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CONTROLLED ENGINEERING of RARE-EARTH 

DOPED CORE-SHELL NANOCRYSTALS 

Abstract: 

Controlled engineering of rare-earth doped core-shell nanocrystals to improve the 

original physical and chemical properties, and to integrate multiple functionalities in one 

particle with desirable size and shape, promises a huge potential in enabling new 

nanotechnologies, such as ultra-sensitive bio-sensing, multi-modal biomedical imaging, 

targeted delivery and release of drugs, high efficiency hybrid catalyst, green energy 

harvesting, lightening, and 3D volumetric displays.   

This thesis focuses on exploring the epitaxial shell growth of nanocrystals as an 

efficient method for controlled synthesis of rare-earth doped core-shell nanocrystals. I 

demonstrate that wet-chemical synthesis can be developed as a very promising approach 

towards the high-yield, low-cost and mass production of a library of new types of 

heterogeneous nanocrystal in the solution phase. Particularly, I find that much more freedom 

and flexibility of control shell growth of nanocrystal can be achieved in wet chemical 

synthesis.   

This thesis starts with a comprehensive review of controlled growth of nanomaterials 

with particular focus on the recent development of rare-earth doped (core-shell) nanomaterials. 

The thesis has two major parallel projects to investigate techniques to enable the 

unidirectional synthesis with uniform shells (chapter 2) and directional controlled growth of 

heterogeneous shells (chapters 3 and 4) respectively.  

Chapter 2 reports a simple technique for homogeneous shell growth by adjusting the 

amount of oleylamine. I extend this technique to study the upconversion emission stability 

and reversibility at different pH and temperature conditions. By controlled synthesis of the 

homogeneous core-shell nanocrystals via adjusting the ratio of oleic acid and oleylamine, I 

find that the intact shells at controlled thickness are useful in fully protecting the core 

nanocrystal from quenching by the surface ligands and solvent. I demonstrate the passivation 

effect by the intact shells will not only enhance the luminescence intensity but also improve 

the emission stability against temperature and pH variations for biomedical applications.  

In Chapters 3 and 4, I systemically study the reaction mechanisms of the epitaxial 

shell growth of rare earth fluoride nanocrystal in wet chemical synthesis. I find that oleate 

anions (OA-), as the dissociated form of oleic acid molecules (OAH), have variable, dynamic 
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roles in mediating the growth of alkaline rare-earth fluoride (AREF4) nanocrystals. I 

demonstrate that the control over the ratio of OA- to OAH can be used to directionally inhibit, 

promote, or etch the crystallographic facets of the nanoparticles. This control enables 

selective grafting of shells with complex morphologies grown over nanocrystal cores, thus 

allowing for access to a diverse library of monodisperse sub-50 nm nanoparticles. With such 

programmable additive and subtractive engineering, the heterogeneous nanocrystals in 3D 

shapes can be designed and scaled from the bottom-up. Our findings may lead to a new class 

of multifunctional nanomaterials and provide the first bases for developing previously 

unforeseen applications of nanoparticles with complex programmable shapes and surface 

properties. 

The results reported in this thesis suggest that using epitaxial shell growth of 

nanocrystals via wet chemical route, some other heterogeneous nanocrystals may be 

synthesized based on semiconductor, noble metal and metal oxide nanocrystals, (e.g. Pd@Pt, 

Au@Fe3O4, Au@CdS, et. al.) The interesting synthesis mechanisms that direct the epitaxial 

shell growth of nanocrystals and the combinatory factors that jointly determine the growth 

direction are the key to unlock a new horizon of nanomaterials science. 

The major results (result chapters 2-4) reported here have formed two first-authored 

manuscripts: 1) “Emission Stability and Reversibility of Upconversion Nanocrystals”, has 

published on Journal of Materials Chemistry C. 2) “Three-dimensional controlled growth of 

monodisperse sub-50 nm heterogeneous nanocrystals”, as a research article including a 61-

page supplementary information section, has been published on the prestigious journal Nature 

Communications in 2016; and 

 

Key Words: nanocrystals, core-shell, heterogeneous structure, nanocrystal engineering, 

NaYF4, rare earth fluorides, lanthanides, upconversion, morphology control, epitaxial shell 

growth. 
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Aim and Outline 

Thesis aim 

The controlled synthesis of heterogeneous structured nanocrystals and hybrid 

nanomaterials becomes the next grand challenge aiming to integrate many different 

functionalities and positively enhance each properties within one nanoscale platform. 

Directional growth controls in epitaxial growth of desirable shells, however does remain a 

challenge via the wet chemical synthesis route. This thesis thus aims to probe the key 

mechanisms in shaping both homogeneous and new heterogeneous core-shell nanomaterials 

and then use this understanding to further develop a robust engineering protocol for scalable 

and reproducible fabrications of monodisperse multifunctional luminescent nanocrystals. The 

results of this thesis will indicate that unidirectional, directional growth and etching controls 

based on rare-earth doped NaREF4 nanocrystals is achievable by the approach of surfactant 

molecular anisotropic passivating of the nanocrystal different surfaces.  

Thesis outline 

This thesis consists of one introduction chapter, three result chapters to explore the 

controlled growth of rare-earth doped (core-shell) nanocrystals, and a conclusion chapter. 

Result Chapter 2 in the format of a manuscript has been submitted to ACS Sensors. Chapter 3 

and 4 were developed in parallel to Chapter 2, and the key results were eventually 

summarized into a major paper recently published in Nature communications (the main text 

article attached to the end of this introduction chapter).   

Chapter 2 reports a technique I developed to synthesize NaYF4 nanocrystals with 

homogeneous shells. I used this technique to synthesize a series of samples with incremental 

thickness of inert shells to protect the core nanocrystals, and therefore we used these samples 

to quantitatively study the role of different thickness of shells on enhancing the luminescence 

intensity, stabilizing their emissions against varied pH and temperature aqueous solution.  

In Chapter 3, we systemically studied the impact surfactants on the shell growth of 

NaREF4 nanocrystals and demonstrated precise engineering of three-dimensional 

heterogeneous NaREF4 nanocrystals. By adjusting the ratio of oleic acid ions (OA-) to oleic 

acid molecules (OAH), we found that the shell growth direction can be well controlled either 

along longitudinal direction or transversal direction to form nano-rods or nano-plates. 



xviii AIM AND OUTLINE 

Chapter 4 demonstrated the combinational approaches, including homogeneous shell 

growth, longitudinal shell growth, transversal shell growth and migration growth, can be 

further tailored for a highly controlled programmable synthesis of a library of 3D core-shell 

heterogeneous NaREF4 nanocrystals with distinct shapes.  

Finally, Chapter 5 summarizes the key research outcomes of my thesis and discusses 

the future prospects of core-shell nanocrystal engineering. 
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Chapter 1: Introduction  

The last decade has witnessed major advances made in the control of nanoscale 

synthesis, characterizations, and nanotechnology, which has led to a range of new 

nanomaterials engineered with many new properties arising from their homogeneous or 

heterogeneous composition. This considerable investment in the development of engineered 

nanomaterials has led to a greater control over their synthesis and their application to 

biomedical, green energy harvesting, high speed communications, optoelectronics devices, 

smart phones and environmental pollution controls. 

Since the luminescent, magnetic and catalytic properties are highly dependent on the 

morphology and surface conditions, the scalable, reproducible, controlled synthesis of 

nanocrystals with desirable size, shape, surface and composites is the key to the optimized 

performance of these materials. A trial-and-error approach is frequently used to produce 

nanoparticles with spherical, rod-like or other shapes by varying dopant concentrations and/or 

constituent materials, reaction time and temperature. This random sampling of a typically vast, 

multidimensional parameter space, provides the impetus for a rational approach and as well 

the proper understanding of the underpinning growth mechanisms of the material being 

developed. These two aspects are the key to efficiently directing the large effort required for 

the controlled synthesis of future homogeneous and heterogeneous nanocrystals.  

In particular, the last decade as seen many successes in the epitaxial shell growth of 

core-shell heterogeneous nanocrystals with complex nanostructures and multifunctional 

properties. Epitaxial growth is the formation of a crystal on the face of another crystal 

substrate. These composite crystal structures are usually well defined and thus have properties 

that are superior. Already there have been demonstrations of this in the core-shell and in some 

common heterogeneous structures, such as rods and nanoscale dumbbells in materials such as 

noble metals, semiconductors and iron oxide nanocrystals. Directional growth controls in 

epitaxial growth of desirable shells, however does remain a challenge via the wet chemical 

synthesis route.  

This thesis thus aims to probe the key mechanisms in shaping both homogeneous and 

new heterogeneous core-shell nanomaterials and then use this understanding to further 

develop a robust engineering protocol for scalable and reproducible fabrications of 

monodisperse multifunctional luminescent nanocrystals. The results of this thesis will indicate 

that unidirectional, directional growth and etching controls based on rare-earth doped NaREF4 
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nanocrystals is achievable by the approach of surfactant molecular anisotropic passivating of 

the nanocrystal different surfaces.  

The structure used to organize the contents of the thesis are illustrated in a flow chart 

given below. This introductory chapter starts by introducing recent work in advancement in 

the field of controlled nanocrystal engineering, followed by reviewing the major mechanisms 

that direct this controlled nanocrystal synthesis. It then provides examples of the many 

advantages of using rare-earth doped fluorides nanocrystals, which then provides the basis for 

the formation of the objectives for studying epitaxial shell growth control that were 

undertaken in the course of this thesis. Finally, this chapter provides a description of the 

current progress on the field of core-shell nanocrystal synthesis and the known limitations of 

the current techniques that it uses.  

 

Flow chart outlines the logic structure of this thesis 
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1.1  The trend of controlled nanocrystal synthesis 

1.1.1 Nanocrystal engineering by wet chemical synthesis 

Nanocrystal engineering in wet chemical synthesis route is to design and synthesize of 

nanocrystals with desired size, shape, surface and compositions based on the understanding 

and exploitation of the nucleation and growth process.[1] There are more and more interesting 

size-dependent and shape-dependent properties being discovered from the monodisperse 

nanomaterials. The trend in searching reproducible protocols towards the controlled 

nanocrystal synthesis becomes obvious, pursued by both fundamental understanding of the 

nucleation and growth process and demands from a broad range of applications that critically 

requires the high quality and reliable nanomaterials with outstanding physical and chemical 

properties.[2]  

Many successes have been made in recent years with a range of novel nanocrystals 

being widely applied in different application areas including bioimaging [3-7], bio-sensing [8-

10], catalysis [8-10], photonics [11, 12], electronics [13-18] and photovoltaics [19-25]. Due to 

the attribute of large amount of investigations made on controlled nanocrystal synthesis, there 

are many matured protocols available to guide controlled synthesis of uniform core-shell 

nanoparticles or rods-like non-spherical nanocrystals.  

The controlled synthesis of heterogeneous structured nanocrystals and hybrid 

nanomaterials becomes the next grand challenge aiming to integrate many different 

functionalities and positively enhance each properties within one nanoscale platform. For 

example, the hybrid nanocrystals are in high demands to realize multi-modality sensing, 

imaging, diagnostics, and localized targeted therapies of diseases, following the new concept 

of “theranostics” for the synergistic diagnosis and therapy of diseases [26-29]. To realize such 

degree of controls, the epitaxial growth of new materials along a desirable direction remains 

highly challenging in materials science. This requires thorough investigations on the 

anisotropic crystalline facets, their interactions with the growth environments, and systematic 

experimental designs and characterizations. There remain a lot of new synthesis methods to 

be discovered before the fully controlled synthesis of a range of new heterogeneous and 

hybrid nanocrystals become possible.  The deeper explorations of new mechanisms, methods 

and materials properties around the anisotropic nanocrystals via epitaxial growth of foreign 

shell materials will further advance the field of nanocrystal engineering and broadly the 

development of nanoscience and nanotechnology. 
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1.1.2 Size-dependent properties of nanocrystals 

Many size-dependent phenomena have been discovered in a wide range of 

nanocrystals including noble metal [30-32], semiconductor [33-35], metal oxide [36] and rare 

earth fluorides [37-39]. The size dependent effect is first primarily caused by the fast 

increased surface-area-to-volume ratio. [40, 41] When the size of crystals decreases from 

buck to nanoscale, the largely increased exposure of surface increases exponentially to 

introduce more interactions between the nanocrystal surface and its surrounding environments, 

which makes the physical and chemical properties of nanocrystal more size sensitive [42-46]. 

The properties, such as luminescence intensity, luminescence lifetime, electrics, magnetics 

and catalysis, can be highly influenced by the size change in nanoscale. The size-dependent 

effect to some nanocrystals introduces many advantages.  

 The fine tunable luminescence from blue emission to red emission in quantum dots can 

be simply achieved by increasing the semiconductor nanocrystals’ size;  

 The reactivity and catalytic property in metal alloys can be enhanced by reducing the 

metal nanocrystals’ size;  

 The colors of noble metal colloids can be fine-tuned as a result of different absorption 

and scattering of light by adjusting the noble metal nanocrystals size;  

 Changeable superparamagnetic property in the iron oxide magnetic nanocrystals can be 

also controlled when the size is below 20 nm.  

We illustrate below these interesting size-dependent phenomena by focusing on 

luminescence and magnetic materials. 

Size-dependent properties of quantum dots and doped luminescent nanocrystals 

When the size of semiconductor nanocrystals is down to several nanometers, they 

exhibit a strong quantum size effect. When the size of semiconductor nanocrystals is smaller 

than the Bohr exciton radius in at least one dimension, the crystal will never maintain its 

continuous band structure and the densities of electronic states of the nanocrystal will no 

longer be continuous. Illustrated in Figure 1.1.1, the bandgaps of semiconductor quantum dots 

can be fine-tuned simply by controlling their size and shape, without changing chemical 

compositions. The adjustable band structures via accurately controlled growth of different 

size nanocrystals also induce novel and tunable electrical and optical properties, leading to 

many new technology applications, such as light emitting devices[47-49], displays[50], 

biological probes[51, 52], solar cells[53-55], etc.  
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Figure 1.1.1 Size –dependent emission property of fluorescence CdSe quantum dots. The 

smaller dots emit higher energy shorter wavelength emissions. Reprint from the reference [56] 

Different from semiconductor quantum dots, the size of a range of doped luminescent 

nanoparticles does not determine its emission properties as the host material is normally an 

insulator, but as mentioned above the decrease in size causes increase in surface to volume 

ratio and the size of doped nanoparticles will influence its intrinsic emissions.  For example, 

upconversion nanocrystals (UCNPs) also display a size-dependent luminescent property due 

to the increased activities of surface phonons that quenches the luminescence emissions. 

Generally, the emission intensity and their luminescence lifetimes of UCNPs drop when the 

size decreases.  Figure 1.1.2 illustrates that decreasing size of NaYF4: Yb3+,Er3+ nanocrystals 

from 45 nm to 6 nm will shorten the luminescence lifetimes and increase the red-to-green 

luminescence intensity ratio [10].   

 

Figure 1.1.2 Size –dependent luminescence property of luminescence NaYF4: Yb3+,Er3+  

nanocrystals.  The smaller nanocrystals have shorter luminescent lifetime and emit more red 

emissions than green. Reprint from reference [10]. 



6     CHAPTER 1 INTRODUCTION                                                                                         
 

Size-dependent properties of superparamagnetic nanocrystals and Gd3+ doped 

nanocrystals 

Superparamagnetism phenomenon appears in the ferromagnetic or ferrimagnetic 

nanocrystals when their sizes are smaller than 20 nm. (Figure 1.1.3) Within this size range, 

magnetization can randomly flip direction under the influence of temperature and their overall 

magnetization appears to be in average zero. In this superparamagnetic state, an external 

magnetic field is able to magnetize the nanoparticles, similarly to a paramagnet. 

Superparamagnetic nanocrystals are not subject to strong magnetic interactions in dispersion, 

which is why they are very promising for a range of biomedical applications, such as imaging 

contrast agents in Magnetic Resonance Imaging (MRI), magnetic separation of cells and 

biomolecules, targeted drug delivery, and magnetic hyperthermia.  

Moreover, there are other size-dependent magnetic properties observed in magnetic 

nanocrystals. With the size reduce, the saturation magnetization of magnetic nanocrystals will 

drop quickly. [57] (Figure 1.1.3) Chen and his co-workers also reported the saturation 

magnetization of iron oxide magnetic nanocrystals decreased with decreasing size in 

proportion to the specific surface area of the nanocrystals[58]. To achieve superparamagnetic 

nanocrystals with high saturation magnetization, their size were often controlled in the range 

of 11nm to 20 nm. [59, 60] 
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Figure 1.1.3 Scheme of size-dependent superparamagnetism of ferromagnetism nanocrystals. 

The Hysteresis loops of different sized superparamagnetic and ferromagnetic nanocrystals.  

Furthermore, paramagnetic Gd3+ doped upconversion nanocrystals are another kind of 

attractive optical-magnetic imaging contrast agents. With the advanced synthesis techniques 

available and the booming area of upconversion nanotechnology, this kind of nanoparticles 

becomes a highly promising nanoplatform with multi-functionality for multi-modality 

imaging, diagnostics and targeted delivery of nanomedicine, the concept of “theronostics”. 

Compared with traditional gadolinium chelates (complex) that are commonly used as the MRI 

contrast agents, doping Gd3+ ions into the crystalline lattice of NaREF4 not only results in an 

extremely high Gd3+ payload (over 104, depending on NaGdF4 thickness) but also facilitates a 

rigid binding of the lanthanide ions. This kind of nanoparticles may reduce the potential risk 

of toxic ion-leaching in vivo, and provide super resolution to achieve MR cellular imaging.  

 

Figure 1.1.4 Size dependent magnetic property: scheme of the MR relaxivity of NaGdF4 

change with the size decrease. Size reducing results in the decrease of unit surface area and 

MR relaxivity of single nanoparticle, but promotes the increase of the MR relaxivity of each 

Gd3+ increased. Reprint from the reference [58].  

The size of Gd3+ doped UCNPs also highly influences their magnetic performance. In 

2011, Shi and his coworkers demonstrated that only Gd3+ ions on the surface within the 

ultrathin NaGdF4 layer are responsible for shortening the T1-relaxation time of water protons 

and an optimal NaGdF4 thickness of 1 nm has been suggested for achieving a balanced 
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performance of both UCL and MR modalities [61], which suggest that the smaller size of 

NaGdF4 with larger surface area will enhance MRI signal by shortening the T1 relaxation time 

of water proton. In the same year, Johnson and his coworkers presented that the water proton 

T1 relaxation rate with NaGdF4 nanocrystals can be effective shortened by reducing the size 

from 8.0 nm to 2.5 nm, with the smallest 2.5-nm nanocrystals showing higher relaxivities, 

compared to clinical Gd3+ complexes [62] (see Figure 1.1.4).  

Tuning the nanocrystals’ size will lead to positively or negatively influences on their 

physical properties. The Gd3+ doped UCNPs here serve as a good example: although the 

smaller one can has the better T1 relaxation, their weak luminescence will limit their overall 

performance. Therefore controlling nanocrystals’ size in a suitable range is necessary to 

balance these properties towards a better performance. The luminescence intensity of UCNPs 

will be quenched by increasing the surface to volume ratio, while the magnetic properties of 

UCNPs prefer smaller sizes. This suggests design of core-shell nanoparticles with 

consideration of the morphology, size and composition of ions as an essential requirement for 

the controlled nanomaterials engineering.  

1.1.3 Shape-dependent properties of nanocrystals 

At nanoscale, the shape of nanocrystals formed follows the rule of the minimum 

surface energy during its growth phase. This however is not the only determinate. The shape 

of certain nanocrystals can be varied with changes to its crystalline structure and synthesis 

condition. Different shapes of nanocrystals cause difference to the distribution of the charge 

present on its and differences in its surface-to-volume ratio, and therefore these changes can 

affect the performance of nanocrystals. For example, catalyst materials prefer a high surface-

to-volume ratio. If the particles are star and flower-like shapes in shape, this can led to 

improvements in performance [63-66]. Luminescence materials prefer low surface-to-volume 

ratio, and so spherical or cubic shaped particles normally deliver a higher intensity [67]. The 

shape is also an important factor for magnetic nanocrystals. Qing Song and his coworkers 

reported synthesizing a library of high-quality and monodisperse spinel cobalt ferrite, 

CoFe2O4, nanocrystals with highly controllable spherical or cubic shapes. They observed that 

the shape of the nanocrystals was a dominating factor for its coercivity because of  the effect 

of surface anisotropy [68]. The shape also affects the localized surface plasmon property in 

noble metal nanocrystals [69]. Figure 1.1.5 shows that the light scattering peaks and dark-

field scattering colors are also tunable when the shape of the gold nanocrystals was changed. 

