an LRR upconversion process. Chen et al. also 

reported a similar phenomenon using an LRR process28.  

 

Figure 5.1 PL spectra of lead halide perovskite quantum dots with different components (a) and corresponding 

photographs under UV and daylight irradiation (b)29; Photographs of CsPbX3-SiO2 (X = Cl, Br, I) composites under 

daylight (upper) and UV (lower) irradiation (c)30; CIE coordinates and corresponding colour gamuts of liquid 

crystal displays (LCD), organic light emitting diodes (OLED), quantum dot-type liquid crystal displays (QD-LCD), 

and perovskite quantum dot light emitting diodes (QLED) (d)31 

However, the LRR process leads to energy loss because it is radiative reabsorption 

instinct instead of the direct energy transfer of FRET32-37. To generate sensitive 

luminescent signals by FRET, the association and separation of donors and acceptors 

should be precisely controlled in the range of 1–10 nm5, 38-40. Thereby, developing a 

hybrid structure of UCNPs and PQDs is the most direct method of realizing the FRET 

and widening the colour gamut of UC luminescence. Besides, hybrid heterojunctions of 

UCNPs and PQDs are also expected to reduce surface defects, improve the stability and 

quantum efficiency of UCNPs and PQDs through surface growth41, dual-band (UV and 

NIR) excitation and polychromatic luminescence regulation, as well as enhance the 

luminescence intensities under single excitation through energy transfer of nonradiative 

dipole–dipole coupling.  

The cation exchange in organic solvent strategy (OSCE) for UCNPs encourages us to 

develop a hybrid of UCNPs and other materials. Lattice matching is vital for hybrid 

growth; however, cation exchange may remediate the dissimilar structures of UCNPs and 

PQDs. Through a cation exchange strategy, one can try to penetrate transition-metal ions 

onto the surfaces of UCNPs. Then, these transition metals would show great potential to 
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form heterostructures of modified UCNPs and new PQDs. Both UCNPs and PQDs are 

always synthesized in the oleic acid environment. The OSCE method, which preserves 

the surface ligands of UCNPs, is particularly suited to the re-dispersion of modified 

UCNPs into an oleic acid environment for further hybrid growth.  

In this chapter, transition-metal ions such as Pb2+ and Mn2+ ions are applied to the surfaces 

of UCNPs using our developed cation exchange strategy, which are then re-dispersed into 

an oleic acid environment. As the exchanged transition-metal ions can remediate the 

dissimilar structures of UCNPs and PQDs, a hybrid heterostructure is attempted to 

produce multicolour emissions and fine-tune them through FRET sensitization.  

 

5.2 Experimental section 

5.2.1 Reagents and equipment 

Most chemicals and reagents used in this chapter were described in Chapters 3 and 4. 

Additional chemicals are listed in Table 5.1. All chemicals were used as received without 

further purification or modification unless otherwise described. 

Table 5.1 Main experimental reagents, specifications and manufacturer 

Chemical Specification Manufacturer 

Tm2O3  

 

≥99.9% 

Sigma-Aldrich (Australia) 

 

Yb2O3 

 

≥99.9% 

Y2O3 

 

≥99.9% 

Gd2O3 

 

≥99.9% 

Trifluoroacetic acid 99% 

Sodium trifluoroacetate 98% 

Cs2CO3 ≥99.9% 

PbCl2 ≥99.9% 

PbBr2 ≥99.9% 

PbI2  ≥99.9% 

MnCl2 ≥99.9% 

Ni(acac)2  ≥99.9% 

Trioctylphosphine (TOP) 99.5% 

n-Octylamine 

  

99.5% 
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Acetone 99.5% Chem-Supply (Australia) 

Ethanoic acid 30% 

Most instruments and equipment used in this chapter were described in Chapters 3 and 4, 

and additional instruments used for specimen synthesis in this chapter are listed in Table 

5.2.  

Table 5.2 Main experimental equipment, specific indicators and manufacturer 

Equipment Specification Manufacturer 

Fluorescence analysis cabinet CM-10A Grace Discovery Sciences 

Spectro fluorophotometer RF-6000 Shimadzu (Japan) 

5.2.2 Synthesis of materials 

Synthesis of β-NaYF4: Yb3+/Tm3+ and β-NaGdF4: Yb3+/Tm3+ UCNPs: The method used 

to prepare β-NaYF4: Yb3+/Tm3+ and β-NaGdF4: Yb3+/Tm3+ UCNPs was described in 

Chapters 3 and 4.  

Synthesis of α-NaYF4: Yb3+/Tm3+ and α-NaGdF4: Yb3+/Tm3+ UCNPs: To obtain 

uniform UCNPs with an α phase, the thermal decomposition method was adopted for the 

synthesis41. Note that all decomposition processes should be carried out in a well-

ventilated fume hood. First of all, a certain amount of Tm2O3 was dissolved in 50% 

aqueous trifluoroacetic acid at 80 °C. The residual water and acid were then slowly 

evaporated at 50 °C, then Tm(CF3CF2CO)3 was obtained. The Yb(CF3CF2CO)3, 

Y(CF3CF2CO)3 and Gd(CF3CF2CO)3 were also prepared by this method. After that, in 

the case of the NaGdF4: Yb3+/Tm3+ (20%/1%) codoped UCNPs, 0.79 mmol 

Gd(CF3CF2CO)3, 0.20 mmol Yb(CF3CF2CO)3, 0.01 mmol Tm(CF3CF2CO)3, as well as 

2.5 mmol of sodium trifluoroacetate (98%) were weighed and mixed with 8 ml OA, 8 ml 

oleylamine and 15 ml ODE in a 50 mL flask. The resulting solution was slowly heated to 

100 °C under vacuum with magnetic stirring for 30 min to remove residual water and 

oxygen. Finally, the solution was heated to 300 °C and kept there for 1 h under a flow of 

argon. After reaction and cooling to room temperature, the synthesized nanoparticles 

were washed with cyclohexane/ethanol several times and dispersed in toluene for use. 

Cation exchange (OSCE) by transition-metal ions: Mn2+, Pb2+, and Ni2+ were trialled 

in an attempt to penetrate the lattice of UCNPs by cation exchange in organic solvent. In 

a typical experiment, a stock toluene solution (6.66 ml) of the 1 mmol as-prepared UCNPs 
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(NaGdF4: Yb3+/Tm3+) was mixed with an ethanol solution (3.33 ml) of MnCl2 (or PbCl2, 

Ni(acac)2) in a 25 ml flask. The resulting solution was slowly heated to 100 °C in an argon 

atmosphere with magnetic stirring for 30 min under reflux condensation. Subsequently, 

the products were collected by centrifugation, washed with toluene/ethanol (2:1) several 

times, and the modified UCNPs were re-dispersed in toluene for further use. DMF can 

also be used for dissolving transition metal chemicals to finish the cation exchange 

process.  

Synthesis of UCNP and CsPbX3 PQD hybrid structures: A modification of a 

previously published synthesis method was used16, 42. First of all, Cs-oleate was prepared. 

Cs2CO3 (0.814 g, 99.9%) was loaded into a 100 mL three-necked flask along with 

octadecene (40 mL) and oleic acid (2.5 mL, OA), dried for 1 h at 120 °C, and then heated 

under N2 to 150 °C until all Cs2CO3 had reacted with OA. Since Cs-oleate precipitates 

out of ODE at room temperature, it had to be pre-heated to 100 °C before injection. After 

that, a certain amount of UCNPs that had been modified by cation exchange with Pb2+ 

ions, and oleylamine (5 mL, OLA) and dried OA (5 mL), were added into a 25 mL three-

necked flask. The resulting solution was slowly heated to 150 °C under vacuum with 

magnetic stirring for 30 min to remove residual water and oxygen, and then cooled to 

50 °C. In another three-necked flask, ODE (5 mL) and PbX2 (0.188 mmol), such as PbI2 

(0.087g), PbBr2 (0.069g), PbCl2 (0.052g) or their mixtures were loaded into 25 mL three-

necked flasks and dried under vacuum for 1 h at 120 °C. After complete solubilisation of 

a PbX2 salt, 1 ml of the mixture of oleylamine, OA and modified UCNPs was injected at 

120 °C under argon, then the temperature was raised to about 150 °C and 0.4 mL Cs-

oleate solution was quickly injected; then, 5 s later, the reaction mixture was cooled in an 

ice-water bath. Finally, the crude solution was cooled with a water bath and aggregated 

NCs were separated by centrifuging. After centrifugation, the particles were redispersed 

in toluene or hexane, forming long-term colloidally-stable solutions for further testing. 