The plasmon bands of Ag nanocrystals were able to span the visible spectrum and into the 

infrared region by changes to the shape of Ag nanocrystals via an etching method [70]. 
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Figure 1.1.5 (a) Dark-field microscopy image and corresponding SEM images and (b) light 

scattering spectra of Au nanocrystals of different shapes. The scattering peaks do red-shift 

with increasing the aspect ratio Reprinted from the reference [69]  

These examples above show the significant role of nanocrystal engineering the shape 

of the crystals is necessary for the optimization of their performance. Compared to the 

techniques needed to engineer precise size controls, the controlled synthesis of desirable 

shapes of nanocrystals requires a higher level of understanding of the growth mechanisms and 

fine-tuning of growth protocols and is the main focus of this thesis.  

1.1.4 Multifunctional properties of Core-shell nanocrystals 

Beyond the controls over the size and shape of nanocrystals, controlled synthesis of 

core-shell nanoscale architectures has become the current research focus for the engineering 

of nanomaterials. The ability to manipulate the compositions of colloidal nanocrystals by 

epitaxial growth of closely lattice matched material(s) has been widely exploited to fabricate 

core–shell and hetero-generous structures that are tailored for particular nanomaterial 

applications [71]. This allows integration and optimization of many advanced physical or 
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chemical properties into one single unit on a multifunctional nanocrystals platform (shown in 

Figure 1.1.6). The most popular integrations reported so far include the above-mentioned 

optical and magnetic properties of rare-earth doped NaGdF4 upconversion nanocrystals, the 

thermal and magnetic properties of Fe3O4 nanocrystals, the catalytic and optical properties of 

novel metal nanocrystals, and the thermal and plasmonic properties of noble metal 

nanocrystals.  

 

Figure 1.1.6 Applications of core-shell nanocrystals in various areas of modern technology. 

Reprint from reference [72].  

Ideally, these attractive multifunctional particles and the selection of their properties 

should be able to be synthesized just by selecting different materials and combining them 

together, but there are two outstanding obstacles to this: (1) the interactions between different 

compositions can introduce a negative effect on each other with the introduction of either 

counteracting the expected outcome of the other, and (2) the synthesis routes for different 

materials are often not compatible and therefore the controlled synthesis becomes highly 

challenging. As an example, the emission enhancement effect of a gold nanocrystal to a 

luminescent nanocrystal is highly dependent on the distance between them, iron oxide 

magnetic nanocrystals are known to quench the luminescence and fluorescence nanocrystals, 

and the energy transfer effects within the luminescence materials are highly dependent on the 

positions and distance of sensitizers, bridge spacer and photon activators. A possible solution 

to this conundrum is to precisely control the growth of one nanocrystals structure onto the 

desired position of the substrate host material and it is this key solution to maximizing the 

positive interactions and minimizing the negative effects that is one of the prime objectives of 

this thesis: To maximize the positive interaction and minimize the negative interaction, 

controlling the combination structure of the compositions is essential.  
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To achieve such a level of control, both of the core-shell and heterogeneous structures 

there is a lot of research that focuses on compatible integration of two or more functions in 

one single nanostructure. While the core-shell structure can be used to spatially isolate the 

core luminescent materials from the surrounding (e.g., solvents and surface ligands) to 

minimize quenching and significantly enhance their luminescent intensity, the heterogeneous 

structure is useful to spatially separate each the composites within each particle and to reduce 

the negative interactions of these different materials. Furthermore, the size and shape of each 

part of materials will also influence the overall property when building the sophisticated 

system of core-shell or heterogeneous nanostructures, which is another important factor to be 

taken into the consideration when to design and optimize the multifunctional nanocrystals. 

1.1.5 Brief conclusion 

The size, shape and composition of nanocrystals can highly effect their physical and 

chemical properties and the eventual desired performance of nanocrystals. The ability of 

precisely controlling the growth of nanocrystals according to the desirable designs is the key 

technical challenge for optimizing nanocrystals’ properties so that they can be tailored to meet 

the specific requirements of a particular application. The size and shape control of different 

kinds of nanocrystal is necessary and the basis of effective nanocrystals engineering, while 

the composition control of core-shell and heterogeneous structured nanocrystals via epitaxial 

shell growth is the current focus of research in the field of nanocrystals engineering.   
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1.2 Current controlled nanocrystal synthesis mechanism 

Understanding the formation mechanisms during the nanocrystals growth is the key to 

realize the high levels of controls over the size, shape and composition of nanocrystals. In wet 

chemical synthesis system, the formation process of nanocrystal generally includes two steps: 

homogeneous nucleation and heterogeneous crystal growth. Controlling the nucleation rate 

and reaction time are the key factors to control the size of nanocrystals, while differentiating 

the directional growth rates on different facets of the nanocrystals is essential to achieve the 

final shape of nanocrystals, as shown in Figure 1.2.1. In this section, we will introduce 

homogeneous nucleation and crystal growth, the two key processes, and to identify 

opportunities to realize nanocrystal morphology controls. 

Figure 1.2.1 Scheme of controlled nanocrystal synthesis process in a wet chemical synthesis 

system.  

1.2.1 Homogeneous nucleation 

Nucleation is the process whereby nuclei (seeds) act as templates for crystal growth. 

Primary nucleation or Homogeneous nucleation, defined by Mullin [73], describes the case of 

nucleation without the presence of other crystalline matters, broadly suitable for  interpreting 

the nucleation process for many chemical syntheses. The homogeneous nucleation of 

nanocrystal synthesis is a similar process with salt precipitation in principle. When the 

concentration of a solute in a solvent exceeds its equilibrium solubility, a new solid phase appears 

and the overall Gibbs free energy of a supersaturated solution gets reduced.  The process of 

nanocrystals nucleation is more complicated than the salt precipitation process involving 

interactions between the mixture of solvent, surfactant and precursor molecule at a certain 

temperature range. To study the mechanism, certain conditions are applied to build a model based 

on the thermodynamics and statistical physics, but all follow the same principle as the case of salt 
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precipitation from a supersaturated solution: the high overall Gibbs free energy from a solution 

with solute exceeding the solubility would be reduced by segregating solute from the solution, 

before maintaining an equilibrium concentration in the solution. The reduction of overall Gibbs 

free energy is the driving force for both nucleation and growth of nanocrystals. When the 

temperature is fixed, the change of Gibbs free energy per unit volume of the solid phase, ΔG
v, 

is 

dependent on the concentration of the solute:  

ΔGv
 
= - kT/Ω ln(C/Co)                                                     (1.1) 

Where C is the concentration of the solute, C
 
is the equilibrium concentration or solubility, Ω is 

the atomic volume. With C≤ Co, ΔGv
 
is zero or positive, and no nucleation would occur. With C > 

C
o
, ΔG

v 
is negative and nucleation occurs spontaneously.  

Assuming a spherical nucleus with a radius of r is formed, the change of Gibbs free energy or 

volume energy, Δμ
v
, can be described by:  

                      Δμ
v 
= (4/3)πr

3

ΔG
v                                                                                   

(1.2)  

However, this energy reduction is counter balanced by the introduction of surface energy, which 

accompanied with the formation of new solid phase (nucleation). This results in an increase in the 

surface energy, Δμ
s
, of the system:  

                                  Δμ
s 
= 4πr

2

γ                  (1.3)  

Where γ is the surface energy per unit area. The total change of chemical potential for the 

formation of the nucleus, ΔG, is given by:  

                                ΔG = Δμ
s
+

 
Δμ

v 
= 4πr

2

γ + (4/3)πr
3

ΔG
v
                                       (1.4)  

From the figure 1.2.2, we can easily see that the newly formed nucleus is stable only when its 

radius exceeds a critical size, r*. A nucleus smaller than r* will dissolve into the solution to 

reduce the overall free energy, whereas a nucleus larger than r* is stable and continues to grow 

bigger. At the critical size r = r*, dΔG/dr = 0 and the critical size, r*, and critical energy, ΔG*, are 

defined by:  

                                                 r* = -2γ/ΔG
v                                                                   

(1.5)  

                                               ΔG* = 16πγ/3(ΔG
v
)

2                                                        (1.6)  
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ΔG* is the energy barrier that a nucleation process must overcome and r* represents the minimum 

size of a stable spherical nucleus.  

 

Figure 1.2.2 schematically shows the change of volume free energy, Δμ
v
, surface free energy, Δμ

s
, 

and total free energy, ΔG, as functions of nucleus’ radius.  Reprint from reference [74]. 

In the synthesis of nanocrystals by nucleation from supersaturation solution, the size 

of nanocrystals can be controlled via adjusting the number of nuclei or nucleation rates. The 

more nuclei or the faster nucleation rate, the size of nanocrystals will be smaller. From the 

Figure 1.2.2 and equations1.4-1.6, we can summarize that this critical size r* represents the 

limit how small nanocrystals can be synthesized. Smaller r*, and lower ΔG* lead to the higher 

rate of nucleation and the smaller size of nanocrystals. To reduce free energy and the critical 

size, one needs to reduce the surface energy of the new phase, γ, and increase the change of 

Gibbs free energy, ΔGv. Equation 1.1 indicates that ΔGv can be significantly increased by 

increasing concentration C, for a given system. ΔGv can also be changed by temperature that 

influences surface energy. Surface energy of the solid nucleus will change more significantly 

near the roughening temperature. Other possibilities to control the nanocrystal’s size include: 

(1) use of different solvent, (2) additives in solution, and (3) applying dopants into solid phase, 

when other requirements are not compromised. 

1.2.2 Nanocrystal growth process 

Following the nucleation process, the subsequent growth process of the nuclei is 

essential to the size distribution and final shape of nanocrystals. The nuclei growth process 

combines several major steps, including generation of growth species, diffusion of the growth, 

surface growth through irreversible incorporation of growth species onto the solid surface [74]. 



 CHAPTER 1 INTRODUCTION                                                                                   15 

 

 

These steps can be further grouped into two processes: (1) the monomer’s diffusion to the surface 

and (2) the surface reaction. Supplying the growth species to the nanocrystal surface is termed as 

diffusion that includes the generation, diffusion, and adsorption of growth species onto the growth 

surface, whereas incorporation of growth species adsorbed on the growth surface into solid 

structure belongs to growth process. The diffusion of monomers is closely related to the size 

distribution of nanocrystals, while the anisotropic surface reactions determine the shape of the 

nanocrystals.   

Growth controlled by diffusion  

When the concentration of growth species reduces below the minimum concentration for 

nucleation, nucleation stops, whereas the growth continues. If the growth process is controlled by 

the diffusion of growth species from the bulk solution to the particle surface, the growth rate is 

given by:  

r/t = D(C-Cs) Ω /r       (1.7) 

Where D is the diffusion coefficient of the growth species, r is the radius of spherical 

nucleus, C is the bulk concentration, Cs is the concentration on the surface of solid nanocrystals, 

and Ω is the molar volume of the nuclei. By solving this differential equation and assuming the 

initial size of nucleus, ro, and the change of bulk concentration negligible, we have: 

 r2 = 2 D(C-Cs) Ω t + ro
2     (1.8) 

or 

r2 = kDt + ro
2          (1.9) 

where kD = 2D(C-Cs)Vm. For two nanocrystals with initial radius difference, ro, the 

radius difference, δr, decreases as time increases or nanocrystals grow bigger, according to: 

r = ro ro/r       (1.10) 

Combining with equation 1.9, we have: 

r = ro ro /(kDt + ro
2)1/2      (1.11) 

Both equations 1.10 and 1.11 indicate that the radius difference decreases with an increase 

of nuclear radius and prolonged growth time. The diffusion-controlled growth promotes the 

formation of uniformly size nanocrystals. 
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Growth controlled by surface process  

When the diffusion of growth species from the bulk to the growth surface is sufficiently 

rapid, i.e., the concentration on the surface is the same as that in the bulk and the crystal growth 

rate is controlled by the surface process. There are two mechanisms for the surface processes: 

mononuclear growth and poly-nuclear growth. For the mononuclear growth, the growth proceeds 

in a layer-by-layer process; the growth species are incorporated into one layer and proceeds to 

another layer after the growth of the previous layer is completed. 

 

Figure 1.2.3 Description of growth controlled by surface processes  

There is a sufficient time for the growth species to diffuse on the surface. The growth rate 

is thus proportional to the surface area:  

                                         r/t = k
m

(C) r
2                                                             (1.12)  

Where k
m

(C) is a proportionality constant, dependent on the concentration of growth species. The 

growth rate is given by solving the above equation:  

                                    1/r = 1/r
o 
- k

m
t                                                                             (1.13)  

The radius difference increases with an increasing radius of the nuclei:  

                                      δr = r
2 

δr
o
/r

o

2                                                                                                                     

(1.14)  

Substituting equation 1.13 into 1.14 yields:  

                               r = r
o
/(1 - k

m
r

o
t)

2                                                                                                               

(1.15)  
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Where k
m

t r
o 

< 1. This boundary condition is derived from equation 1.13, and means that the 

radius if the nucleus is not infinite large, i.e., r < ∞. Equation 1.15 shows that the radius difference 

increases with a prolonged growth time. Obviously, this growth mechanism does not favor the 

synthesis of monosized nanocrystals.  

During poly-nuclear growth, which occurs when the surface concentration is very high, surface 

process is so fast that second layer growth proceeds before the first layer growth is complete. The 

growth rate of nanocrystals is independent of particle size or time, i.e., the growth rate is constant:  

                                                 r/t = k
p                                                                                                             

(1.16)  

Where k
p 

is a constant only dependent on temperature. Hence the nanocrystals grow linearly with 

time:  

                                              r = k
p
t + r

o                                                                                                               
(1.17)  

The relative radius difference remains constant regardless the growth time and the absolute 

particle size:  

                                                δr = δr
o                                                                                                                   

(1.18)  

It is worth noting that the relative radius difference would inversely proportional to the 

particle radius and the growth time, though the absolute radius difference keeps as the same. As 

nanocrystals grow bigger, the radius difference become smaller; therefore, we can conclude that 

this growth mechanism also favors the synthesis of monosized nanocrystals. Figure 1.2.3 

schematically illustrates the radius difference as functions of crystal size and growth time for the 

three mechanisms of subsequent crystal growth discussed above. It is obvious that a diffusion 

controlled growth mechanism is required for the synthesis of monosized nanocrystals by the 

homogeneous nucleation. Williams suggested that the growth of nanocrystals included the three 

mechanisms. Monolayer growth mechanism may dominate, when the nuclei are small, while 

poly-nuclear growth may become predominant when the nuclei size is increased. The diffusion 

process is predominant for the growth of relatively larger nanocrystals, when there are no other 

procedures or measures applied to prevent certain growth mechanisms. When favorable growth 

conditions are established, some growth mechanisms can become predominant. For instances, 

when the supply of growth species is very slow due the low concentration of precursors or a slow 

chemical reaction, the growth rate of nuclei would most likely be predominant by the diffusion-

controlled process. For the formation of monosized nanocrystals, diffusion-limited growth is 

required. There are several options to build the diffusion-limited growth. For example, keeping 
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the concentration of growth species extremely low, diffusion distance would be very large, which 

may result in diffusion becoming the limiting step. Also, increasing the viscosity of solution is 

another option. Using surfactants as a barrier layer on the surface of a growing crystal is yet 

another approach. Controlled the concentration of precursors is another method to control the 

growth process. Controlling the concentration of by-product, reactant, and catalyst is another 

method to adjust the reaction rate, when growth species are generated through chemical reactions.  

1.2.3 Brief conclusion 

The nanostructure of nanocrystals is determined by the reaction parameters through the 

processes from nucleation to growth. The key to the size control of nanocrystals lies in the 

nucleation rate and growth time of nanocrystals. The other factors, including surfactants, 

precursor concentration and temperature, will influence the nucleation rate and can be used to 

adjust the nanocrystals size. The key to the shape control of nanocrystals lies in the 

differential growth rates along the desired directions compared with the other directions on 

different crystal facets. This suggests that the factors, including surfactant, precursor 

concentration ratio, reaction temperature and catalyst, may play different roles in the crystal 

formation on different crystal facets, and therefore can be used to control the shape of 

nanocrystals. Many pioneering works frequently reported the control synthesis of 

nanocrystals through the control over the surfactant[75-77], precursor concentration[78], 

temperature[68, 79] and catalyst[78].  The following section focuses on the literature review 

on many reported experimental results towards the controlled synthesis of a variety of 

nanocrystals, which provides insightful guidance to the works presented by this thesis.  
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1.3 Fundamentals for NaREF4 nanocrystals 

  NaREF4 (RE = rare earth elements) series of nanocrystals, with unique luminescent, 

paramagnetic and piezoelectric properties have drawn many attentions due to their broad 

applications in biomedical assays, solid-state lasers, three-dimensional volumetric displays, 

green energy harvesting and near infrared biomedical imaging using low intensity laser 

illumination. Particularly, NaREF4 nanocrystals (e.g. NaYF4, NaGdF4 or NaLuF4 as host), 

once doped with rare earth ions to form a network of photon sensitizers (e.g. Yb3+ or Nd3+ 

ions) and emission activators (e.g. Tm3+, Er3+ or Ho3+ ions), will emit upconversion 

luminescence, an unique capability to covert low energy infrared light into higher energy 

emissions in visible and UV range. The last decade has witnessed a major development in 

demonstrating the upconversion nanoparticles (UCNPs) as a new generation of phosphor 

probes for bio-imaging and bio-sensing applications, since exciting UCNPs at longer 

wavelength light in NIR region will permit better penetration of light into the deep tissue, and 

detection of the anti-stocks’ emission at shorter-wavelength can easily avoid auto-

fluorescence background. UCNPs are also photo-stabile without photo-bleaching and photo-

blinking issues and low-toxic suitable long-term in vivo imaging applications.  These 

potential applications have attracted many research efforts made on controlled synthesis of 

monodisperse NaREF4 nanocrystals for the past decade. 

In this section, we will introduce the basic crystallography knowledge of NaREF4 family 

nanocrystals, and summarize the current synthesis methods to realize the size and shape 

controls. 

1.3.1 Rare earth elements 

The rare-earth elements are a group of 17 metal elementals which comprise the 

lanthanide series of elements (lanthanum (La) - lutetium (Lu)), in addition to scandium (Sc) 

and yttrium (Y), which show similar physical and chemical properties to the lanthanides. As 

shown in Table 1.3.1, except Sc3+, the ionic radius of other RE3+ ions are similar in size, in the 

small range from 0.861 Å to 1.045 Å. This leads to rare earth compounds usually owning 

similar crystalline structure and chemical properties. Due to this reason, lanthanides ions can 

be easily doped into rare earth family compounds with generating fewer amounts of internal 

defects.  

Table 1.3.1 Number of 4f electrons and unpaired 4f electrons and ionic radius for the RE3+ 

ion  



20     CHAPTER 1 INTRODUCTION                                                                                         
 

 

 

1.3.2 Cubic and hexagonal phase crystal structure of NaREF4 

In crystallography, crystalline structure is a unique arrangement of atoms, ions or 

molecules in a crystalline liquid or solid [81]. Varied crystal structure with different crystal 

fields will bring significant differences in the chemical and physical property of nanocrystals. 

Therefore, understanding the different crystal structures is necessary for systemically studying 

their synthesis mechanism and their properties. 