Synthesis of a UCNP and Ni2P hybrid structure: To determine whether the cation 

exchange process can remediate dissimilar structures and form hybrid heterostructures of 

UCNPs and other materials, we conducted hybrid growth of NaGdF4 and Ni2P 

nanoparticles. We modified the synthesis method according to previous literature43-44. In 

a typical synthesis, a certain amount of UCNPs that were modified by cation exchange of 

Ni2+ ions was added with 1-octadecene (4.5 mL, 14.1 mmol) and oleylamine (6.4 mL, 
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javascript:;
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19.5 mmol) into a 50 mL three-necked flask. The resulting solution was slowly heated to 

100 °C under vacuum with magnetic stirring for 30 min to remove residual water and 

oxygen. After cooling to 50 °C, Ni(acac)2 (25 mg, 0.098 mmol) and trinoctylphosphine 

(0.2 mL, 0.44 mmol) were added to the flask and stirred vigorously for about 30 mins. 

Note that the flask was also equipped with a Liebig condenser. After that, the reaction 

mixture was heated to 120 °C for 1 h under vacuum to remove water and other low-

boiling impurities. Finally, the solution was placed under Ar and heated to 320 °C with a 

holding time of 2 h. After reaction and cooling down to room temperature, the synthesized 

nanoparticles were centrifuged and washed using 1:3 (v:v) hexane:ethanol several times. 

The resulting compounds, consisting of UCNPs and Ni2P nanoparticles, were re-

dispersed in hexane for further testing.  

5.2.3 Characterization 

The synthesized materials were characterised by TEM, XRD, high-resolution 

transmission electron microscopy (HRTEM) and energy-dispersive X-ray spectroscopy 

(EDS), which were described in Chapters 3 and 4. 

Photoluminescence spectra by spectrofluorometer: The down-conversion emission 

and excitation spectra of the PQDs were recorded on a spectrofluorophotometer (RF-6000, 

SHIMADZU, Japan) with a 150 W Xe lamp for excitation. The upconversion 

luminescence spectra were obtained using a Fluorolog-Tau3 spectrofluorometer (Jobin 

Yvon-Horiba) equipped with an external 980 nm CW diode laser with a pump power 

density of 500 W/cm2. 

 

5.3 Results and discussion 

5.3.1 Lattice calculation and luminescence of PQDs 

First of all, high-quality lead halide perovskite quantum dots (PQDs, CsPbX3) were 

synthesized, including CsPbCl3, CsPb(Cl0.5Br0.5)3, CsPbBr3, CsPb(Br0.5I0.5)3, and CsPbI3 

PQDs,. X-ray diffraction (XRD) and Rietveld refinement were employed to characterize 

the space groups, and to calculate the cell parameters of this series of PQDs. These cell 

parameters were used as guidance for further hybrid growth with UCNPs.  

The as-synthesized PQDs were cubic (Pm-3m) and highly crystallized. Figure 5.2 shows 
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Under excitation by 365 nm ultraviolet light, the PQDs of CsPbCl3, CsPb(Cl0.5Br0.5)3, 

CsPbBr3, CsPb(Br0.5I0.5)3, and CsPbI3 displayed remarkably bright multicolour 

photoluminescent emissions with full gamuts from violet to green and deep red (Figure 

5.3). The visible spectral region of this series of PQDs shifted from ~410 nm to ~700 nm 

as the halide composition changed from Cl- to I-. Due to the bandgap tailoring of PQDs 

achieved by adjusting the halide composition, the luminescent spectra of these PQDs 

exhibited tuneable multicolour emission bands. 

 

Figure 5.3 PQDs of CsPbCl3, CsPb(Cl0.5Br0.5)3, CsPbBr3, CsPb(Br0.5I0.5)3, and CsPbI3 displayed bright multicolour 

luminescent emissions with full gamuts from violet to red (410 nm to 700 nm)  

5.3.2 Lattice calculation and selection of UCNPs 

Considering that α-UCNPs have a cubic structure (Fm-3m), and also have similar cell 

parameters as cubic PQDs, hybrid growth between α-UCNPs and PQDs seems most 

promising. Therefore, α-UCNPs were used to synthesize heterostructured materials with 

CsPbX3 PQDs. As we know, lattice matching is the key for epitaxial growth. To minimize 

the lattice mismatching between α-UCNPs and PQDs, the cell parameters of α-UCNPs 

can be adjusted by doping different RE3+ ions, while the counterpart of CsPbX3 PQDs 

can be adjusted by changing the halide composition.  