NaREF4 series of nanocrystals have two major types of crystalline structures: cubic 

phase () and hexagonal phase (). The cation distributions in the two crystalline structures 

are totally different. In α-NaREF4, Na+ and RE3+ cations are randomly distributed in the 

cationic sub-lattice, while β-NaREF4 has three cation sites: a one-fold site occupied by RE3+, a 

one-fold site 50% occupied by Na+ and 50% by RE3+, and the other two-fold sites are 

occupied randomly by Na+ and vacancies.[82] Figure 1.3.1 shows the unit cells of -NaREF4 

and -NaREF4 crystals. -NaREF4 is in an anisotropic crystal structure, in which (100) (11̅0) 

(010) and (001) faces have lower surface energy than other facets. Therefore, hexagonal prism 

Rare-earth  element 
Number of

4f electrons

Number of

unpaired

4f electrons

Ionic

radius for 

the R3+ ion

(Å)

La 0 0        1.045

Ce 1 1        1.01

Pr 2 2        0.997

Nd 3 3        0.983

Pm 4 4        0.97

Sm 5 5        0.958

Eu 6 6        0.947

Gd 7 7        0.938

Tb 8 6        0.923

Dy 9 5        0.912

Ho 10 4        0.901

Er 11 3        0.890

Tm 12 2        0.880

Yb 13 1        0.868

Lu 14 0        0.861

Sc 0 0        0.745

Y 0 0        0.900
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and hexagonal disk are the typical shapes of -NaREF4 nanocrystals (size above 40 nm), 

while -NaREF4 nanocrystals are usually in cube and sphere isotropic crystal structure. Their 

difference in crystal structures results in different performance in upconversion luminescence, 

for example, the lanthanides doped -NaYF4 UCNPs generally are ten times higher than the 

-NaYF4 UCNPs.  

However, synthesizing pure mono-dispersed -NaYF4 nanocrystals is usually more 

difficult, because -NaYF4 nanocrystals, with a lower forming energy than -NaYF4 

nanocrystals, will nucleate earlier as a temporary product. To transfer the -NaYF4 

nanocrystals to -NaYF4 nanocrystals, -NaYF4 nanocrystals have to overcome an energy 

barrier. Usually methods, including increasing reaction temperature, growing reaction 

pressure, and extending reaction time, have been used to transfer the crystal phase from -

NaYF4 to -NaYF4, but these methods will result in side effects, such as particle aggregation, 

increase in the crystal size from sub 10 nm to tens of nanometers. Therefore, many efforts 

have been made by identifying an appropriate reaction temperature, introducing doping larger 

radius rare-earth ions (e.g. Gd3+, Sm3+, Eu3+) [83], applying co-surfactants (e.g. oleylamine 

and oleic acid) [84, 85], and post heat treatment [86], for synthesizing pure mono-disperse -

NaYF4 nanocrystals. 

 

Figure 1.3.1 Schematics of the unit cells and typical shapes of cubic phase NaREF4 (a and c) 

and hexagonal phase NaREF4 (b and d). Reprinted from Reference [83].  
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1.3.3 NaREF4 nanocrystal synthesis methods 

To obtain mono-disperse -NaREF4 nanocrystals, several wet chemical synthesis 

methods have been developed, as summarized in Table 1.3.2. that includes a brief description, 

advantages and disadvantages for each popular method towards the morphology control.  

Amongst these methods, thermal decomposition method and high-temperature co-

precipitation method show their outstanding features to achieve morphology control of 

nanocrystals with good crystallinity. Both methods require high boiling point organic solvent 

(e.g. 1-octadecene) and surfactant (e.g. oleic acid, oleylamine), high reaction temperature 

(280 °C - 330 °C) in nitrogen or argon flow environment. The main difference between the 

two methods is their precursors used. 
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Single source precursors are often used in the typical thermal decomposition 

method. In 2005, Yan and his coworkers[87] reported the synthesis of LaF3 nanodisks 

by using Re(CF3COO)3 as precursors in the thermal decomposition method. 

Re(CF3COO)3 as precursors can provide both of rare earth source and fluoride source 

for decomposition.  This strategy has been developed into a universally applicable 

method for the synthesis of monodispersed UCNPs, including NaREF4, as well as, 

LiReF4, KReF4, and BaReF5.  

Since rare-earth trifluoroacetate and sodium trifluoroacetate are highly air-

sensitive, highly toxic and even releasing highly corrosive HF, therefore highly 

hazardous to the user and environment, other precursors have been investigated to 

replace Re(CF3COO)3 precursors. Chen and his coworkers synthesized β-NaREF4 

UCNPs with low toxic precursors, NaF and Re oleate as precursors [88]. They control 

the morphology of UCNPs by simply regulating the ratio of NaF to Re oleate, but this 

method often require some extra amount of NaF that causes impurity for the final 

product. 

The co-precipitation method has the advantage in using the user friendly 

precursors and at relatively lower temperature range (typically 290 oC – 310 oC). Zhang 

and his coworkers pioneered this method to synthesize mono-dispersed β-

NaYF4:Yb,Er/Tm UCNPs [89]. In this method, a methanol solution containing NaOH 

and NH4F is added into a homogeneous solution of ReCl3, oleic acid, and 1-octadecene. 

The advantage of this method lies in that a stoichiometric amount of fluoride reagents is 

already injected into the reaction solution at room temperature, so that negligible 

amount of the HF gas and fluorinate species can be generated at room temperatures. 

The method also provides an opportunity to tune the size and shape of NaREF4 

nanocrystals adjusting the amount ratio of Na+/F-, RE3+/Na+, RE3+/F- separately.  

1.3.4 Size control of NaREF4 nanocrystals 

In this section, we will introduce the current techniques for controlling the size 

and shape of NaREF4 nanocrystals in thermal decomposition method and co-

precipitation method. 
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In 1.2.1 section, we illustrated that the size of nanocrystals is dependent on the 

nuclei amount and crystal growth rate, while the nuclei amount and crystal growth rate 

can be influenced by reaction parameters, including reaction temperature, surfactant 

concentration, reagent concentration, dopants concentration and reaction time.  

Size control by reaction temperature and reaction time 

Reaction temperature and time have been firstly investigated for tuning the size 

of nanocrystals. Yan’s group has systemically studied the nucleation and growth 

process of both of -NaYF4 and -NaYF4 nanocrystals in thermal decomposition 

method.[90] They reported that mono-disperse -NaYF4:Yb,Er nanopolyhedra at 

different sizes (5-14 nm) were readily obtained via only prolonging the reaction time. 

Although -NaYF4:Yb,Er nanocrystals with tunable sizes in a broad range from 20 to 

300 nm can be also obtained by increasing the temperature to at 330 °C, which restricts 

or enhances the Ostwald-ripening process, it is difficult to precisely control the size and 

their mono-disparity because the size of the nanocrystals will increase abruptly at high 

temperature. Song’s group also comprehensively studied the size control of NaLuF4 

nanocrystals via adjusting the reaction temperature and demonstrated mono-dispersed 

NaLuF4 nanocrystals from 17 nm to 246 nm by tuning the temperature from 300 °C to 

320 °C. [91] Gao’s group systemically studied several reaction factors, including 

temperature, F- source concentration, and Na+ concentration, the concentration ratio of 

Na+/RE3+ and F-/RE3+, and found that temperature can tune the size of NaGdF4 from 5 

nm to 20 nm when increasing the temperature from 270 °C to 320 °C. [92] (Figure 1.3.2) 

As we can see, smaller sized NaGdF4 nanocrystals than NaYF4, NaLuF4 

nanocrystals were obtained by controlling the temperature, because NaGdF4 

nanocrystals need relatively lower nucleation temperature. It is still quite difficult to 

obtain sub -10 nm NaYF4 and NaLuF4 nanocrystals only decreasing the temperature, 

because lower reaction temperature may cause the formation of the impure of -NaYF4.  

.  
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Figure 1.3.2 TEM images of NaGdF4 nanocrystals synthesized under different reaction 

temperature and reaction time. 5.4 nm, 15.1 nm, and 19.8 nm NaGdF4 nanocrystals 

prepared by reaction time of 45 min at 270 °C (a), 60 min at 300 °C (b), 60 min at 

320 °C (c). Reprint from reference [92] (scale bar: 50 nm) 

Size control by surfactants  

Surfactants play a significant role in controlling nanocrystal’s size. By adjusting 

surfactant concentration, nanocrystals’ size can be fine-tuned. For example, Liu and his 

coworkers reported that the size of -NaYF4 can be fine-tuned from 50 nm to 30 nm via 

just increasing OA concentration.[93] They believe that before forming the nanocrystal 

structure the RE3+ ions should already be coordinated by the carboxylic groups of OA 

and subsequently absorbed onto the growing nanocrystals. This led to a delayed growth 

rate of the nanocrystals, and thereby with increasing the amount of OA smaller 

nanocrystals were formed.[93] 
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Figure 1.3.3 Effect of added NaF amount. SEM images of NaYF4:Yb/Er nanocrystals 

obtained at different NaF concentrations at 300 °C for 1 h: (a) 4 mmol, (b) 6 mmol, (c) 

8 mmol and (d) 12 mmol. All scale bars are 200 nm. Reprint from reference [93]. 

Different types of surfactants also affect the size of -NaREF4. For example, 

Cohen’s group found that using oleylamine and oleic acid as co-surfactants is essential 

for synthesizing sub-10 nm-NaREF4 nanocrystals.[85] By adjusting the ratio of oleic 

acid to oleylamine, the size of -NaYF4 nanocrystals can tuned from 4.5 nm to 15 nm. 

They also found that in the presence of oleylamine reaction temperature and reaction 

time had little effect to the size of nanocrystals.  
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Figure 1.3.4 Scanning transmission electron microscopy (STEM) images of 

representative β-NaYF4 nanocrystal samples at different oleylamine concentrations of 

1.12, 0.75, 0.38, and 0 M. ( Each scale bars: 10 nm). Reprint from reference [85]. 

1.3.5 Brief conclusion 

NaREF4 series of nanocrystals has similar crystalline structure and small 

differences in unit cell parameters due to the similar ionic radius of rare earth ions. 

Monodispersed β-NaYF4 nanocrystals can be synthesized by both thermal 

decomposition and co-precipitation methods. Reaction temperature and reaction time 

are useful for controlling the size from 30 nm to 200 nm, while for synthesizing sub 10 

nm b-NaYF4 nanocrystals co-surfactants of oleylamine and oleic acid are necessary. 
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1.4 Epitaxial shell growth of nanocrystals  

Since different sized monodispersed nanocrystals can be synthesized by different 

control techniques, new research starts to challenge the controls over the shape and 

structure of nanocrystals. Core-shell and heterogeneous structured nanocrystals by 

epitaxial shell growth strategy show superiority in luminescence enhancement [94-97], 

catalytic capability improvement [98] and integration of multifunctional properties [99-

102]. Nowadays, wet chemical synthesis techniques to produce monodispersed 

nanocrystals are getting matured, controlled synthesis of 3-D structured nanocrystals 

starts to attract an increasing amount of interests. The key is to control the shell growth 

process by understanding the shell growth mechanism.  

In this section, we will introduce some basic knowledge on epitaxial shell growth of 

nanocrystals and review some current results towards control synthesis of core-shell and 

heterogeneous nanocrystals.  

1.4.1 Basics on core-shell nanocrystals  

Synthesizing core-shell nanocrystals via epitaxial shell growth strategy has been 

found as a good method to improve the luminescence property and generate multi-

functional nanoparticles. For example, the emission efficiency of rare earth doped 

NaYF4 upconversion nanocrystals can be enhanced by tens to hundreds of times by a 5 

nm ‒10 nm insert shells.[103-107] Also, epitaxial growth of Fe3O4 shells onto 

upconversion nanocrystals can generate bifunctional magnetic-luminescent probes for 

bioimaging application [108]. The core-shell structured nanocrystals also have shown 

advantages in the catalyst and 3D display areas. For example, NaREF4 core-shell 

nanocrystals with selective doped Tm3+, Ho3+, Ce3+, Yb3+ and Nd3+ in multiple shell 

layers show fine-tuned luminescence under near infrared excitation, which is useful for 

volumetric three-dimensional full-colour displays. 

Different applications require different design of core-shell structures. For the 

purpose of luminescence enhancement, centrosymmetric core-shell structure is ideal 

(Figure 1.4.1a), because uniform shell can minimize the quenching by the surface 

defects. Uniform core-shell structure of CdS/ZnS quantum dots is preferred to prevent 
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the release of toxic ions, Cd2+ from CdS host. To produce multifunctional nanoparticles, 

anisotropic structures or heterogeneous structures are better with lager surface area and 

smaller interaction area at the interface of different materials as the building units. For 

example, iron oxide/NaYF4 magnetic luminescence probes require smaller interface 

between iron oxide and NaYF4 because iron oxide will quench the luminescence.  

Epitaxial growth of uniform core-shell structures requires smaller mismatch 

between core and shell materials and careful control on the shell growth rate along each 

crystal direction. In most cases, the core-shell structures with non-centrosymmetric 

anisotropic structures or heterogeneous anisotropic structures are formed due to the 

relatively bigger mismatch between core and shell materials (Figure 1.4.1 b and c).   To 

meet different requirements by applications, it is essential to realize controlled synthesis 

according to the design of any desired structure of nanocrystals. 

 

Figure 1.4.1 Schemes of (a) centrosymmetric ideal core–shell structures, (b) non-

centrosymmetric core–shell anisotropic structures and (c) heterogeneous anisotropic 

structure.  
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1.4.2 Major reaction factors influence the shell growth  

In a typical epitaxial shell growth process (see Figure 1.4.2), core nanocrystals 

are prepared first as the substance to anchor new crystal layers. When the core and shell 

are made of the same materials, the epitaxial shell growth is relatively easier as long as 

the temperature rises above a threshold temperature close to the nucleation temperature 

of the nanocrystals.  

 

Figure1.4.2 Scheme of epitaxial shell growth process in wet chemical synthesis system. 

To obtain uniform core-shell nanocrystals, some reaction factors need to be carefully 

controlled. 

Using a proper concentration of shell precursors is important to prevent the 

formation of new nanocrystals. The threshold temperature for shell growth reaction is 

close to the nucleation temperature, and thereby shell growth process is always 

accompanied by the nucleation of new crystals from the shell precursors. Moreover, the 

shell growth rate is much lower than the nuclei growth rate, often resulting in the fast 

consumption of shell precursors. The thermodynamics process at presence of core-shell 

nanocrystals, newly formed nanocrystals and the concentration of shell precursors in 

suspension will decide the final structure of core-shell nanocrystals.  
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Figure 1.4.3 Scheme of the effect of shell precursor concentration on the shell growth. 

In the case of low shell precursor concentration, the newly formed nanocrystals don’t 

have sufficient precursors to grow any bigger, and as the smaller nanocrystals are 

unstable in the unsaturated reaction solution they will dissolve gradually and become 

shell sources again that will be eventually consumed by the process of shell growth. At 

high concentrations of shell precursors, the newly formed nanocrystals will keep 

growing bigger and become stable in the reaction solution. Therefore, it is very 

important to applying a suitable amount of the shell precursors for synthesizing uniform 

core-shell nanocrystals.  

Core nanocrystal size. To avoid synthesis impurity, the size of the core 

nanocrystal should not be too small, otherwise the core nanocrystals and new form 

nuclei are in the competition for the fixed amount of shell precursors. Applying 

relatively lower reaction temperature and lower concentration of shell precursor would 

be helpful for the shell growth of smaller sized core nanocrystals.  

Crystalline mismatch. To synthesize core-shell nanocrystals by two different 

materials, the crystalline mismatch between core and shell materials is a key factor 
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towards epitaxial shell growth. According to the degrees of crystalline mismatch, 

crystal materials can be grouped. Materials with similar crystalline structure, but slight 

different in unit parameters, such as quantum dots materials including ZnS, CdS, CdSe, 

CsTe, magnetic materials including Fe2O3, Co2O3, Ni2O3, Mn2O3, noble metal materials 

including Ag, Au, Pt., can be grouped for synthesis of heterogeneous core-shell 

nanocrystals. When the crystalline mismatches between two materials are too large it is 

too hard for them to grow core-shell structures. In some cases, the crystalline of core 

and shell materials can only be matched on a certain facet, it is still possible for the 

shell to be grown onto the facet with smaller mismatch of the core nanocrystals. In this 

condition, heterogeneous structured nanocrystals can be formed. For example, Fe-

3O4/Au [109], Fe2O3/CdS [110, 111], PbS/Au[112] heterodimers nanocrystals were 

demonstrated due to their match facets existed in core and shell materials.  

Surfactants: Surfactants are molecules composed of a polar head group and one 

or more hydrocarbon chains with hydrophobic character.[71] Surfactant has a 

significant impact on the shell growth direction in the epitaxial shell growth process. 

Surfactants have been widely applied for controlled synthesis of nanocrystals towards a 

certain size and shape. They can specifically bind with metal ions on the crystal surface, 

and reduce the crystal surface energy and finally slow down the crystal growth rate. In 

process of shell growth, surfactants play a similar role but more specific on a certain 

facet and thereby influence the shell growth direction. Because of the anisotropic 

crystalline structure, crystal facets are different in polarity that determines different 

binding strength of surfactant molecules onto different crystal facets. Surfactants can 

passivate further growth of shells to the crystal surface and slow down the directional 

growth rate. This will result in the shell growth along a preferred growth direction. Rod-

like or disk-like shaped core-shell nanocrystals are often synthesized. Although there 

are many efforts investigating on how the shell growth prefer one direction over the 

other, it remain challenging to find a clear answer on the surfactants working 

mechanism.  

1.4.3 Brief conclusion 

Epitaxial shell growth of nanocrystals is a major method for synthesizing core-

shell nanocrystals in wet chemical synthesis route. To well control the core-shell 
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structure, it is essential to fully understand the impact of crystalline mismatch between 

core and shell materials and the role that surfactants play in influencing the shell growth 

direction.    
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1.5 Current progress on controlled synthesis of core-shell nanocrystals  

In this section, we first outline the major methods used for synthesizing core-shell 

nanocrystals, with particular focus on synthesis methods in the most popular OA-ODE 

synthesis system, including the thermal decomposition and high-temperature co-

precipitation methods. We illustrate here core shell structures made of most popular 

nanomaterials, including rare earth fluorides, semiconductor quantum dots, iron oxides 

and noble metal nanocrystals, and we group them by the type of core-shell structures, 

including homogenous core-shell structure and heterogeneous structure, to facilitate our 

discussions.  

1.5.1 Homogeneous core-shell structure  

 Homogeneous core-shell structures, made of the same material, are found 

useful to achieve luminescence enhancement of luminescent nanocrystals, especially for 

rare earth doped NaREF4 upconversion nanocrystals. The methods for core–shell 

synthesis include the heat-up method and the hot-injection method. Both methods are 

widely used for synthesizing different kinds of core-shell nanocrystals. In the heat-up 

method, the core nanocrystals are pre-synthesized and then mixed with shell precursors 

and high boiling solvents separately subsequently followed by increasing the 

temperature higher enough to allow shell growth. In the hot-injection method, shell 

precursors are dissolved in high boiling solvents first and injected directly into the hot 

reaction mixture to allow the shell to be grown onto the core. 

Heat-up method 

The heat-up method is generally referred to as seed-mediated shell growth, 

where the pre-synthesized core nanocrystals act as seeds for the shell growth. The idea 

of separating the core and shell growth processes was first reported in 2007 by Yan et 

al.[113] and refined in 2008 by Zhang et al. [114].  In both studies, the NaYF4 core 

nanocrystals were synthesized first and washed out from the reaction media. The 

prepared core nanocrystals were transferred to a fresh reaction pot to mediate the 

growth of the shell layer following an identical protocol for the core synthesis. 
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One prominent advantage of the heat-up strategy is that the pre-synthesized core 

nanocrystals can be used as a standard starting material to serve in a batch of 

succeeding coating processes. Furthermore, the strategy also allows for arbitrary 

combinations of dissimilar synthetic approaches for flexible core–shell fabrication. For 

example, the core nanocrystals can be synthesized in water by hydrothermal method, 

while the shell coating can be carried out in OA–ODE through the oleate route [115].  

The heat-up method has been considered to be the most commonly used method 

for the fabrication of core-shell nanocrystals, but it does not provide the uniform shell 

growth. The control on the thickness of core-shell nanocrystals has been an important 

research topic due to the importance to achieve luminescence enhancement that highly 

depends on the shell thickness. As discussed above, generally the uniform concentric 

shell is preferred for luminescence enhancement purpose. The shell thickness can be 

calculated by the average difference between the diameters of core-only and core-shell 

nanocrystals. It has been difficult to grow thicker uniform shell though shell below 5 

nm can be readily well controlled by adjusting the mass ratio of shell precursor to core 

nanocrystals [116]. A precise control over the thin shell thickness was demonstrated by 

Wang and Liu et al. by heating the NaGdF4:Yb/Er nanocrystals in OA–ODE solution at 

varying amount of precursors for NaGdF4 shell.[116] By quantifying the shell precursor 

concentrations based on the spherical concentric shell model, they synthesized a series 

of NaYF4:Yb/Er@NaGdF4 core–shell nanocrystals with a thin shell thickness 

corresponding between one and ten Gd atomic layers. When growing nanocrystals with 

relative thinker shells above 5 nm, the core-shell structure becomes anisotropic [117, 

118] and the size distribution becomes slightly wider. The possible reason for this is 

that the different binding strength of surfactants to different crystal facets, making shell 

growth preferable along a favorite direction. The anisotropic growth trend cannot be 

observed when growing thin shell due to the tiny shell thickness difference.  
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Figure 1.5.1 Transversal shell growth trend. TEM images of NaYF4 nanocrystals with 

different NaGdF4 shells at different magnifications (a, b) 4nm NaGdF4 shell. (c, d) 8 nm 

NaGdF4 shell. (e, f) 10 nm NaGdF4 shell. Reprint from the reference [117]. 

The trend for anisotropic shell growth can be observed by using two different 

materials with the crystalline mismatch between core and shell materials. Zhang and 

Lee discovered a phenomenon of the prevalence of anisotropic shell growth in 

upconversion NaREF4 systems [117], in which the shell prefer to growth transversally. 

NaGdF4 or NaYbF4 shell is only grown around the lateral faces of the core NaYF4 

nanocrystals (Figure 1.5.1). They explained this anisotropy was caused by the 
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combination of several factors: the selective adsorption of oleic acid on specific faces of 

the core NCs due to the crystal structure of the latter, the etching action of the oleic acid 

capping agent, and the lattice mismatch between core and shell components. They 

concluded that the specific adsorption of oleic acid on NCs faces was the major cause of 

anisotropic growth. It was postulated that oleic acid adsorbed preferentially on the {001} 

faces, thereby slowing the growth in the [001] direction [117]. 

Figure 1.5.2 longitudinal shell growth trend. Typical TEM image of the as-synthesized 

NaYbF4/Na(Yb,Gd)F4/NaGdF4 core–shell–shell nanocrystals. (b) High-resolution TEM 

image of a nanocrystal. (c) TEM image of randomly selected nanocrystals for 

compositional analysis. (d–f) Element maps of Nd, Yb, and Gd in the nanocrystals 

shown in (c). Reprint from reference [119]. 

However, the anisotropic shell growth trend is not always same. Wang and his 

co-worker found another anisotropic shell growth trend, in which NaGdF4 shell was 

grown along the [001] direction, the longitudinal direction of NaYbF4 core nanocrystals. 

The final core-shell nanocrystal was in a rod-like shape (Figure 1.5.2) [119]. Some 

similar longitudinal trend results in shell growth have also been reported by other 

groups [120, 121]. But why the NaREF4 core nanocrystal shows two different favorite 

growth directions? Unfortunately, the answer is unknown. The current explanation for 

the different shell anisotropic growth phenomenon is the same, which is surfactant 

molecule’s selective adhering on the crystal surface, but more comprehensive studies 
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are needed to understand the role of surfactants in the shell growth process to reveal the 

secrets of epitaxial shell growth of nanocrystals.  

Hot-injection method 

To grow uniform homogenous shells, hot injection method originally used for 

controlled synthesis of core–shell semiconductor nanocrystals [122-125] was adapted to  

synthesize NaYF4:Yb/Er-NaYF4 core–shell nanocrystals in 2007 by Yi and Chow [119]. 

Hot-injection method was first used in the thermal decomposition synthesis, in which 

trifluoroacetate precursors are first heated at 340 °C in OM solution for 30 min to grow 

the NaYF4:Yb/Er core nanocrystals and subsequently an OM solution comprising of 

shell precursors are injected into the reaction solution for the epitaxial growth of a 

NaYF4 homogeneous shell.  

 

Figure 1.5.3 TEM images and size distribution of β-NaGdF4:Yb,Er core NPs and β-

NaGdF4:Yb,Er/NaYF4 core/shell NPs with different shell thickness by using the SLBL 

method. Reprint reference from [126]. 
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Due to the high toxicity of trifluoroacetate precursors, different low-toxic shell 

precursors were investigated to synthesize homogenous shells. Zhao and Zhang’s group 

developed an one-pot successive layer-by-layer (SLBL) strategy to fabricate the 

core/shell upconversion nanocrystals by using high boiling-point rare earth oleate (rare-

earth chlorides dissolved in oleic acid at 140 °C) and Na-TFA-OA (sodium 

trifluoroacetate dissolved in oleic acid at room temperature) as shell precursor solutions 

[126]. The homogeneous core-shell structure was confirmed by STEM images (Figure 

1.5.3). By simply tuning the amounts of shell precursors, the shell thickness of obtained 

nanocrystals with narrow size distribution (σ < 10%) can be well controlled from 0.36 

nm to more than 8 nm.   
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Figure 1.5.4 TEM images of core nanocrystals (A), just after injecting a-NaYF4 (B), 

core-shell nanocrystals (C), and size distribution of -NaYF4 core, a-NaYF4 shell 

precursor, and core-shell nanocrystals. (D), Reprint from reference [103]. 

Zhang’s group applied a similar method to grow multiple shells in one pot 

synthesis, based on the continuous injection of different shell precursors at very low 

dosages. [127]  This method also avoids the formation of impure nanocrystals, which 

case often happens in heating-up method. Moreover, van Veggel’s group demonstrated 

that small -NaYF4 nanocrystals can be used as shell precursors. [103] Due to the lower 

chemical stability of small -NaYF4 nanocrystals than -NaYF4 in OA-ODE reaction 

system, -NaYF4 nanocrystals will be quickly dissolved to supply the epitaxial growth 

of shells onto the core of -NaYF4 nanocrystals (see Figure 1.5.4). The shell thickness 

can also be well controlled by adjusting the ratio of shell precursors and core 

nanocrystals. Another advantage of this method is that synthesis based on -NaYF4 

shell precursors are non-toxic. On the other side of the coin, to grow thicker shells will 

need a large amount of -NaYF4 shell precursors and it is time consuming to synthesize 

-NaYF4 nanocrystals. 

1.5.2 Heterogeneous core-shell structures  

Heterogeneous core-shell structured nanocrystals are generally made of different 

composition and structures. Heterogeneous core-shell nanocrystals make it possible to 

integrate two or more distinct properties into one nanoparticle, which field has attracted 

increasing amount of research interests for biomedical and green energy applications. 

Controlling the shell growth of heterogeneous core-shell nanocrystal is much difficult 

than for the case of homogeneous core-shell nanocrystals due to crystalline lattice 

mismatch between the core and the shell materials. Here we introduce two ways for 

controlling the heterogeneous shell growth, switching solvent polarity (Figure 1.5.5) 

and using intermediate step to bridge the crystalline mismatch between the core and 

shell nanocrystals materials.   

Heterogeneous core-shell nanocrystals, made of two metals (e.g., Ag–Au), 

metals and semiconductors (e.g., Au/CdSe), metals and insulators (e.g., Co/Fe3O4), and 
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different semiconductors or insulators (e.g., CdSe/ZnS or ZnS/Fe3O4), have been 

recently demonstrated. These heterodimer nanocrystals were formed by fusing the two 

nanocrystals at a matched facet following the process of nucleation and growth of the 

second component on the preformed core nanocrystals. Several heterodimer 

nanocrystals have been synthesized, such as Au/Fe3O4, Ag/Fe3O4, Au/CdSe [128], 

Au/CdS, Au/PdS, FePt/CdS nanocrystals.  

 

Figure 1.5.5. High resolution TEM images of different types of heterodimer 

nanocrystals: (a) Fe2O3/CdS; (b) CoPt3/Au; (c) Fe3O4/Au; (d) Fe3O4–Ag; (e) FePt/Ag; (f) 

Au–Ag Reprint from the reference of [71]. 

Epitaxial growth of heterodimers follows the similar procedures to that of core-

shell nanocrystals, while many experimental parameters, including the precursor ratio, 

solution concentration and heating profile will affect the final morphologies of 

heterodimers. A convenient route to control core/shell vs. heterodimer structure 

formation is to control the polarity of the solvent. Sun’s group reported that dumbbell-

like Au/Fe3O4 heterogeneous core-shell nanocrystals were synthesized by 

decomposition of Fe(CO)5 onto the surface of Au nanocrystals followed by oxidation in 

1-octadecene solvent, in which (111) plane of Fe3O4 matched with (111) plane of gold 

nanocrystals. They found that the heterogeneous structure of Au/Fe3O4 changed from 
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heterodimer to core-shell just by switching the solvent from nonpolar hydrocarbon to 

slightly polarized diphenyl ether. Once Fe3O4 nanocrystals starts to nucleate on Au facet, 

the free electrons from the Au will compensate for the charge induced by the polarized 

plane at the interface. As the Au nanocrystal has only a very limited source of electrons, 

this compensation makes all other facets of the Au nanocrystal electron deficient and 

unsuitable for multi-nucleation, leading to only the dumbbell structure. If the polarity of 

the solvent used for the synthesis is increased, the Au nanocrystals could compensate 

for the apparent electron density loss with charges from the solvent, allowing nucleation 

on multiple facets. Similar results were found in Au/PbS [129], CdS/FePt [130-132], 

Ag/Fe3O4 nanocrystals [133-137].  

 

Figure 1.5.6 Schematic diagram showing the mechanism of formation of core/shell 

nanocrystals in a polar solvent (top) and heterodimers in a nonpolar solvent (bottom). 

Reprint from reference [138]. 

The formation of a heterogeneous structure often depends on the crystal lattice 

mismatch between the core and shell nanocrystals. To efficiently decrease the difficulty 

of shell growth with relative big crystalline mismatches to the core, some intermediate 

steps can be applied to bridge the epitaxial shell growth process, instead of directly 

growing the desired shells onto the core nanocrystals.  
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For example, the big crystalline mismatch between Au core and CdSe shell 

makes it difficult to directly synthesize Au/CdSe core-shell nanocrystals. Zhang and his 

co-workers invented a new method to grow semiconductor shell onto gold core 

nanocrystal [139]. In this method, Gold nanocrystals were coated with Ag shell firstly, 

then Ag shell was reacted with selenide precursor to form Ag2S (Ag2Se) shell, followed 

by the reaction with Cd2+ and TBP+ catalyst to form the final Au/CdSe core-shell 

nanocrystals.   

 

Figure 1.5.7 Scheme of synthesizing heterogeneous core-shell nanocrystals with large 

lattice mismatch (A), their TEM images (B) and XRD (C) spectrum at different steps. 

Reprinted from reference  [139]. 

In addition, Guardia and his co-workers reported a Au2Cd/CdSe heterogeneous 

core-shell structure made of a Au2Cd alloy core surrounded by a CdSe shell synthesized 

via a one-pot approach (See Figure 1.5.7). The concept they exploited was to start with 

gold nanocrystals as the seeds that were later converted into AuCd alloy nanocrystals as 

an intermediate bridging material. Then, once a Se precursor was injected in the 

solution containing the AuCd nanocrystals, a CdSe shell will be formed [140]. The 
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Figure 1.5.7 (b) shows the big crystalline mismatch between the Au2Cd core and CdSe 

shell.  

 

 

Figure 1.5.8 (a) TEM image of Au2Cd/CdSe core/shell nanocrystals. (b) HRTEM 

image of a single Au2Cd/CdSe core/shell NC exhibiting the characteristic (102) and 

(002) lattice planes of hexagonal Au2Cd, (c) HAADF STEM image and EDX spectrum 

of a group of Au2Cd/CdSe core/shell NCs. Reprinted form the reference [140]. 

Rare-earth fluorides based heterogeneous structures 

Rare-earth fluorides series of nanocrystals have the same crystalline phase 

structure and similar unit parameters, which reduced the difficulty of shell growth 

between the different rare-earth fluorides nanocrystals. The reported NaREF4 

heterogeneous core-shell nanocrystals include NaYF4/NaGdF4 [118, 141-144], 

NaYF4/NaLuF4 [145-147], NaYF4/NaNdF4 [127, 148], NaLuF4/NaGdF4 [149], and so 

on. For these heterogeneous core-shell nanocrystals, the crystal lattice mismatch rates 

between core and shell are low below 10%. (See Table 1.5.1) Their core-shell structures 

can be well characterized by TEM and STEM. In addition to NaREF4 heterogeneous 

core-shell nanocrystals, LiReF4 heterogeneous core-shell nanocrystals also have been 

synthesized. Moreover, LiReF4 and CaF2 nanocrystals can also be grown into core-shell 

structures. Zhai and his co-workers synthesized LiLuF4/LiGdF4 core-shell nanocrystals 

[150], and Prorok and his coworkers have successfully synthesized -NaYF4/CaF2 

heterogeneous core-shell nanocrystals [151]. These rare-earth heterogeneous core-shell 

nanocrystals results demonstrated that rare-earth fluorides were ideal engineering 
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objects with choices among tens of different crystals for building the pairs of core and 

shell heterogeneous materials.  

Table 1.5.1 NaREF4 crystalline unit cell parameters 

  

 

1.5.3 Brief conclusion 

 Core-shell structured nanocrystals have been synthesized via the seeds-

mediating epitaxial shell growth strategy. Heating-up method and hot injection method 

are widely used for synthesizing homogeneous core-shell nanocrystals. The crystalline 

mismatch rate between core and shell materials highly impacts on the morphology and 

structure of final epitaxial shell growth of heterogeneous nanocrystals. Heterodimer 

structured heterogeneous nanocrystals have been demonstrated. To control the core-

shell and heterodimer structure formation, two methods, switching solvent polarity and 

using an intermediate step to bridge the crystalline mismatch between the core and shell 

Crystal Host a&b  (Å) c (Å)

NaLaF4 6.178 3.828

NaCeF4 6.150 3.781

NaNdF4 6.100 3.711

NaEuF4 6.059 3.625

NaSmF4 6.051 3.640

NaGdF4 6.020 3.601

NaTbF4 6.008 3.580

NaPrF4 5.991 3.537

NaDyF4 5.985 3.554

NaYF4 5.960 3.530

NaErF4 5.959 3.514

NaTmF4 5.953 3.494

NaYbF4 5.925 3.471

NaLuF4 5.901 3.453
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materials, are used. Comparing with other heterogeneous nanocrystal materials, rare-

earth fluorides series of nanocrystals have the advantage to achieve different 

homogenous and heterogeneous core-shell structures by engineering different crystal 

materials with the same crystal structure and small crystalline mismatch.  
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Chapter 2 Emission Stability and Reversibility 

of Homogeneous Core-shell Upconversion 

Nanocrystals 

 

Uniform core-shell growth as part of controlled engineering of core-shell 

nanocrystals, is significant for synthesizing bright UCNP nanocrystals. In the chapter 

2, I mainly focus on the study of controlled growth of homogeneous core-shell 

nanocrystals. I aim to investigate a simple method for the homogeneous core-shell 

nanocrystal synthesis via adjusting the ratio of oleic acid and oleylamine.  

Coating UNCP nanocrystal with an inert shell is an efficient way to enhance their 

luminescence. However, highly controlled uniform inert shell growth is still difficult 

for UCNPs. I found that oleic acid and oleylamine as co-surfactants with a right 

balance can result in homogeneous core-shell NaYF4 nanocrystals. The intact shells 

at controlled thickness is useful in fully protecting the core nanocrystal from 

queening by the surface ligands and solvent. I found the passivation effect by the 

intact shells will not only enhance the luminescence intensity but also improve the 

emission stability against temperature and pH variations for more robust 

performance in biomedical applications.  

This chapter was initially developed to study controlled synthesis of core-shell 

upconversion nanocrystals. One of the technique challenges was to realize coating of 

uniform shells onto an upconversion nanocrystal core. I found a simple robust 

technique for homogeneous shell growth by adjusting the amount of oleylamine (see 

supplementary Figure 1). The field has progressed so quickly and several research 

groups have reported the uniform centrosymmetric core-shell structures during my 

PhD candidature. This makes my preliminary results not publishable. After several 

discussions with my supervisor, we decided on extending my growth technique to 

study the upconversion emission stability and reversibility at different pH and 

temperature conditions. This work adds new values by providing new 

characterization results for advanced design of the upconversion nanocrystals based 
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temperature sensors or probes for pH responsive applications, which were now 

summarized as a manuscript accepted by Journal of Materials Chemistry C. 

2.1  Contribution to Paper 1 

 D.L X.X F.W J.Z C.M L.Z C.M Y.L E.G J.L D.J 

Experiment Design •           

Sample Preparation •    •       

Data Collection •  •   • •     

Analysis • •  •    •    

Manuscript • •       • • • 

 

This project has been primarily carried out by myself on my second year of PhD, 

which reflects my independence in conducting research from concept development, 

experimental design, sample preparations, data collections and analysis, to the final 

stage of publication preparation.  
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2.2 Paper 1 

Liu D., Xu X., Wang F., Zhou J., Mi C., Zhang L., Lu Y., Ma C., Ewa G., Lin J. and 

Jin, D., Emission stability and reversibility of upconversion nanocrystals. Journal of 

Materials Chemistry C.(2016), advance online publication 5th September 2016, 

doi: 10.1039/C6TC02990F 

 

  

http://dx.doi.org/10.1039/C6TC02990F
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Supporting Information 

Table S1 Table of expected shell thickness and measured shell. (The expected shell 

thickness was calculated based on the size of core nanocrystal, the amount of core 

and the amount of shell precursor; the measured shell thickness was calculated by 

comparing the size difference between the core and core-shell nanocrystals.) 

 

 

 

 

Sample Core – shell 

with 1.7 nm 

shell 

Core – shell 

with 2.5 nm 

shell 

Core – shell 

with 4.5 nm 

shell 

Core – shell 

with 8.0 nm 

shell 

Amount of NaYF4:Yb,Er core 

(mmol) 

0.2 0.2 0.2 0.2 

Amount of -NaYF4 seeds as 

shell precursor (mmol) 

0.1 0.2 0.4 0.8 

Average size of NaYF4:Yb,Er 

cores (nm) 

24.1 24.1 24.1 24.1 

Expected average size of the core-

shell NaYF4:Yb,Er@ NaYF4 (nm) 

27.4 30.5 34.9 41.2 

Measured average size of the 

core-shell NaYF4:Yb,Er@NaYF4 

(nm) 

27.1 28.9 33.2 40.1 

Expected average thickness of the 

shell (nm) 

1.65 3.15 5.35 8.10 

Measured average thickness of the 

shell (nm) 

1.5 2.5 4.5 8.0 
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Figure S1 Schematic graph to show the controlled growth of homogeneous shells by 

adjusting the amount of oleylamine (OM). TEM images of core (a) and core-shell 

UCNPs synthesized with 0 ml, 1ml and 3ml OM, at the same reaction temperature, 

reaction time, and the same amounts of 5 mL OA and 8 mL ODE.  
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Figure S2 Materials characterization. TEM images of a-NaYF4 shell precursor (a), 

NaYF4: Er,Yb core (b),  and NaYF4: Er,Yb@NaYF4 core-shell UCNPs with different 

shell thickness, 1.5 nm (c), 2 nm (d), 2.5 (e) and 4.0 nm (f); XRD spectra of core and 

core-shell  UCNPs (g) (Scale bar: 50 nm) 

 

 

Figure S3 Luminescence spectra to qualify the enhancement by different thickness 

of shells. Luminescence spectrum of core-only and core-shell UCNPs under 200 mW 

980 nm laser. The violet emission band was amplified by 5 times.  
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Figure S4 Luminescence decay lifetimes from core and core-shell UCNP samples 

with different thickness of shells at emissions of 408nm (a), 524 nm (b), 540 nm (c) 

and 655 nm (d). 
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Figure S5 Emission spectra of core-only (a) and core-shell UCNP samples (b) to 

study the shell impact on the luminescence stability in different pH solution.  