UCNPs of α-NaYF4 and α-NaGdF4 were synthesized by the thermal decomposition 

method. The doping concentration of Yb3+/Tm3+ was kept the same at 20%/2% for all the 

samples so, in this work, the samples will be denoted as α-NaYF4 and α-NaGdF4. Figure 

5.4 shows the TEM images, XRD patterns and calculated cell parameters of these uniform 

α-NaYF4 and α-NaGdF4 UCNPs. The as-synthesized UCNPs were highly crystallized. 

Under 980 nm excitation, these UCNPs displayed strong blue UC luminescence from 

Tm3+ ions. Calculated using Rietveld refinement, the cell parameters and cell volume (a, 
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In addition, cation exchange between Mn2+ and the NaGdF4: Yb3+/Tm3+ UCNPs was also 

proven. The UC luminescent spectra are shown in Figure 5.11a. There is a clear, 

characteristically broad emission band of Mn2+ ions at around 540 nm. This is because 

the Gd3+-mediated energy migration layer bridged the Tm3+ ion donor and Mn2+ ion 

acceptor51-52. By taking advantage of energy transfer through Yb-Tm-Gd-Mn in the 

nanoparticles, the UC emission of Mn2+ was realized (Figure 5.11b), which confirms that 

Mn2+ ions were doped into the host lattices by cation exchange. In conclusion, our 

investigations illustrate that transition metal ions such as Mn2+ can indeed penetrate the 

surface of UCNPs. 

5.3.5 Attempting to grow a UCNP-PQD hybrid 

Encouraged by the successful cation exchange by transition metal ions, PQDs and UCNPs 

were used next in an attempt to construct a new hybrid structure that can produce full-

gamut UC luminescence. We hoped that Pb2+ ions would penetrate the lattice of UCNPs 

by cation exchange, and then bridge PQDs and UCNPs to form hybrid composites. To 

maximize the possibility of hybrid growth between PQDs and UCNPs, both α- and β-

UCNPs (including NaYF4 and NaGdF4) and PQDs with halide compositions from Cl- to 

I- (including CsPbCl3, CsPb(Cl0.5Br0.5)3, CsPbBr3, CsPb(Br0.5I0.5)3, and CsPbI3) were 

selected for the hybrid growth attempts.  

These as-synthesized UCNPs were reacted with Pb2+ ions by cation exchange, then the 

modified UCNPs were used as seeds for the next hybrid growth attempt with different 

kinds of CsPbX3 PQDs. We chose different kinds of combinations of UCNPs and PQDs, 

as well as different kinds of reaction solvent (and combinations). In addition, we modified 

many reaction conditions, such as temperature, holding time, atmosphere, UCNP:PQD 

concentration ratio, and amount ratio of reaction solvent. Though many syntheses were 

attempted, no matter which UCNPs (α- or β-phase, NaYF4 or NaGdF4) and PQDs 

(CsPbCl3, CsPb(Cl0.5Br0.5)3, CsPbBr3, CsPb(Br0.5I0.5)3, or CsPbI3) were selected, they 

could not form hybrid composites. Morphological characterization by TEM showed that 

hybrid growth of UCNPs and PQDs remains a great challenge. Some TEM images are 

shown in Figure 5.12.  
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Figure 5.13a shows TEM images of synthesized, pure Ni2P nanoparticles. The Rietveld 

refinement and calculation results show a hexagonal phase with accurate parameters (a = 

5.88 Å, b = 3.39 Å) and volume (101.50 Å3; Figure 5.13b). Note the β-NaREF4 also has 

similar cell parameters (always a = ~5.9 Å, and c = ~3.5 Å, as shown before in Section 

5.3.2).  