 

 

 

Figure S6 spectra of core-only sample (a) and core-shell samples (b) to study the 

shell impact on the luminescence stability under varied temperature.  
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2.3 Remarks 

Homogeneous core-shell UCNPs with fine-tuned thickness inert shells have 

been successfully synthesized via a modified hot injection method. The shapes of 

core-shell UCNPs were tuned from rod-like to sphere by increasing the amount of 

OM from 0 mL to 1 mL, which suggests the shell growth control can be made via 

adjusting surfactants concentration. We will systemically study the influences of 

surfactants concentration to the shell growth process.   
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Chapter 3 Longitudinal Growth and Transversal 

Growth of NaREF4 Nanocrystals 

In addition of controlled growth of homogeneous core-shell nanocrystals, highly controlled 

anisotropic shell growth of core-shell nanocrystals is a much challenging work. To allow design 

complicated heterogeneous structured nanocrystals, we need to invent a method which allow us to do 

longitudinal shell growth and transversal shell growth. In Chapter 2, the ratio of oleic acid and 

oleylamine was used to controlled growth of homogeneous core-shell nanocrystals, which suggest that 

surfactants are useful tool for control shell growth direction. 

In this chapter, we aim to reveal the surfactant’s impact on the shell growth of nanocrystals. 

We comprehensively designed a series of experiments to study the role of the surfactants in affecting 

the shell growth direction of anisotropic NaREF4 nanocrystals in the typical OA-ODE synthesis 

system. We first hypothesized that there were two types of surfactants working in the shell growth 

process: 1) the Oleic acid molecule (OAH), has low polarity, prefers to bind onto the crystalline plane 

with low polarity; 2) Oleate anion (OA-), has high polarity, and prefers to bind onto the crystalline 

planes with high polarity. Base on this hypothesis, we conducted computational simulations (see 

Appendix A, primarily carried out by our collaborators Dr. Xian Qin and Prof. Xiaogang Liu in 

Singapore) to calculate the binding energy of OAH and OA- on (001) and (100) planes via first 

principle theory. The computing results showed that OA- and OA preferred to bind to different planes 

(see Table 2.1.1). OA- had stronger binding energy onto (100) planes than (001) planes, while OAH 

had stronger binding energy onto (001) planes than (100) planes, as shown in the Figure 3.1. To prove 

our hypothesis is correct, we designed a series of experiments to control the shell growth directions by 

adjusting the ratio of OA-/OAH. We separately studied the impact from the other experimental 

parameters, such as temperature, reaction time, reagent concentrations, shell materials and so on. The 

experimental results directly proved our hypothesis that shell growth along [001] direction with high 

ratio of OA-/OAH, while the shell growth along [100] directions under low ratio of OA-/OAH. 

According to this new mechanism, we successfully demonstrated a technique to tune the shell growth 

direction between longitudinal and transversal by adjusting the ratio of OA-/OAH.  Furthermore, 

NaYF4/NaGdF4 nano-rods, nano-dumbbells, and bamboo-like multiple section NaYF4/NaGdF4 

nanorods. We characterized these heterogeneous core-shell nanocrystals by TEM, STEM, EDS and 

XRD.  
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Table 3.1.1. Binding energy of OA- and OAH to (001) and (100) planes 

 (001) planes (meV) (100) planes (meV) 

 OA- -21.8 -35.4 

OAH -9.4 -4.6 

 

 

 

 

Figure 3.1.1 Scheme of Crystalline unit cell of b-NaYF4 nanocrystals, the surfactants attached on 

different crystal face and hypothesis of controlling shell growth direction by adjusting the ratio of OA-

/OAH 
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3.1 Materials and Equipment 

3.1.1 Chemical Materials  

Reagents: YCl3.6H2O (99.99%), YbCl3.6H2O (99.99%), GdCl3.6H2O (99.99%), 

NdCl3.6H2O (99.99%), TbCl3.6H2O (99.99%), LuCl3.6H2O (99.99%), NH4F (99%), 

ErCl3.6H2O (99.99%), KOH (99%), NaOH (99%), 1-octadecene (ODE) (90%), NaF (99%), 

Ethanol (100%), Methanal (99%) and oleic acid (OA) (90%) were purchased from Sigma-

Aldrich. Unless otherwise noted, all materials were used as starting materials and without 

further purification. 

3.1.2 Equipment 

Heating mental, temperature controller (working range 0 to 400 ºC), magnetic stirrer, 

thermometer (range to 20 to 350 ºC), ultrasonic, centrifuge, argon (scientific grade). 

3.1.3 Transmission Electron Microscopy Characterization  

Standard transmission electron microscope (TEM) measurements were performed 

using a Philips CM10 TEM with Olympus Sis Megaview G2 Digital Camera. The samples 

were prepared for TEM analysis by placing a drop of a dilute suspension of nanocrystals onto 

formvar-coated copper grids (300 meshes) and were allowed to dry in a desiccator at room 

temperature before using. 

High resolution transmission electron microscope (TEM) measurements were 

performed with an aberration-corrected analytical transmission electron microscopy (TEM, 

JEOL ARM-200F) operated at 80 kV. High-angle annular dark-field (HAADF) scanning 

transmission electron microscope (STEM) images and their corresponding element mapping 

images were collected with the same TEM equipped with a Centurio SSD energy-dispersive 

X-ray spectroscopy (EDS) detector set at 77 K. 
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3.2 Hydrothermal synthesis of micron-sized NaYF4 crystals  

There are two popular methods used to synthesize fluoride nanocrystals: the 

hydrothermal method and the co-precipitation method. In this work, micro-sized NaYF4 

crystals were synthesized with the hydrothermal route and different ratios of OA-/OAH were 

used to validate the selective roles of oleate anions in the formation of NaYF4 crystals with 

different aspect ratio.  

Methods:  

The β-NaYF4 disks were synthesized via a slightly modified hydrothermal reaction. In 

a typical experiment, NaOH (0.15 g; 3.75 mmol) was first dissolved into 1.5 mL of double 

distilled water, followed by the addition of 2.5 mL of oleic acid (7.5 mmol) and 2.5 mL of 

ethanol while undergoing vigorous stirring. Thereafter, an aqueous solution of NaF (0.5 M; 2 

mL) was added to form a turbid mixture. Subsequently, a 1.2 mL aqueous solution of YCl3 

(Yb3+/Tm3+ = 10/0.5 mol%; 0.2 M) was added and the solution was stirring for 20 min. The 

resulting mixture was then transferred into a 14 mL Teflon-lined autoclave and heated to 220 

oC and the temperature maintained for 12 h. After cooling down to room temperature, the 

reaction product was isolated by centrifugation and washed with ethanol. In this work, 

different amount of NaOH were added to adjust the ratio of OA-/OAH by its reaction with 

OAH to form OA-. 

Results and Discussions:  

As shown in the Figure 3.1.1, the aspect ratio of the disks were readily tuned in this 

method by varying the amount of NaOH (3.75, 5, 6.25, and 7.5 mmol) added in the reaction 

mixture. The aspect ratio was used as a general metric for the evaluation of crystal growth 

along either axis. For example, the aspect ratio of 0.2 suggested that the epitaxy rate along a 

axis was five times faster than that along the c axis when 3.75 mmol NaOH was added to the 

reaction system; when 7.5 mmol of NaOH was added, the epitaxy rates along a and c axis 

were almost the same; the resulting aspect ratio was 0.95.  

Brief conclusion:  

In this work, the crystals formed from the hydrothermal method shows that the 

direction of growth was corresponded closely to the ratio of OA-/OAH used in the initial 

reaction solution. It was found that a high concentration of OA- encouraged epitaxial growth 

in the longitudinal direction of the crystal. It was found that changes to the shape of the 

NaYF4 crystals closely matched the change in the OA-/OAH ratio of the reaction mix 
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Figure 3.2.1. (a) SEM images of the NaYF4 disks and rods synthesized under hydrothermal 

conditions and with different amounts of NaOH (Scale bars: 1 m). (b) The observed aspect 

ratio of NaYF4 crystals is graphed against the amount of NaOH used in the reaction mix 
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3.3 Longitudinal epitaxial-growth of NaYF4 nanocrystals via the co-

precipitation route  

The co-precipitation method for the epitaxial growth of rare-earth doped core-shell 

nanostructured crystals was widely reported elsewhere.[1-8] However, the mechanism of 

crystal growth remains not clearly understood.[9] In the main text of this work, it was 

revealed that the oleic acid in the co-precipitation method plays a dual role in directing the 

epitaxial growth of NaYF4 nanocrystal and in forming a variety of nanostructures, such as 

nanorods, nanodisks, hour-glass shaped nanocrystals, top-spin shaped nanocrystals, and 

flower-shaped nanocrystals. The details of this synthesis which involved changes to the ratio 

of oleate anion and oleic acid (OA-/OAH ratios) added, the reaction temperature of the 

synthesis, and the concentration of the reagents are summarized below for (1) the anisotropic 

epitaxial-growth of crystals in their longitudinal and transversal directions and also for (2) 

their migration growth.    

We first established the conditions for controlling the epitaxial growth of NaYF4 

purely along [001] direction (longitudinal), and in parallel we then controlled the epitaxial 

shell growth along [100] [010] directions (transverse) by adjusting the ratio of OA-/OAH. The 

synthesis detail, result and discussion for each morphologically different crystals are 

described in the following sections. 
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3.3.1 Longitudinal epitaxial-growth of homogeneous NaYF4 nanocrystals 

Method for growth of NaYF4 nanocrystal cores  

In a typical procedure, 4 mL of methanol solution of YCl3 (2.0 mmol) was 

magnetically mixed with OA (38 mmol) and ODE (93 mmol) in a 100 mL three-neck round-

bottom flask. The mixture was then degassed under the Ar flow and then heated to 150 ˚C for 

30 min to form a clear solution, before cooling to room temperature. 15 mL of methanol 

solution containing NH4F (8 mmol) and NaOH (5 mmol) was added to the solution of YCl3 in 

ODE and stirred for 60 min. The mixture solution was slowly heated to 110 ˚C and kept at 

110 ˚C for 30 minutes to completely remove methanol and any residual water. The mixture 

solution was then quickly heated to the reaction temperature of 300 ˚C and aged for 1 hour. 

After the solution was left to cool down to room temperature, ethanol was added to precipitate 

the nanocrystals. The product was washed with cyclohexane, ethanol and methanol for at least 

4 times, before the final NaYF4 nanocrystals were re-dispersed in 10 mL cyclohexane in 

preparation for their further use. 

Method for longitudinal growth to form NaYF4 nanorods  

0.2 mmol of YCl3 in 1 ml methanol solution was magnetically mixed with OA 

(9.5mmol) and ODE (25mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 min to form a clear solution, and then 

cooled to room temperature. 5 mL of methanol solution containing NH4F (0.8 mmol) and 

NaOH (0.5 mmol) was added and stirred for 60 minutes. The solution was slowly heated to 

110 ˚C and kept at 110 ˚C for 30 minutes to completely remove methanol and residual water. 

The solution was then injected with 0.2 mmol NaYF4 of nanocrystals in cyclohexane and the 

mixture kept at 110 ˚C for another 10 min to evaporate the cyclohexane. Then, the reaction 

mixture was quickly heated to 310 ˚C and aged for 1 hour.  

Method for characterization of rare earth ions on the nanocrystal surface 

Rare earth doped fluoride nanocrystals were usually synthesized by reacting 

lanthanide precursors in organic media in the presence of capping ligands to increase their 

size and shape uniformity. These nanocrystals are often heavily aggregated in aqueous 

solutions owing to the hydrophobic nature of the capping ligands; surfactants are typically 

introduced during the reaction to keep the crystals colloidally stable as they grow in reaction 

solvent. To test the amount of rare earth ions on their surfaces, we first remove surface 

capping ligands including both Oleic Acid and Oleate ions from NaYF4 nanocrystals with a 

well followed procedure which is based on acid treatment [2]. The as-prepared ligands-capped 

nanocrystals are first dispersed in a 2 mL HCl solution (0.1 M) and ultrasonicated for 30 min, 
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followed by their centrifugation at 14,500 rpm for 10 min and their purification by adding an 

acidic ethanol solution (at a pH of 4; prepared by adding 0.1 M HCl aqueous solution to the 

absolute ethanol). The resulting products of ligand-free nanocrystals are further washed with 

ethanol and deionized water three times, before they are re-dispersed in deionized water. 

Results and Discussions:  

Morphology observation and size calculations 

The TEM characterization (Figures 2.3.1) for the sample nanocrystals obtained from 

the above experiment confirmed that the epitaxial growth of shells onto the core was initiated 

by the formation of -NaYF4 nanocrystals at the beginning of the epitaxial growth, before 

these transformed into the stable -NaYF4 nanocrystals.  

The size of -NaYF4 nanocrystals increased for the first 20 minutes, and decreased for 

the following 20 minutes until being completely consumed and epitaxial grown onto the -

NaYF4 cores which then transformed into the -NaYF4 nanorods after 50 minutes of the start 

of the reaction. At the same time, the length of -NaYF4 cores gradually grows up for the 

whole reaction process longitudinally from 25 nm to 35 nm with the width of -NaYF4 

nanocrystals remaining at the similar values about 25-27 nm (Figure 3.3.2).  

Figure 3.3.3 further illustrates that mono-disperse nanorods with high aspect ratio (>2) 

can be step-by-step synthesized by the secondary epitaxial growth in a high concentration of 

oleate ions when reacted at high temperature by the co-precipitation method.  

The surface properties:  

Due to the fact that oleate and oleic acid are very similar in chemical structure, 

standard measurements, such as X-ray photoelectron spectroscopy (XPS), unfortunately could 

not differentiate OA from OA- ions on the surface of nanocrystal. But there is indirect 

evidence supporting the existence of OA-; the hydrophobic nanocrystals become hydrophilic 

in water after treatment with diluted HCl solution and after ultrasonication. This indicates that 

the strongly binding oleate ions (OA-) reacts with H+ to form OAH at a lower binding energy, 

and is removeable by the ultrasonic treatment.  

After both OAH molecules and OA- Oleate ions have been removed from the crystal 

facets, the zeta potential of ligand free NaYF4 nanocrystals in MQ water was about +20 mV, 

which suggests that the naked nanocrystals are highly positively charged by their exposed rare 

earth ions on their surface. (Figure 3.3.4) 

Brief conclusion:  
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At high concentration of oleate ions (OA-), the deposition and epitaxial growth of the 

shells have a preference for the bottom and top surfaces (001) of the crystal particles. 

 

 

 

 

Figure 3.3.1. Real-time monitoring of the epitaxial growth process of crystals from their 

NaYF4 nanocrystal cores to their longitudinally form as NaYF4 nanorods. TEM images of the 

NaYF4 core (a) and their products after step-by-step sampling at after 1 minute (b), 10 

minutes (c), 20 minutes (d), 30 minutes (e), 40 minutes (f), 50 minutes (g) and 60 minutes (h) 

of reaction time (Scale bars: 100 nm). 



80    CHAPTER 3                                                                                                                
 

 

Figure 3.3.2. Chart graph shows the size evolution of both phase NaYF4 nanocrystals in 

diameter and -NaYF4 nanorods in their width and length as function of their reaction time 

from 0 minutes to 60 minutes. 

 

 

Figure 3.3.3. TEM images and size distributions of the NaYF4 core nanocrystals (a) and the 

NaYF4 nanocrystals after their epitaxial growth in the longitudinal direction (b). The size of 

the NaYF4 visibly increases in the longitudinal direction after the secondary growth of NaYF4 

shell from 24 nm to 47 nm. This was accompanied by a slight increase (1.8 nm) in their 

transversal dimension. (Scale bar is 100 nm) 
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Figure 3.3.4. Zeta potential graph of ligand-free NaYF4 nanocrystals. 
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3.3.2 Investigation of the reaction temperature effect on the epitaxial shell growth 

Methods: 

The purpose for this experiment was to assess the role of different reaction 

temperature in the directional epitaxial growth of shells onto the core. We adopted the same 

synthesis method used in section 2.4.1, except step-wise varying the reaction temperature at 

290 ˚C, 300 ˚C, 310 ˚C, 320 ˚C.  

Results and discussion: 

 As shown in the Figure 3.3.5, within the wide range of the reaction temperature (290 

to 320 ˚C), the epitaxial growth occurred in the longitudinal direction with high ratio of OA-

/OAH. We noted that the synthesis has accompanied with the newly formed nanocrystals at 

290 ˚C, which suggested the shell growth speed at 290 ˚C was too low to complete the shell 

growth within 1 hour. At elevated temperature from 290 ˚C to 300 ˚C and to 310 ˚C, the shell 

growth speed was increased with longer nanorods formed. With an obvious trend in the 

longitudinal growth direction, however, the higher temperature at 320 ˚C resulted in 

aggregated nanorods. These results indicated that the reaction temperature will only influence 

the speed of the directional epitaxial growth, but with optimum temperature (310 ˚C) to 

produce the crystal with high degree of mono dispersity.  

These results by investigating the temperature effect on the growth direction have 

further provided additional evidence to support our discovered mechanism ruled by the 

binding energy difference between OA- and OAH onto (001) and (100) planes. Since the low 

temperature does not provide sufficient thermal vibration, both of the surfaces are well 

passivated by OA- and OAH surfactants causing the slow growth speed, though there is 

relatively better passivation to the (100) planes by more available OA- surfactants due to the 

high ratio of  OA-/OAH. Increasing the temperature to 300 ˚C and 310 ˚C will increase the 

thermal agitation that first unlock (unbind) the OAH off the (001) plane to encourage the 

longitudinal growth.  

The interesting result of aggregated nanorods shown in Figure 3.3.5(e) has further 

suggested that the higher-temperature induced thermal agitation at 320 ˚C could even affect 

the stability of strong binding OA- on the (100) planes which caused the aggregation.  
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Figure 3.3.5, TEM images of NaYF4 core nanocrystals (a) and related core-shell nanocrystals 

synthesized under the temperature of 290 ˚C (b), 300 ˚C (c), 310 ˚C (d) and 320 ˚C (e). Note, 

all of reaction time were kept for 1 hour. (Scale bar: 100 nm) 

 

Brief conclusion:  

The reaction temperature does not alter the direction of epitaxial growth, but affect the 

growth speed.  At lower reaction temperature (290 oC), both OA- and OAH surfactants are 

stable to passivate the crystal surfaces, which slows down the epitaxial growth speed; at 

higher temperature (300 and 310 oC), the OAH surfactants become unstable on the (001) 

planes so that the end surfaces are first unlocked to allow the obvious longitudinal shell 

growth; at further increased temperature (320 oC), both surfactants become unstable causing 

aggregation with low stability of the nanorods.  
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3.3.3 The role of OA concentration to shell growth 

Method: 

The purpose for this experiment was to assess the role of OA (sum of OA- and OAH) 

concentration in the directional epitaxial growth of shells onto the core. We adopted the same 

synthesis method used in section 2.3.1, except step-wise varying the OA concentrations from 

1.70 mmol/mL, 1.42 mmol/mL, 1.14 mmol/mL, and to 0.85 mmol/mL.  

To keep other reagent concentrations as same as that used in the previous experiments, 

the same total reaction solvent volume, four group of different amount of OA and ODE were 

applied separately, as shown in Table 2.4.1.  

Table 3.4.1. The different amounts of OA and ODE used in experiments 

OA concentration 

(mmol/mL) 

The amount of OA (mmol) The amount of ODE 

(mmol) 

1.70 19 15.6 

1.42 25.8 18.6 

1.14 12.7 21.8 

0.85 9.5 25 

 

Results and discussion: 

 As shown in the Figure 3.3.6, decreasing the OA concentration from 1.70 mmol/mL 

to 0.85 mmol/mL, the epitaxial shell growth direction has changed from being homogenous to 

longitudinal. This result has further supported our mechanism that the ratio of OA-/OAH 

determines the epitaxial shell growth direction, as the high concentration of OA, that equals to 

high concentration of OAH, can well passivate the (001) planes and the decrease in OA 

concentration, that equivalently increases the ratio of OA-/OAH, will first reduce the 

passivation effect on the ends surfaces ((001) planes) to encourage the epitaxial shell growth 

along the longitudinal growth direction.  
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Figure 3.3.6, TEM images of NaYF4 core only nanocrystals (a) and related core-shell 

nanocrystals synthesized under OA (including OA- and OAH) concentration of 1.70 

mmol/mL (b), 1.42 mmol/mL (c), 1.14 mmol/mL (d), 0.85 mmol/mL (e). Note, other reaction 

conditions were kept the same in the longitudinal growth process. (Scale bar: 100 nm) 

Brief conclusion:  

The OAH molecule concentration primarily determines the growth activity on the 

(001) plane, and the OA- is mainly responsible to passivate the (100) planes, the balance 

between OAH and OA-, the ratio of OA-/OAH, will determine the epitaxial shell growth 

direction.  
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3.3.4 The role of F- concentration to shell growth 

Method:  

 The purpose for this experiment is to assess the role of varied F- concentration in the 

directional epitaxial growth of shells onto the core. We adopted the same synthesis method 

used in section 2.3.1, except step-wise increasing the amount of NH4F from 0.4 mmol to 0.6 

mmol, and to 0.8 mmol, with the F- concentration calculated as 36.4 mol/mL to 54.5 

mol/mL, and to 72.8 mol/mL. 