 

Figure 5.14 TEM images of NaYF4 and Ni2P compounds, note that the large particles are core-shell structures of 

UCNP and Ni2P (a, b); HRTEM image of the hybrid structure of NaYF4 and Ni2P (c), Elemental maps of Ni (d), P 

(e), Y (f) and Yb (g); illustration of hybrid core-shell structure of UCNP and Ni2P (h) 

After that, we conducted hybrid growth of β-NaYF4 and Ni2P nanoparticles. We modified 

the UCNPs by cation exchange with Ni2+ ions and then used the modified UCNPs to 

synthesize Ni2P. The resulting compounds are shown in Figure 5.14. Notably, the large 
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particles in Figures 5.14a and b clearly show a core-shell structure. Comparing the 

morphologies of the initial UCNPs and pure Ni2P nanoparticles, we confirmed that the 

cores of large particles are modified UCNPs, while the shells of large particles are Ni2P 

layers. We further conducted high-resolution transmission electron microscopy (HRTEM) 

imaging and energy-dispersive X-ray spectroscopy (EDS) to confirm the hybrid structure 

of NaYF4 and Ni2P nanoparticles. HRTEM images and elemental mapping of the heavy 

atoms of the compounds are shown in Figures 5.14c-h. From the large particles with core-

shell structures, it can be seen that Ni2+ and P4- ions are distributed on the surface (Figures 

5.14d and e), while Yb3+ and Y3+ ions are concentrated in the central areas of the particles 

(Figures 5.14f and g). This distribution tendency within the large particles confirms that 

the cores consist of modified UCNPs, while the shells are Ni2P layers.  

Because Ni2P nanoparticles are black, which greatly quenches the UC luminescence of 

UCNPs, this as-synthesized hybrid nanomaterial is not suitable for tuning multicolour 

luminescence. Nevertheless, this observed hybrid heterostructures from UCNPs and Ni2P 

supports the hypothesis proposed before: that the cation exchange strategy can remediate 

the dissimilar structures of two materials, particularly in terms of different space groups. 

This finding will help us to continue the UCNP-QD hybrid growth in the future. 

 

5.4 Conclusions  

In summary, the development of hybrid syntheses of UCNPs and PQDs was investigated 

for the purposes of realizing multicolour luminescence. We observed green UC 

luminescence under the process of LRR sensitization in the mixture of UCNPs and 

CsPbBr3 PQDs under excitation by a 980 nm near-infrared laser, in which the UCNPs 

functioned as an internal UV or blue lamp to illuminate the PQDs. The investigations 

illustrate that transition metal ions such as Mn2+ can indeed penetrate the surface of 

UCNPs by the cation exchange strategy. UCNPs and PQDs were used to construct new 

hybrid heterostructures. However, regardless of whether α- or β-phase UCNPs were 

employed, the results indicate that hybrid growth of UCNPs and PQDs remains a great 

challenge. Nevertheless, we successfully synthesized hybrid heterostructures of modified 

UCNPs and Ni2P nanoparticles, which supports the hypothesis that cation exchange 

strategy can remediate the dissimilar structures. The modified UCNPs can be re-dispersed 
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into an oleic acid environment to form hybrid heterostructures. We hope this the cation 

exchange strategy may help to achieve heteroepitaxial UCNP-PQD growth in the future. 
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CHAPTER 6  

 

Conclusions and Perspectives 
 

6.1 Conclusions 

This thesis has explored the controlled synthesis of upconversion (UC) materials with wide-

gamut multicolour luminescence that can be produced with high-throughput. Several strategies 

were employed to produce and fine-tune the multicolour luminescent properties, including 

doping with various rare-earth (RE3+) ions, energy migration-mediated upconversion (EMU) 

and Forster resonance energy transfer (FRET).  

First studied were the distribution and multicolour luminescence of doped RE3+ ions within UC 

materials, including alkaline indium oxide bulk UC materials and fluoride upconversion 

nanoparticles (UCNPs). According to observations of the core-shell-like distribution of RE3+ 

ions within UCNPs, multicolour luminescence was realized via EMU with cation exchange. 

Secondly, a novel direct cation exchange method was developed to prepare multicolour UCNPs 

expeditiously in an organic solvent. Transition-metal ions were exchanged onto the surface of 

UCNPs using this method, and the modified UCNPs were re-dispersed into oleic acid for 

further growth. Finally, attempts were made to develop hybrid heterostructures of UCNPs and 

lead halide perovskite quantum dots (PQDs) to fine-tune multicolour luminescence via FRET 

sensitization.  

The main achievements of this thesis are summarised as follows. 