Results and discussion: 

As shown in Figure 3.3.7, by increasing the concentration of F- from 36.4 mol/mL to 

54.5 mol/mL, and to 72.8 mol/mL, the nanocrystals grew only along the longitudinal 

direction, but with the obvious trend showing that higher concentration of F- leads to longer 

nanocrystals.  

The observation of epitaxial shell growth only along the longitudinal direction is 

consistent to the longitudinal growth condition at the fixed ratio of OA-/OAH; Varying the F- 

concentration will only affect the speed of epitaxial shell directional growth, which is 

predictable as the higher concentration of F- ions will supply sufficient amount of ions to 

participate a faster growth.  

Using very low concentration of F- ions can enhance the crystal dissolution effect and 

therefore produce more interesting shapes of the nanocrystals, which has been thoroughly 

investigated and presented in the Chapter 3. 
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Figure 3.3.7, TEM images of NaYF4 core only nanocrystals (a) and grown with NaYF4 shells 

under varied the concentration of F-, 36.4 mol/mL (0.4 mmol) (b), 54.5 mol/mL (0.6 mmol) 

(c) and 72.8 mol/mL (0.8 mmol) (d) Note, other reaction conditions kept the same as these 

in the longitudinal growth process. (Scale bar: 100 nm) 

Brief conclusion: 

The F- concentration has little influence to the epitaxial shell growth direction, though 

the higher concentration of F- will result in longer nanocrystal rods. 
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3.3.5 The role of Na+ concentration to shell growth 

Method:  

The purpose for this experiment is to assess the role of Na + concentration in the 

directional epitaxial growth of shells onto the core. We adopted the same synthesis method 

used in section 2.3.1, except decreasing the amount of NaOH from 0.5 mmol to 0.3 mmol, 

with the Na + concentration calculated as 45.5 mol/mL to 27.3 mol/mL. 

Results and discussion 

As shown in the Figure 3.3.8, with decreasing the Na + concentration from 45.5 

mol/mL to 27.3 mol/mL, the shape of core-shell nanocrystals changed from nanorods to 

nanospheres. 

 The obvious changes in the shape of core-shell nanocrystals suggest that the epitaxial 

shell growth direction were highly related to the Na + concentration. The increase of the Na + 

concentration can cause more OAH reacted to OA-, which leads to the increase of the ratio of 

OA-/OAH. And higher ratio of OA-/OAH will lead to longitudinal shell growth under 310 °C. 

This result further supports our mechanism that the ratio of OA-/OAH is the key factor to 

control the epitaxial shell growth direction. 

 

Figure 3.3.8 TEM images of NaYF4 core-only nanocrystals (a) and grown with NaYF4 shells 

under two different concentration of Na+, 45.5 mol/mL (NaOH=0.5 mmol) (b) and 27.3 

mol/mL (NaOH=0.3 mmol) (c). Note, other reaction conditions kept the same as these in the 

longitudinal growth process. (Scale bar: 100nm) 

Brief conclusion: 

The varied Na+ concentration can change the epitaxial shell growth direction due to 

the fact that the ratio of OA-/OAH is altered. Higher Na+ concentration (45.5 mol/mL) leads 

to more OA- formed that results in the longitudinal shell growth.   
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3.3.6 Further experiment to verify OA- ions as a determine factor in longitudinal growth 

of NaYF4 nanorods 

In this work, to generate longitudinal epitaxial growth of nanocrystals, we adopted a 

simple approach: Increases in the ratio of OA- to OAH by increasing the amount of NaOH 

lead to the conversion of more OAH into OA- and to changes in the morphology of the 

crystals. In order to rule out the interference from OH- (from NaOH) that may play a role in 

directional epitaxial growth and as well to further verify if it is the oleate ion (OA-) that do 

indeed play a major role in passivating the side surfaces (100), we further designed and ran an 

experiment that used sodium oleate (NaOA) to replace NaOH as the sodium source.  As a 

comparison, in one control experiment we grow the NaYF4 nanocrystals with NaYF4 shell 

using NaOH as sodium source, and in the other experiment, we used the same molar amount 

of Na-OA (sodium oleate) as a sodium source and as a replacement for the NaOH 

Method for longitudinal growth to form NaYF4 nanorods using Na-OA 

0.2 mmol YCl3 in 1 ml methanol solution was magnetically mixed with OA (9.5mmol) 

and ODE (25mmol) in a 50 mL three-neck round-bottom flask. The mixture was degassed 

under an Ar flow and heated to 150 ˚C for 30 min to form a clear solution, and then cooled to 

room temperature. 5 mL of methanol solution containing NH4F (0.8 mmol) and sodium oleic 

acid Na-OA (0.5 mmol) was added and stirred for 60 min. The solution was slowly heated to 

110 ˚C and kept at 110 ˚C for 30 min to completely remove any methanol and any remaining 

water. Then, 0.2 mmol of NaYF4 in cyclohexane was injected into the nanocrystals in 

cyclohexaneand the mixture was kept at 110 ˚C for another 10 minutes so that the 

cyclohexane could be evaporated. Then, the reaction mixture was quickly heated to 310 ˚C 

and aged before aging for 1 hour.  

Results and discussion:  

As shown in Figure 3.3.9 (b) and in (c), identical results were obtained with NaYF4 

shell grown longitudinally onto the NaYF4 core no matter if OH- was present in the reaction 

or not, ruling out OH- as a key factor for longitudinal growth in the reaction system described 

here.  

Brief conclusion:  

In other reaction system for synthesis of nanorods, the ratio of OA- to OAH was a key 

factor in directing longitudinal growth of the crystals.  
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Figure 3.3.9. TEM images of NaYF4 core (a) and NaYF4 coated with NaYF4 shell using 

NaOA as a sodium source (b) and NaYF4 nanorods synthesized with NaOH as a sodium 

source (c). 
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3.3.7 Longitudinal epitaxial growth of heterogeneous NaGdF4 shells onto NaYF4 cores 

Method for longitudinal growth of NaGdF4 -NaYF4 nanorods  

0.2 mmol of GdCl3 in 1 mL methanol solution was magnetically mixed with OA (9.5 

mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under an Ar flow and heated to 150 ˚C for 30 min to form a clear solution, and then 

cooled to room temperature. 4 mL of methanol solution containing NH4F (0.8 mmol) and 

NaOH (0.5 mmol) was added to the OA and the ODE solution and stirred for 60 min. The 

solution is slowly heated to 110 ˚C and kept at 110 ˚C for 30 minutes to remove methanol and 

the remaining water completely. Then, 0.2 mmol of NaYF4 core nanocrystals in cyclohexane 

was infected into the reaction solution. After holding the reaction temperature at 110 ˚C for 

further 10 min to evaporate all cyclohexane, the reaction mixture was quickly heated to 310 

˚C and aged for 1 hour.  

Results and Discussions:  

Figure 3.3.10 shows that the process of longitudinal growth of NaGdF4 shell onto the 

NaYF4 core is similar to that seen in theNaYF4 - NaYdF4 nanorods structure. The contrast that 

can be achieved with a TEM between the NaGdF4 shell and NaYF4 crystal provides better 

resolution to record this process.  

Small  phase NaGdF4 nanocrystals are formed at the beginning of the reaction step. 

After 15 minutes of reaction the shape of NaYF4 cores changes from spherical to hexagonal. 

At 30 minutes of reaction, thin layers of NaGdF4 have formed on the bottom and top surfaces 

(001) of the NaYF4 hexagonal prism and the NaGdF4 layer has also formed along the c axis. 

At the completion of the reaction, NaGdF4@NaYF4 dumbbell-shape nanocrystals have 

formed which could be attributed to the selective growth of the NaGdF4 shells along the 

longitudinal direction. The concentration of shell source reagents in the reaction mix 

decreases rapidly as it was consumed by the growth of the -NaGdF4 shell and the -NaGdF4 

nanocrystals. With this decrease in the concentration, -NaGdF4 nanocrystals were rapidly 

dissolved and formed the -NaGdF4 shell.  

The results of the characterization (Figure 3.3.11) of another validation experiments 

showed that the heterogeneous nanocrystals exhibit a dumbbell shape with NaGdF4 

nanocrystals at the two ends. The dissolution (etching) phenomenon from the side surfaces 

(100) of NaYF4 core was observed, which was attributed to the strong binding of the oleate 

ions (OA-) to the exposed rare earth ions on the side surfaces of the particles. Detailed 

investigation of this interesting phenomenon were carried out and are described in part 3 of 
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this supplementary. The length of the NaYF4– NaGdF4 nanocrystals was observe to visibly 

increase in the longitudinal direction from 42 nm to 62 nm, while the width of NaYF4 in the 

middle of each nanorods decreased by 8 nm, due to the dissolution of the NaYF4 crystal 

during growth of the NaGdF4. The width of the newly formed NaGdF4 crystals at each end 

was measured at 29 nm, which was similar to the original width of the NaYF4 core 

nanocrystals. 

The HAADF-STEM images (Figure 3.3.11 (c)) demonstrate the density contrast of the 

NaGdF4 at the ends and the NaYF4 in the middle and the elemental mapping images confirm 

the distribution of the elements Y and Gd. The combined elemental mapping image confirms 

that the two compositions are well aligned. 

Brief conclusion:  

At a high concentration of oleate ions (OA-), the deposition and epitaxial growth of 

heterogeneous shells (NaGdF4) still prefer the bottom and top surfaces (001) of NaYF4 crystal 

core.  

 

Figure 3.3.10 Real-time monitoring morphology evolution in the process of longitudinally 

growth of heterogeneous NaGdF4 shell onto NaYF4 cores is shown. The TEM images of the 

NaYF4 cores (a) and the evolution of its heterogeneous products are shown by step-by-step 

sampling during the reaction at 310˚C after 1 min (b), 15 min (c), 30 min (d), 45 min (e), 60 

min (f) of reaction time (scale bars: 100 nm) 
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Figure 3.3.11. TEM images, size distributions and characterization of elemental compositions 

of heterogeneous growth of NaGdF4 onto the NaYF4 core nanocrystals is shown. The (a) 

NaYF4 core nanocrystals; and (b) the NaGdF4 - NaYF4 nanocrystals after epitaxial growth of 

NaGdF4 in the longitudinal direction. The (c) HAADF-STEM image of a single dumbbell 

shaped NaYF4 – NaGdF4 nanocrystal is shown with its elemental mapping images.  
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3.3.8 The stability of shell material in affecting crystal dissolution 

In the section 3.3.7, I find that NaYF4 is partially etched off while grow NaGdF4 shell. 

To figure the mechanism behind this phenomenon, I search relevant literatures about the 

NaYF4 nanocrystal etching in thermal decomposition reaction. According to literature2, the 

size and dipole polarizability of the lanthanide ion dominate the crystal formation stability, 

and the nanocrystals formed with larger lanthanide ions are more stable.  Yb3+ has been 

chosen because it is smaller than Y3+, and Tb3+ is in between Y3+ and Gd3+.  This in principle 

will make the core NaYF4 more stable than the NaYbF4 as shell, but not as stable as NaTbF4 

and NaGdF4 shells. The stability is ranked as NaGdF4> NaTbF4> NaYF4 > NaYbF4.    

Method: 

The purpose for this experiment is to assess the stability of shell material to crystal 

dissolution. We adopted the same synthesis method used in section 3.3.7, except YCl3, TbCl3 

or YbCl3 used as shell precursor materials instead of GdCl3. 

Results and Discussions:  

As shown in the Figure 3.3.12 comparing to NaGdF4 as shell (b), only slight 

dissolution was observed during the growth of NaTbF4 as shell (c), but no dissolution effect 

was observed when using the NaYbF4 as the shell (d), in which case rather than being 

dissolved from the core the overall size of nanorods was increased.    

These results suggest that the dissolution of core is intrinsically caused by the thermal 

stability between core and shell materials, for example, NaGdF4 shell is more stable than 

NaYF4 core [10] so that the core was dissolved. The degree of thermal stability of the 

different NaLnF4 nanocrystals affects the dissolution rate. Comparing the dissolution rates 

using NaTbF4 as shell and NaGdF4, the dissolution in the case of NaGdF4 was more obvious. 

But because the NaYbF4 is less stable than the core NaYF4, the core was stable without 

dissolution observed. A similar evidence was observed when growing NaYF4 onto NaGdF4 

there was no dissolution but slightly increase in diameter (see Figure 3.3.14).  

Although it has been confirmed in Figure 3.3.7 that the concentration of F- did not 

affect the direction of the epitaxial growth as long as the OA-/OAH ratio was unchanged, the 

concentration of F- can be used to kinetically control the degree in the core dissolution 

because of the gradient of reagent concentration. The dissolution only occurred slowly at high 

concentration of F- source (usually 72 mol/ml), but it became much more obvious and 

quicker when the epitaxial growth was conducted without F- source (see the main text Figure 

3, the hourglass shaped nanocrystals). When the concentration of F- source was adjusted to 
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the medium level, the dissolution rate and amount from the core nanocrystals can be 

accordingly controlled.  

 

 
Figure 3.3.12, TEM images of NaYF4 core only nanocrystals (a) and grown with different 

NaLnF4 shells, NaGdF4 (b), NaTbF4 (c) and NaYbF4 (d). Note, other reaction conditions kept 

the same as these in the longitudinal growth process. (Scale bar: 100 nm) 

Brief conclusion:  

 The dissolution of core is caused by the thermal stability between core and shell 

materials. It requires that the shell materials have higher thermal stability than core material to 

ensure the core crystal dissolution. The bigger difference of thermal stability between core 

and shell will result in the higher dissolution rate.   
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3.3.9. Accelerated longitudinal growth of NaGdF4 -NaYF4 nanorods by adding KOH 

Based on our hypothesis, the shell growth direction is high impacted by the ratio of 

OA-/OAH, appropriately increasing the ratio of OA-/OAH should increase the longitudinal 

growth speed. KOH has a higher dissociation constant than NaOH, adding additional KOH 

will increase the amount of OA- dissociated from OAH and increase the passivation effect on 

the side surfaces of the particles. This will accelerate epitaxial growth in longitudinal 

direction. To verify this hypothesis, we add 0.4 mmol of KOH to the reaction mix.  

 

Method for accelerated longitudinal growth of NaGdF4 -NaYF4 nanorods by adding KOH 

0.2 mmol of YCl3 (or GdCl3) in 1 mL of methanol solution was magnetically mixed 

with OA (9.5 mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The 

mixture was degassed under Ar flow and heated to 150 ˚C for 30 min to form a clear solution, 

before cooling to room temperature. 5 mL of methanol solution containing NH4F (0.8 mmol), 

KOH (0.4 mmol) and NaOH (0.5 mmol) was added into the OA and ODE solution and 

stirred for 60 min. The solution was slowly heated to 110 ˚C and kept at 110 ˚C for 30 

minutes to remove the methanol and water completely. The reaction mix was then injected 

with 0.2 mmol of NaYF4 core nanocrystals (or nanorods), both suspended in cyclohexane, 

into the reaction solution. After holding the reaction mix at 110 ˚C for further 10 min to 

evaporate all cyclohexane, the mixture was heated rapidly to 310 ˚C before aging for 1 hour at 

this temperature. 

Results and discussions 

With the aid of KOH, the longitudinal growth of the NaYF4 and NaGdF4/NaYF4 

nanocrystals became faster and the end particles were longer in contrast to the particles 

formed when KOH was not present in the mix. (Figure 3.3.13) The final nanorods or 

nanocrystal dumbbells have sharper edges compared to the ones produced without the 

presence of KOH. (Figure 3.3.14) This suggests that the amount of the OA- ions available on 

the side surfaces during the reaction to passivate the side surfaces (100) by acting as 

surfactants was sufficient.  

Brief conclusion:  

KOH can quickly supply sufficient OA- ions on the side surfaces and therefore it 

promotes the longitudinal growth of the nanocrystals. KOH reacts with Oleic Acid (OA) and 

forms KOA, which significantly increasing the ratio of OA- to OAH. The higher ratio of OA-

/OAH promotes this trend in longitudinal growth. 
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Figure 3.3.13. TEM images of the NaYF4 core (a) and the NaYF4 coated with a NaYF4 shell 

without KOH present (b) and with 0.4 mmol of KOH present (c) (Scale bars: 50 nm) 

 

Figure 3.3.14. TEM images of the NaYF4 nanorods acting as the core (a) and the longitudinal 

growth of the NaGdF4 shell onto the NaYF4 core with 0.4 mmol KOH present in the mix. 

(Scale bars: 50 nm)  
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3.3.10. Longitudinal epitaxial growth of multiple-section NaYF4-NaGdF4 nanorods  

Method for longitudinal synthesis of five-section NaYF4 - NaGdF4 - NaYF4 bamboo-like 

nanorods 

0.2 mmol of YCl3 in 1 mL of methanol solution was magnetically mixed with OA (9.5 

mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 minutes to form a clear solution, and then 

cooled to room temperature. 5 mL of methanol solution containing NH4F (0.8 mmol), KOH 

(0.4 mmol) and NaOH (0.5 mmol) was added into the OA and ODE solution and stirred for 

60 minutes. The solution was slowly heated to 110 ˚C and kept at 110 ˚C for 30 minutes to 

remove the methanol and water completely. The reaction solution was then injected with 0.2 

mmol of NaGdF4 and of NaYF4 nanorods in cyclohexane solution. After the reaction at 110 

˚C for a further 10 minutes to evaporate all the cyclohexane, the reaction mixture was quickly 

heated to 310 ˚C and held at this temperature for 1 hour.  

Method for longitudinal synthesis of seven-section NaGdF4 - NaYF4 - NaGdF4 - NaYF4 

bamboo-like nanorods 

The same procedure was repeated, and then followed by the injection of 0.2 mmol of 

the five-section NaYF4 - NaGdF4 - NaYF4 nano-bamboos which acted as the core, all in 

cyclohexane solution, into the reaction solution. After holding at 110 ˚C for a further 10 

minutes to evaporate all cyclohexane, the reaction mixture was quickly heated to 310 ˚C and 

held again for 1 hour.  

Discussion and brief conclusion:  

It is well known that the co-precipitation method is useful for the synthesis of sub-100 

nm nanocrystals, while the hydrothermal method is suitable for synthesizing larger sized 

nanocrystals in the micron size range.[11, 12] Our current experiments show that with the aid 

of high concentration of NaOH or KOH in the reaction OA-, ions can passivate effectively the 

side surfaces (100) (010) of nanorods and so grow very long homogeneous or heterogamous 

nanocrystals with some control. 
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Figure 3.3.15. TEM images, size distribution and characterization of the elemental 

composition of periodical NaYF4–NaGdF4 nanocrystals which form a bamboo-like 

nanostructure. (a) five-section NaYF4–NaGdF4 nanocrystals in a bamboo shape obtained by 

an  epitaxial growth of NaYF4 and NaGdF4 in a longitudinal direction; (b) seven-section 

NaYF4–NaGdF4 nanocrystals in an bamboo shape; the length of the five-section NaYF4–

NaGdF4 nanocrystals can reach 122 nm and its width, 35 nm. With two more sections, the 

seven-section NaYF4–NaGdF4 nanocrystals grow to 173 nm and the width increases to 42 nm. 

(c) HAADF-STEM image of three single NaYF4–NaGdF4 nanocrystals and their elemental 

mapping images. The HAADF-STEM image demonstrates the contrast in density between the 

NaGdF4 and the NaYF4 as well as their elemental corresponding mapping images, which 

confirm the distribution of the elements Y and Gd. (scale bars: 200 nm in (a) and (b), 100 nm 

in (c)) 
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Figure 3.3.16. The X-ray powder diffraction patterns for the -NaYF4 nanorods, 

NaYF4/NaGdF4 nanorods, NaYF4/NaGdF4/NaYF4 nanorods and the 

NaYF4/NaGdF4/NaYF4/NaGdF4 nano-bamboos. The figure shows that all these 

NaYF4/NaGdF4 hetero nanocrystals were identified as hexagonal phase when compared to the 

-NaYF4: JCPDS:16-0334 and -NaGdF4: JCPDS: 27-0699 file shown). As the marked peaks 

shown, the two peaks of the NaYF4 and NaGdF4 at approximately 30 degrees, overlap to form 

a broad peak, which suggests that the nanocrystals are composited by both the -NaYF4 and 

the -NaGdF4. 
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3.4 Transversal epitaxial growth of heterogeneous NaGdF4 shell 

onto NaYF4 core 

 

To develop a set of approaches for the programmable growth of arbitrary shapes of 

nanocrystals, and according to the selective preference of OAH molecules and OA- ions to 

different facets of nanocrystal cores, we identified the condition of the lower ratio of OA-

/OAH at slightly lower temperature (290 oC vs. 310 o C) which better passivate the top and 

bottom surfaces (001) of the nanocrystal cores so that the epitaxial shell growth will be based 

on the side surfaces (100) along their transversal direction.  

 

Method for transversal synthesis of NaGdF4 shell onto NaYF4 core  

0.1mmol of GdCl3 in 1 mL methanol solution was magnetically mixed with OA (19.0 

mmol) and ODE (18.7 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 min to form a clear solution, and then 

cooled to room temperature. 3 mL of methanol solution containing NH4F (0.4 mmol) and 

NaOH (0.15 mmol) was added into the OA and ODE solution and stirred for 60 min. The 

solution was slowly heated to 110 ˚C and kept at 110 ˚C for 30 min to remove completely the 

methanol and water. Then 0.1mmol of the NaYF4 cores in cyclohexane solvent were injected 

into the reaction mix. After being kept at 110 ˚C for further 10min to evaporate all 

cyclohexane, the reaction mixture was quickly heated up to 290 ˚C and held at that 

temperature for 3 hours.  
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Figure 3.4.1. (a-b): TEM images and size distribution histograms. (a): the NaYF4 core 

nanocrystals (scale bar is 100 nm). b): the NaYF4-NaGdF4 nanocrystals with transversal 

growth of NaGdF4 on their side surfaces (scale bar is 100 nm). (c-d) High magnification TEM 

images and EDS elemental mapping images of the NaYF4-NaGdF4 nanocrystals (scale bar is 

50 nm); from the top view (c) and the side view (d). The EDS elemental mapping images 

clearly show that that NaGdF4 is located well outside the NaYF4 core nanocrystals in the 

middle part of its structure. 

Results and Discussion:  

TEM characterization results shown in Figure 3.4.1 and in Figure 3.4.2 confirm a 

core-shell structure when viewed from the top of the nanocrystals, while the insert image 

(Figure 3.4.1 (b)) and high resolution image of (Figure 3.4.1 (d)) reveal a core-ring structure 

when viewed from the side, with the shell grown only around the side surfaces of the 

nanocrystal cores.  

The length of the nanocrystal slightly reduces from 41 nm to 39 nm after transversal 

growth, while the size in diameter increases from 50 nm to 65 nm, indicating that the 

thickness of NaGdF4 ring layer was 7.5 nm. The height of NaGdF4 ring was measured and 

found to be 18.2 nm.  

It is worth noting that the diameter of the NaYF4 core nanocrystals at its two ends was 

reduced from 49 nm to 30 nm, suggesting a disillusion (etching) phenomenon occurred on the 
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end edges during the epitaxial growth of NaGdF4 rings in the middle part of the core. The 

elemental mapping images in Figure 3.4.1 (c) and (d) demonstrate that the ion Gd3+ was 

deposited within the rings with the ion Y3+ deposited in the core.  

From the high resolution TEM images in Figure 3.4.2, we can confirm that the growth 

direction of NaGdF4 shell was vertical to the [001] direction. The (110) plane distance at the 

top edge area was 2.97 Å while the (110) distance at the middle area was 3.02 Å, which is  

consistent with the standard parameters of the -NaYF4 from pdf #16-0334 and the -NaGdF4 

from pdf #27-0699. 

 

 

 

Figure 3.4.2 (a) Top view high-resolution TEM image of a single nanocrystal and its 

corresponding selected-area electron diffraction pattern (inset) taken in the [001] incidence 

and in (b) the side view high-resolution TEM image and its corresponding selected area 

electron diffraction pattern as an insert. 

 

Brief conclusion: 

According to the computational modeling results performed in this work, the binding 

energy of OAH on the (001) facet was two times stronger than that calculated on the (100) 

facets, and the relatively higher concentration of OAH molecules generated a stronger 

passivation effect to block the access for epitaxial growth of shells onto the end surfaces. 

Under relatively low reaction temperature that facilitates the binding of OAH molecules, the 

difference in binding strength of the surfactants covering on each facet caused the anisotropic 
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shell formation. Even though the difference was smaller than that observed in the longitudinal 

growth, the result was still very clear when a shorter reaction was performed. 

With a lower ratio of OA-/OAH (which equates to a relatively low OA- concentration) 

and at lower reaction temperature, the OAH molecules were the main surface ligands 

preferably on the top and bottom surfaces of nanocrystal cores, inhibiting the end surfaces 

(001) and therefore promoting the epitaxial growth of NaGdF4 shell in its transversal direction.  

The etching phenomenon observed on the ends of the side surfaces (100) of the NaYF4 

was due to the strong binding of the oleate ions (OA-) to the exposed rare earth ions on the 

side surfaces of the particles. 

Therefore, for the longitudinal growth, 310 ˚C was selected. On the other hand, with 

low ratio of OA- and OAH, OAH will become the major surfactant, which attach onto (001) 

planes with higher bonding energy than that on (100) planes but much lower than the bonding 

energy of OA- on (100) planes in the case of high ratio of OA- and OAH. To keep the binding 

of OAH onto (001), 290 ˚C was used for the transversal growth.  
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3.5 Summary  

Systemic experiment results prove that the ratio of oleate anion and oleic acid (OA-

/OAH ratios) added, the reaction temperature of the synthesis, and the concentration of the 

reagents as combined factors to effect the shell growth direction. Under certain temperature, 

the ratio of OA-/OAH is the key factor to control the longitudinal shell growth and transversal 

shell growth. Under 310 oC, the shell growth direction can be controlled to be longitudinal by 

applying a high ratio of OA-/OAH. So we generated a series of rod like nanocrystals, such as 

nanorods, nano-dumbbells, nano-bamboo, et al.  

Under 290 oC, the shell growth direction can be controlled to be transversal by 

applying a low ratio of OA-/OAH. Following this method, disk shaped nanocrystals were 

synthesized.    

Also, a NaYF4 etching phenomena was discovered in the synthesis of NaYF4/NaGdF4 

nano-dumbbells. By a series of experiment, we find that the dissolution of core is caused by 

the thermal stability between core and shell materials. It requires that the shell materials have 

higher thermal stability than core material to ensure the core crystal dissolution. The bigger 

difference of thermal stability between core and shell will result in the higher dissolution rate.  

This etching effect will be studied further in the next chapter.  
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Chapter 4. Programmable Growth of 3D Shapes of 

Heterogeneous Nanocrystals  
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Rare earth doped nanocrystals have emerged as a means to provide exceptional 

optical, magnetic and physical-chemical properties,[1-9] for photon upconversion, 

background-free biological assays, multimodal in vivo bio-imaging (fluorescence, MRI, X-

ray, SPECT, etc.),[10-13] targeted drug delivery as carriers, cancer therapy, full color displays, 

infrared upconversion photovoltaic and photo catalysis for energy management, security inks, 

and photonics. As a logically extensive research on these applications, integrating multiple 

functions in single nanoparticles can provide more cross-linking options and new possibilities 

in as yet unrealized frontier areas. Multi-functionalizing heterogeneous nanoparticles present 

an extremely attractive research topic that is motivated by both physical-chemistry researches 

and biomedical life science applications. To realize the myriad of these opportunities, readily 

scalable, hybrid materials should be synthesized through an integrated approach so that its 

different structural constituents can collectively contribute to the same challenge.  

We have already demonstrated the precise control in the growth of homogeneous 

shells, longitudinal and transversal growth of heterogeneous shells in Chapter 2 and Chapter 

3. In this chapter, we introduce another shell growth process, migration shell growth, and we 

use these range of combinatory techniques to design and fabricate some NaREF4 

heterogeneous core-shell nanocrystals with interesting shapes, such as hourglass, flower, 

spintop, dumbbell and so on.  

In the Chapter 3, an interesting phenomenon of NaYF4 etched off in the reaction of 

NaGdF4 shell growth. And we figure out that the dissolution of NaYF4 core is caused by the 

thermal stability between core and shell materials. It requires that the shell materials have 

higher thermal stability than core material to ensure the core crystal dissolution. The bigger 

difference of thermal stability between core and shell will result in the higher dissolution rate. 

In this chapter, we further study the etching effect via controlling the concentration of F anion 

in the reaction solution. 
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4.1 Crystal lattice mismatch for crystallographic parameters c and a & b 

for hexagonal phase NaREF4 crystals.  

Towards developing scalable synthesis protocols for multifunctional heterogeneous 

nanostructures with high degree of controls in size, shape, surface and composition, we have 

further studied the lattice mismatch for crystallographic parameters c and a for hexagonal 

phase NaREF4 crystals. 

Table 4.1 shows the crystal lattice parameters of hexagonal phase NaREF4 crystals. 

The difference between the two crystallographic parameters (a & b, and c) can affect the 

epitaxial growth of subsequent layers. For example, the NaNdF4 crystals can be grown with 

no hindrance onto NaGdF4 than onto NaYF4 due to the close similarities in their 

crystallographic parameters; likewise NaGdF4 crystals prefer to grow onto the NaYF4 crystal 

lattice than onto the NaLuF4 crystal lattice.  

Table 4.1 The crystal lattice parameters of hexagonal phase NaREF4 crystals. 
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By calculating the mismatch rate for the difference in the crystal lattice units, we can 

quantify the possibility of direct epitaxial growth of different crystal types onto the core 

crystal when forming a heterogeneous rare-earth doped single nanocrystals. Table 4.2 

summarizes the lattice mismatch for crystallographic parameter c for hexagonal phase 

NaREF4 crystals. The green area shown represents the pair crystals with a lattice mismatch 

that is less than 3%, which suggests a close crystal lattice match, while the yellow and the red 

areas mark a higher lattice mismatch rate of either 3.1% to 5% or 5.1% respectively, 

indicating greater difficulty in the direct epitaxial growth of a heterogeneous nanocrystal from 

these two constituents 

 

Table 4.2 Summary of the lattice mismatch for crystallographic parameters c for a hexagonal 

phase NaREF4 crystals. The crystallographic potential for high quality epitaxial growth 

increases with a change of color from green to red. 
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4.1.1 Materials and Equipment 
Chemical Materials  

Reagents: YCl3.6H2O (99.99%), YbCl3.6H2O (99.99%), GdCl3.6H2O (99.99%), 

NdCl3.6H2O (99.99%), TbCl3.6H2O (99.99%), LuCl3.6H2O (99.99%), NH4F (99%), 

ErCl3.6H2O (99.99%), KOH (99%), NaOH (99%), 1-octadecene (ODE) (90%), NaF (99%), 

Ethanol (100%), Methanal (99%) and oleic acid (OA) (90%) were purchased from Sigma-

Aldrich. Unless otherwise noted, all materials were used as starting materials and without 

further purification. 

 Equipment 

Heating mental, temperature controller (working range 0 to 400 ºC), magnetic stirrer, 

thermometer (range to 20 to 350 ºC), ultrasonic, centrifuge, argon (scientific grade). 

Transmission Electron Microscopy Characterization  

Standard transmission electron microscope (TEM) measurements were performed 

using a Philips CM10 TEM with Olympus Sis Megaview G2 Digital Camera. The samples 

were prepared for TEM analysis by placing a drop of a dilute suspension of nanocrystals onto 

formvar-coated copper grids (300 meshes) and were allowed to dry in a desiccator at room 

temperature before using. 

High resolution transmission electron microscope (TEM) measurements were 

performed with an aberration-corrected analytical transmission electron microscopy (TEM, 

JEOL ARM-200F) operated at 80 kV. High-angle annular dark-field (HAADF) scanning 

transmission electron microscope (STEM) images and their corresponding element mapping 

images were collected with the same TEM equipped with a Centurio SSD energy-dispersive 

X-ray spectroscopy (EDS) detector set at 77 K. 

  



112    CHAPTER 4                                                                                                                 
 

4.2 Design and fabrication of heterogeneous NaYF4/NaGdF4/NaNdF4 

nanocrystals in an hourglasses shape: investigation on the migration growth 

mechanism 

Our first example is to show the design and synthesis of NaYF4/NaGdF4/ NaNdF4 

heterogeneous nanocrystals to form a heterogeneous nanoscale hourglasses.  In this 

experiment, we observed for the first time a new epitaxial shell growth process and a 

migration growth pattern, which consists of the dissolution of NaYF4 with the subsequent 

growth of the NaNdF4 on the another facet.  

The design logics is described as:  

1. We first employed the approach of longitudinal growth of NaGdF4 nanocrystal shells 

onto the top and bottom ends of the NaYF4 nanocrystal cores; 

2. then we continued to longitudinally grow NaNdF4 nanocrystals, but in a condition of 

absence of F- source; in such a condition, direct epitaxial shell growth of NaNdF4 was 

stopped due to the lack of an F- ion source; 

3. In contrast, OA- ligands were strongly anchored onto the surface of the rare earth ions 

on their side surfaces (100) facets which become unstable with the erosion of NaYF4 

being the most obvious; this causes the middle part of nanorods to be trimmed off;   

4. A minimum amount of F- ions gradually released from NaYF4 into the reaction 

solution under the high reaction temperature of 310 ˚C helps to form NaNdF4 

nanocrystals longitudinally; this end-surface preference was also caused by the 

crystalline mismatch rate of NaNdF4 vs. NaYF4 was greater than that for the NaNdF4 

vs. NaGdF4; 

5. Finally, F- ions and part of the Y3+ and Gd3+ ions are migrated from the middle part of 

nanorods to the NaNdF4 section on each end of the heterogeneous nanocrystals.  

Method for synthesis of NaYF4 /NaGdF4/NaNdF4 nanocrystals in hourglasses shape 

0.4 mmol of the NdCl3 in 2 mL of methanol solution was magnetically mixed with OA 

(9.5 mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 min to form a clear solution, and then 

cooled to room temperature. 5 mL of the methanol solution containing KOH (0.8 mmol) and 

NaOH (0.8 mmol) was added and stirred for 60 min. The solution was slowly heated to 110 

˚C and kept at 110 ˚C for 30 minutes to completely remove the methanol and some of the 

water. It was then injected with 0.1 mmol 50 nm x 60 nm NaYF4/NaGdF4 nano-prisms 

particles, in a solution of cyclohexane, into the reaction mix. After having been kept at 110 ˚C 
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for another 10 minutes to evaporate all cyclohexane, the reaction mixture was quickly heated 

to 310 ˚C.  500 uL samples of the reaction solution were collected each time with a syringe at 

5 minutes, 15 minutes, 30 minutes, 40 minutes, 50 minutes, and 60 minutes after the start of 

the reaction.  

Results and discussion:  

By real-time monitoring of the migration growth process, Figure 4.2.1 provided direct 

evidence that migration growth consists of a two-step reaction, (1) the dissolution of NaYF4 

with subsequent (2) growth of NaNdF4 on the another facet. The size of nanocrystal core 

decreased significantly in the first 5 minutes, but without forming new component crystal on 

the crystal surface, indicating that the speed of dissolution of the nanocrystals was faster than 

crystal growth speed in this reaction step; After 15 minutes, new crystals started to form onto 

the top and bottom ends of the core as the width of the nanocrystal cores decreased. This 

result directly rules out “surface mobility” (“atom diffusion”) as the possible driving force, 

since if this was the case the decrease of NaYF4 and the increase of NaNdF4 would happen at 

the same time, which was not the case with the sample taken after 5 minutes. The only 

mechanism that could explain the 5 minute sample was that the absence of the F- ion source in 

the reaction mix at beginning makes NaNdY4 growth impossible until the concentration of 

released F- ions reaches a certain threshold.(see Figure 4.2.3) 

Figure 4.2.1 shows the evolution process of the NaYF4/NaGdF4 cores as they form the 

NaYF4-NaGdF4-NaNdF4 heterogeneous nanoscale hourglasses. In the modified protocol for 

longitudinal growth of heterogeneous nanocrystal rods, the absence of an F- ion source with 

unbalanced F- ion concentration causes the accelerated erosion of the NaYF4 rods and the 

selective trimming off the NaYF4 and the NaGdF4 from the (100) facets on the side of the 

nanorods particles.  
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Figure 4.2.1. Real-time montitoring of the migration growth process in the formation of the 

NaYF4-NaGdF4-NaNdF4 heterogeneous nanoscale hourglass particles. TEM images of NaYF4 

nanocrystal (a), NaYF4 –NaGdF4  core-shell nanocrystals (b), the migration growth after 5 

minutes (c), 15 minutes (d), 30 minutes (e), 40 minutes (f), 50 minutes (g), 60 minutes (h) and 

the elemental mapping of Y(h’Y), Gd (h’Gd) and Nd (h’Nd) elements. 

The elemental mapping images in Figure 4.2.1 (h) further reveals the distributions of 

the three ions Y3+, Gd3+ and Nd3+ within one single nanocrystal, with the majority of the Y3+ 

ions in the middle, the Gd3+ ions as a bridge, and the minority of the Y3+ and Gd3+ ions 

migrating to the end section with the Nd3+ ions found only on the end of each nanocrystal.  
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Figure 4.2.2 High-resolution TEM images of nanoscale hourglass: (a) the top view and (b) 

the side view of the nano-hourglass. 

Figure 4.2.2 (a) shows the appeared crystal lattice, which was confirmed as a NaNdF4 

(100) plane by the analysis which matched the lattice distance. From the side view, the lattice 

of (100) planes were also presented. The small difference of lattice distance at different areas 

was also measured, the lattice distance in the dark area was 5.25 Å that is close to the standard 

value for the NaNdF4 (100) plane distance, while the lattice distance in the grey area was 5.09 

Å which is close to the standard value of the NaYF4 (100) plane distance. This resault is 

consistent with the STEM data showed in the Figure 4.2.1.  

Brief conclusion:  

Oleate ions (OA-) acting as surfactant ligands firmly bond to the rare earth ions on the 

side surfaces (100) facet planes; in the absence of an F- source ion and at a high temperature 

(310 oC), the nanocrystal side surfaces become unstable and there is an observed accelerated 

site-selective erosion phenomenon. With the release of the F- ions, the migration growth 

occurs when NaYF4/NaGdF4 nanocrystals as cores are fabricated in the condition for their 

longitudinal growth with NaNdF4, but without a F- ion source.  
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Figure 4.2.3. Detailed schematic processes of the simultaneous erosion of the NaYF4-

NaGdF4, epitaxial growth of NaNdF4 in the longitudinal direction and the migration growth of 

F-, Y3+ and Gd3+ ions. The etching of NaGdF4-NaYF4 nanocrystals is initially triggered by the 

OA- ions strongly bonding to the side surfaces at a high reaction temperature (310 oC). As a 

result, F-, Na+ and Y3+ ions are released into the solution.  
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4.3 Design and fabrication of “pupa-like” heterogeneous 

NaYF4/NaGdF4/NaNdF4 nanocrystals: a further verification experiment to 

reveal that oleate ions (OA-) on side surfaces cause dissolution  

The observed dissolution (etching) phenomenon could possibly be caused by the 

relative crystal stability difference between NaYF4 and NaGdF4. To provide further insight 

into its formation, we designed the following experiment which selectively protected the side 

surface of NaYF4 nanocrystal using a more stable NaGdF4 nanocrystal shell. We provide 

experimental evidence that the surfactant oleate ions (OA-) firmly bonds to the side-surface 

rare earth ions as the main factor which causes the loss of NaYF4 and NaGdF4 from the side 

surface of the particles.  