(1) Doping with various RE3+ ions is a simple and feasible route to producing materials with 

multicolour UC emissions. In alkaline indium oxide UC materials such as (Ca/Sr)In2O4, 

Rietveld refinement showed that doped RE3+ ions occupied the In3+ sites, which helps us to 

understand the network of energy transfer systems within such materials. The structural 

evolution had a strong influence on the emission profile; however, SrIn2O4 serves as an 

excellent multicolour UC host. Through the strategy of doping with various RE3+ ions, large-

gamut multicolour luminescence in activators such as Er3+, Tm3+ and Ho3+ was achieved in 
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oxide bulk UC materials. 

(2) The gradient distribution of RE3+ ions within fluoride UCNPs can induce multicolour 

luminescence via the addition of various new activators by cation exchange. The synchrotron-

based X-ray photoelectron spectroscopy (XPS) measurements demonstrated that Gd ions (with 

a large radius) occupied the surface areas of  NaYF4: Gd3+ UCNPs, while small-radius Yb ions 

were concentrated at the core areas of NaYF4: Yb3+ UCNPs. A Gd3+-rich shell was proposed 

to the surfaces of Yb3+/Tm3+-doped NaGdF4 nanoparticles, which produced multicolour UC 

luminescence with the addition of various new activators such as Tb3+ and Eu3+ via cation 

exchange.  

(3) A method of direct cation exchange on surface-ligand capped NaGdF4: Yb3+/Tm3+ UCNPs 

was developed. This as-synthesized UCNPs presented strong multicolour luminescence via 

EMU pathways. This method took place in organic solvent to avoid the requirement for tedious 

pre-treatment, and the luminescent intensities of UCNPs produced by this new method were 

much stronger than those produced by conventional cation exchange in water. This facile and 

rapid cation exchange synthesis strategy provides a new method for the expeditious, high-

throughput synthesis of multicolour-emitting nanoparticles with high luminescent performance.  

(4) Transition-metal ions, such as Mn2+ ions, were penetrated into the surfaces of UCNPs using 

the cation exchange strategy. The modified UCNPs were able to re-dispersed into oleic acid for 

further hybrid growth. Multicolour UC luminescence was expected to be achieved in the 

heterostructures of UCNPs and PQDs via FRET sensitization. However, such hybrid 

heterostructural growth of UCNPs and PQDs was not successful and remains a big challenge. 

Nevertheless, we successfully synthesized hybrid heterostructures of UCNPs and Ni2P 

nanoparticles, which supports the hypothesis that cation exchange strategy can remediate the 

dissimilar structures to form hybrid heterostructures.  

 

6.2 Perspectives 

By exploring the distributions of RE3+ ions in UNCPs and their resulting multicolour 

luminescence as produced by different synthesis strategies, this PhD thesis has opened a new 

research path into the controlled synthesis of high-quality, multicolour, luminescent UC 

materials. This creates many future opportunities in the theoretical study of UC materials and 

their applications.  
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First of all, the gradient in RE3+-ion distribution with UCNPs aids precision in doping during 

synthesis, which helps optimize their optical properties. For example, the hot-injection method, 

rather than co-precipitation or thermal decomposition, is advantageous in producing elaborate, 

multilayered, doped nanostructures. Epitaxial growth of multiple layers onto core nanoparticles 

will allow control of the spatial distributions of sensitizers and activators in UCNPs. 

Furthermore, the cation exchange strategy allows expeditious, high-throughput production of 

multicolour-emitting nanoparticles while preserving their original sizes, morphologies and 

crystal phases. This advanced material fabrication method and resulting multicolour 

nanoparticles will help develop applications in optical multiplexing, complex data analysis, 

information storage, optoelectronic devices, and graphics imaging and display.  

Finally, although the hybrid heterostructural growth of UCNPs and PQDs was unsuccessful 

and remains a great challenge, there are still many future opportunities for tuning multicolour 

emissions by coupling UC mechanisms to PQD emitters. Future work by the author will 

attempt to synthesize a UCNP-PQD nanocomposite to achieve multicolour emissions via 

FRET; for example, by using mesoporous silica to cap UCNPs and PQDs simultaneously. Or, 

by using (3-aminopropyl) triethoxysilane (APTES) to form a cross-linked matrix by 

embedding PQDs onto silica-coated UCNPs. These potential UCNP-PQD nanocomposites are 

expected to possess excellent multicolour luminescent properties and stability, which may 

clarify the FRET mechanism and allow wider colour tunability at higher efficiency. 
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