The experimental approach to the design of the particles is described:  

1. We first employed the approach of the transversal growth of NaGdF4 nanocrystal 

shells onto the side surface of NaYF4 nanocrystal cores. This provided a relatively 

stable side surface protected by the NaGdF4 nanocrystal leaving the top and bottom 

surfaces of NaYF4 exposed; 

2. We then continue to longitudinally grow the NaNdF4 nanocrystals, but without the  F- 

ion source; in such a condition, the direct epitaxial shell growth of NaNdF4 was 

stopped because of the lack of an F- ion source; 

3. With OA- ligands strongly anchored to the surface Gd3+ ions on each side surface 

(100) facet and under the high reaction temperature condition of 310 ˚C, if the etching 

was caused by relative less stable NaYF4, the exposed top and bottom surfaces of 

NaYF4 will be first etched; while if the etching was caused by the OA- ligands, the 

NaGdF4 shell on the side surface will be first etched;   

Method to verify the driving force for the selective-surface etching 

0.4 mmol of NdCl3 in 2 mL methanol solution was magnetically mixed with OA (9.5 

mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 minutes to form a clear solution, and then 

cooled to room temperature. 5 mL of methanol solution containing KOH (0.8 mmol) and 

NaOH (0.8 mmol) was added and stirred for 60 minutes. The solution was slowly heated to 

110 ˚C and kept at 110 ˚C for 30 minutes to completely remove the methanol and someof the 

water. The reaction mix was then injected with 0.1 mmol of 50 nm x 60 nm NaYF4/NaGdF4 

core/shell nano-prisms (NaGdF4 growing on the lateral faces of NaYF4 nanocrystal), 

suspended in cyclohexane solution, into the reaction solution. After holding at 110 ˚C for a 
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further 10 minutes to evaporate all the cyclohexane, the reaction mixture was quickly heated 

to 310 ˚C.  500 uL samples of the reaction solution was collected each time with a syringe at 5 

minutes, 15 minutes, 30 minutes, 40 minutes, 50 minutes, and 60 minutes after  the reaction 

started. 

Results and discussion:  

By a transversal growth approach, NaGdF4 shell was first grown on the side surfaces 

of NaYF4, as shown in Figure 4.3.1 (a). Figure 4.3.1 (b) to (f) recorded the evolution process 

of the epitaxial growth of the NaNdF4 nanocrystals onto the NaGdF4/NaYF4 nano-prisms in 

the absence of the F- ions and at a high temperature (310 oC).  The a reduced diameter of 

NaGdF4/NaYF4 was observed by comparing Figures 3.3.1 (a) and (b) which clearly show that 

the dissolution (etching) only happens on the side surfaces for the first 10 minutes of the 

reaction. Figure 4.3.1 (c) shows simultaneous etching from the side surfaces and epitaxial 

growth of the NaNdF4 onto the end surfaces of the NaGdF4/NaYF4 cores, resulting in a 

thinner and longer “pupa-like” crystal. This indicates that the etching of NaYF4 was relatively 

faster than the more stable NaGdF4 nanocrystals, but it should be noted that the etching still 

mostly occurs on the side surfaces of nanocrystals with the OA- ligands acting as a surfactant. 

Once the NaGdF4 removed (as seen in Figure 4.3.1 (d), the etching process appears more even 

on the side surface of NaYF4 with a relatively smooth side surface created between the 

NaNdF4 nanocrystal caps. Finally, the NaYF4 crystals completely disappears after 60 minutes 

of reaction with only hexagonal-shape NaNdF4 nanocrystals as the only yield. 

Brief conclusion:  

Although the side surface of NaGdF4 was much more stable than the NaYF4 and has a 

smaller mismatch than the NaNdF4, etching still occurs on the side surface and the migration 

growth direction was still observed to occur from the side and the end surfaces. This suggests 

that in a highly unstable growth environment, such as a reaction at a high temperature, in 

absence of an F- ion source, the strongly binding surfactant oleate ions (OA-) remove the rare 

earth ions from the side surfaces of the particles which acts as the main factor driving behind 

the observed etching. . 
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Figure 4.3.1 TEM images of NaYF4/NaGdF4 cores and their migration growth with Nd for 10 

min, 20 min, 30 min, 45 min and 60 min after the start of the reaction. (Scale bars: 100 nm) 
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4.4 Design and fabrication of heterogeneous NaYF4/NaGdF4/NaNdF4 

nanocrystals in flower shape: the direction of migration growth is also 

determined by the ratio of OA-/OAH 

Our next example demonstrates the design and synthesis of NaYF4/NaGdF4/NaNdF4 

heterogeneous nanocrystals to form heterogeneous nanoscale flower-shaped particles.  In this 

experiment, we demonstrate migration growth of the NaNdF4 to the transversal structure 

rather than to the end surfaces. Using the principle that the direction of epitaxial shell growth 

can be controlled through adjustment of the ratio of OA-/OAH, here we demonstrate that a 

low ratio of OA-/OAH at relatively lower temperature can direct the migration growth instead 

along the transverse direction. 

The design logics is described as:  

1. We first transversally grow NaGdF4 nanocrystal shells onto the side surface of the 

NaYF4 nanocrystal core; 

2. In absence of the F- ion source, the direct epitaxial shell growth of NaNdF4 was 

stopped;  

3. Considering the weak erosion process due to the low ratio of OA-/OAH, we increased 

the reaction temperature from 290 ˚C to 300 ˚C to promote the erosion of 

NaYF4/NaGdF4 nanocrystals to release F- ions. This has the effect of trimming off part 

of the NaGdF4 shells around the NaYF4 from its side surfaces; 

4. A minimum amount of F- ions slowly released from NaYF4/NaGdF4 nanocrystals into 

the reaction solution will help form the NaNdF4 nanocrystals transversally from 

NaGdF4 crystalline shell on side surfaces of the hexagonal prism;   

5. Finally, F- ions and part of Y3+ and Gd3+ ions migrate from the NaYF4 to the NaNdF4 

section on the lateral faces of heterogeneous nanocrystals, forming a flower shape 

nanostructure. 

Method: Synthesis of NaYF4/NaGdF4/NaNdF4 flower-shaped nanocrystals 

0.1 mmol of NdCl3 in 1 mL of methanol solution was magnetically mixed with OA 

(19 mmol) and ODE (18.7 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 minutes to form a clear solution, and then 

cooled to room temperature. 5 mL of methanol solution containing NaOH (0.6 mmol) was 

added and stirred for 60 minutes. The solution was slowly heated to 110 ˚C and kept at 110 ˚C 

for 30 minutes to completely remove the methanol and some of the water. Then, the reaction 

mix was injected with 0.1 mmol of 50 nm NaYF4/NaGdF4 nano-prisms prisms (NaGdF4 
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growing on the lateral faces of NaYF4 nanocrystal), suspended in a cyclohexane solution, into 

the reaction mix. After holding at 110 ˚C for another 10 minutes to evaporate all cyclohexane, 

the reaction mixture was quickly heated to 300 ˚C. 500 uL samples of the reaction solution 

were collected each time with a syringe after 10 minutes, 25 minutes and 45 minutes of the 

reaction time.  

Results and Discussion: 

By this transversal growth approach, NaGdF4 shell was first grown on the side 

surfaces of NaYF4, as shown in Figure 4.4.1 (a). Figure 4.4.1 (b) to (d) record the evolution 

process of epitaxial growth of NaNdF4 nanocrystals onto NaGdF4/NaYF4 nano-prisms in 

absence of F- ions and at lower ratio of OA-/OAH.  The slightly reduced diameter of 

NaGdF4/NaYF4 is compared in Figures 4.4.1 (a) and in (b) some parts of NaGdF4 was etched 

from the side surfaces after the first 10 minutes of reaction. Figure 4.4.1 (c) show the 

simultaneous etching of the side surfaces and the epitaxial growth of NaNdF4 onto the 

NaGdF4 area forming “island-shaped” anchors on the side surfaces of NaGdF4/NaYF4 cores. 

Figure 4.4.1 (d) shows that more NaNdF4 was growth around the anchors which form a 

heterogeneous flower-shape nanocrystal.  

Because there was few OA- ligands on the side surface, OA- mediated etching process 

for NaGdF4/NaYF4 nanocrystals dissolution of the side surfaces becomes very slow at this 

relatively lower reaction temperature. Despite high concentration of OAH on the end surfaces, 

no etching phenomenon was observed at the top and bottom end surface of NaGdF4/NaYF4 of 

the nano-prisms. This indirectly provides further evidence for the mechanism of OA- 

mediated etching process from side surfaces.  

Programmable longitudinal growth of heterogeneous nanocrystals was much easier 

and faster than programmable transversal growth in yielding mono-disperse morphology. 

More fine-tuning experiments, such as using lower temperature and much longer reaction 

time, were still required for the identification of the optimum reaction conditions for the 

fabrication of truly mono-disperse flower-shaped heterogeneous nanocrystals.    

Brief conclusion:  

The migration growth in transversal direction was made possible through the use of a 

low ratio of OA-/OAH and a low reaction temperature, though the etching process was much 

less efficient at the side surfaces of nanocrystal due to fewer OA- ligands bounding to rare 

earth ions to these side surfaces.  
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Figure 4.4.1. TEM images of NaYF4/NaGdF4 nanocrystals as cores, and migration growth 

with the Nd3+ element at 300˚C after 10 minutes, 25 minutes and 45 minutes of reaction time. 

(Scale bars: 50 nm) 
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4.5 Design and fabrication of heterogeneous NaYF4/NaGdF4/NaNdF4 

nanocrystals in dumbbell shapes: fine tuning experiments for more choice 

of morphology engineering 

Our next two experiments were designed to demonstrate that our protocols for 

programmable growth of heterogeneous nanocrystals can be further refined to meet more 

specific needs.    

The design logic of the reaction method is described as:  

1. For example, during the process of forming the NaYF4/NaGdF4/NaNdF4 

heterogeneous nanoscale hourglasse particles, reduction of the amount of Nd3+ ion 

source can slow down the migration growth process which consists of dissolving 

NaYF4 and reforming NaNdF4 nanocrystals;  

2. In the longitudinal growth environment (high ratio of OA-/OAH; high temperature 310 

oC), with a slowly released F- ion source and a small amount of Nd3+ ion source, the 

longitudinal growth along c axis  direction of the NaYF4/NaGdF4 nanorods will be 

quite limited in the formation of stable sharper tips;  

3. While instead of relying on the released F- ion source supplied by dissolved NaYF4, 

supply of F- the ion source in the reaction will increase the diameter of dumbbell ends, 

and will form round polished tips.  

Method for synthesis of NaYF4-NaGdF4-NaNdF4 nanocrystals in sharp-end dumbbell shape 

0.1 mmol of NdCl3 in 1 mL of methanol solution was magnetically mixed with OA 

(9.5 mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 160 ˚C for 30 minutes to form a clear solution, and then 

cooled to room temperature. 5 mL of the methanol solution containing KOH (0.2 mmol) and 

NaOH (0.2 mmol) was added and stirred for 60 minutes. Note: in this reaction no NH4F was 

added to the solution. The solution was slowly heated to 110 ˚C and kept at 110 ˚C for 30 min 

to remove the methanol and the water completely. It was then injected with 0.1 mmol of 

NaYF4/NaGdF4 nanorod particle in suspended in cyclohexane solvent into the reaction 

solution. After holding at at 110 ˚C for a further 10 minutes to evaporate all cyclohexane, the 

reaction mixture was quickly heated to 310 ˚C and held at this temperature for a further 30 

minutes. 

Method for synthesis of NaYF4-NaGdF4-NaNdF4 nanocrystals in round-end dumbbell shape  

0.1 mmol of NdCl3 in 1 mL of methanol solution was magnetically mixed with OA 

(9.5 mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 
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degassed under Ar flow and heated to 160 ˚C for 30 min to form a clear solution, and then 

cooled to room temperature. 5 mL of methanol solution containing NH4F (0.3 mmol) KOH 

(0.2 mmol) and NaOH (0.2 mmol) was added and the mixture was stirred for 60 min. The 

solution was slowly heated to 110 ˚C and kept at 110 ˚C for 30 minutes to remove the 

methanol and the water completely. Then, it was injected with 0.1 mmol of NaYF4-NaGdF4 

nanorods suspended in cyclohexane into the reaction solution. After being held at 110 ˚C for 

further 10 minutes to evaporate all cyclohexane, the reaction mixture was quickly heated to 

310 ˚C and held for 30 minutes at room temperature.  

Results and Discussion:  

The longitudinal growth direction was determined by adding a higher ratio of oleate 

(OA-) to oleic acid (OA) ligands at a higher reaction temperature (310 oC), which selectively 

passivates the nanorods side surface (100) planes. A lower concentration of Nd3+ ion source 

will slow down the epitaxial growth on the ends and lead to a reduction in the diameter of the 

NdYF4 nanocrystals. Moreover the absence of a F- ion source will make the tips sharper while 

the presence of additional a F- ion source leads to the formation of rounded-polished tips.  

A decrease of a F- and Nd3+ ion source in the reaction mix accelerates the etching of 

the NaYF4. Since the NaNdF4 is relatively more stable than NaYF4, a released F- ion source 

will form NaNdF4 nanocrystals with NaYF4 located in the rod middle area continuously 

becoming dissolved. This migration growth process of dissolving NaYF4 and re-growing 

NaNdF4 gradually diminishes as the Nd3+ ion source is consumed, which leads to the 

formation of sharp tips.    

Figures 4.5.1 (c) and 4.6.1 (c) show highly uniform heterogeneous nanocrystals. The 

STEM image (Figure 4.5.1 d) illustrates two separate partitions of tips and core particles. The 

elemental mapping images show the distributions of the Y3+, Gd3+ and Nd3+ ions The 

combined elemental mapping image shows three well aligned components, consistent with the 

formation mechanism already described.  

Brief conclusion:  

The oleate ions (OA-) mediated longitudinal growth, transversal growth, etching 

process and migration growth in consideration of crystal lattice mismatching rates and crystal 

stability have jointly formed a toolbox for highly controlled nanoscale materials engineering 

to fabricate rare-earth doped heterogeneous nanocrystals. The switches between these growth 

mechanisms are externally controllable by fine-tuning the reaction temperature, concentration 

and ratio of surfactant ligands, and elemental concentrations and balance in the reaction 

environment.  
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Figure 4.5.1. TEM images, elemental composition characterization and schematic illustration 

of the NaYF4–NaGdF4-NaNdF4 dumbbell-shape nanocrystals with sharp tips via migration 

growth of NaNdF4 (a) the cores of NaYF4–NaGdF4 nanocrystals with a thin layer of NaGdF4 

at the ends of NaYF4 nanorods; (b) the high magnification image and (c) the overview image 

of the NaYF4–NaGdF4-NaNdF4 dumbbell shape nanocrystals with sharp tips; (d) HAADF-

STEM image and elemental mapping images of NaYF4–NaGdF4-NaNdF4 nanocrystals.(e) the 

schematic illustration of the formation process of the NaYF4-NaGdF4-NaNdF4 dumbbell 

nanocrystals with sharp tips (Scale bar: 50 nm for a and b; 200 nm for c and 25 nm for d)  

 

Figure 4.5.2. TEM images and schematic illustration of the NaYF4–NaGdF4-NaNdF4 

dumbbell nanocrystals with round polished tips. (a) NaYF4–NaGdF4 nanocrystals with a thin 

layer of NaGdF4 at the ends of NaYF4 nanorods; (b) high magnification image and (c) 

overview image of NaYF4–NaGdF4-NaNdF4 nanocrystals. (d) Schematic illustration of the 
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formation process of the NaYF4-NaGdF4-NaNdF4 nanocrystals with round ends. (Scale bar: 

50 nm for a and b; 200 nm for c) 

  



CHAPTER 4                                                                                                                127 
 

4.6 Design and fabrication of heterogeneous NaYF4/NaLuF4/NaGdF4 

nanocrystals: a showcase synthesis for multifunctional single heterogeneous 

nanocrystal 

Using the combinational approaches of longitudinal growth and transversal growth as 

well as taking the consideration of crystallographic mismatch rates, we demonstrate here a 

series of examples to illustrate our rational design and programmable epitaxial growth 

techniques for the bottom-up fabrication of 3-dimensional heterogeneous nanostructures.  

The hexagonal-phase NaYF4 nanocrystal is acknowledged elsewhere as the most 

efficient photon upconversion host [14]. Recent pioneer works has revealed that the 

incorporation of other functions in these nanocrystals can enrich their hybrid applications, for 

example, by providing X-ray computed tomography imaging through the use of NaLuF4 as a 

host or Magnetic Resonance Imaging using NaGdF4 as a host. Our first example here is to 

show the design and synthesis of NaYF4/NaLuF4/NaGdF4 heterogeneous nanocrystals with 

two NaGdF4 rings on a NaLuF4 @ NaYF4 nanorod.   

The design logics is described as:  

1. We first employed the approach of longitudinal growth to grow NaYF4 nanoparticles 

to NaYF4 nanorods; 

2. We then employed the protocol for transversally coating the side surfaces of NaYF4 

nanorods with a thin layer of NaLuF4. This thin layer of NaLuF4 functions as a mask;  

3. The surface of NaLuF4 @ NaYF4 nanorods at the top edge areas are less stable and are 

easier to dissolved after the transversal epitaxial shell growth, which leaves the 

NaLuF4 mask at the end edges also becoming removed so that NaYF4 was exposed;  

4. According to Table 4.2, the mismatch rate between NaGdF4 and NaLuF4 was about 

4.3% while the mismatch rate between NaGdF4 and NaYF4 was about 2%, which 

suggests that the NaGdF4 will prefer to grow on NaYF4 rather than on NaLuF4;  

5. To facilitate the etching process, in our modified protocol towards transversal growth 

of NaLuF4 onto the side surfaces of NaYF4 nanorods, absence of F source causes a 

faster erosion occur at the top edge area;  

6. Finally, by injecting the -NaGdF4 nanocrystals with F element source by slowing 

dissolving it into the solution, β-NaGdF4 nanocrystal shells start to grow onto the 

exposed NaYF4 areas, forming double rings of NaGdF4 shells transversally grown 

around the top and bottom edges of NaLuF4 @ NaYF4 nanorods.  

Method for synthesis of pure-NaGdF4 nanocrystals 
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2 mL of the methanol solution of GdCl3 (1.0 mmol) was magnetically mixed with OA 

(19 mmol) and ODE (47 mmol) in a 100 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 oC for 30 minutes to form a clear solution, and then 

cooled to room temperature. 10 mL of the methanol solution containing NH4F (4 mmol) and 

NaOH (2.5 mmol) was added and stirred for 60 min. Then, the solution was slowly heated to 

110 oC and kept at 110 oC for 30 minutes to remove the methanol and water completely. After 

that, the reaction mixture was quickly heated to 240 oC and aged for 45 minutes.  

Method for synthesis of NaLuF4/NaYF4 nanorods 

0.1 mmol of LuCl3 in 1 ml method solution was magnetically mixed with OA (9.50 

mmol) and ODE (25 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 min to form a clear solution, and then 

cooled to room temperature. 2 mL of methanol solution containing NaOH (0.15 mmol) was 

added and stirred for 60 min. The solution was slowly heated to 110 ˚C and kept at 110 ˚C for 

30 minutes to completely remove the methanol and some of the water. It was then injected 

with 0.4 mmol of NaYF4 seed particles in a cyclohexane solution. After holding the reaction 

mix at 110 ˚C for a further 10 minutes to evaporate cyclohexane, the reaction mixture was 

quickly heated to 290 ˚C and held at that temperature for a further 1 hour. 

Method for synthesis of NaGdF4 double-ring structure onto the NaLuF4@NaYF4 nanorods 

0.1 mmol of GdCl3 in 1 ml methanol solution was magnetically mixed with OA (19.0 

mmol) and ODE (18.7 mmol) in a 50 mL three-neck round-bottom flask. The mixture was 

degassed under Ar flow and heated to 150 ˚C for 30 minutes to form a clear solution, and then 

cooled to room temperature. 2 mL of the methanol solution containing NaOH (at 0.15 mmol) 

was added and stirred for 60 minutes. The solution was slowly heated to 110 ˚C and kept at 

110 ˚C for 30 minutes to completely remove the methanol and some of the water. It was then, 

injected with 0.1 mmol of the NaLuF4/NaYF4 seed particles, in a cycloexane solution, into the 

reaction solution. After having been held the reaction mix at 110 ˚C for another 10 minutes to 

evaporate cyclohexane, the reaction mixture was quickly heated to 300 ˚C. It was then, 

injected with mmol of -NaGdF4 nanocrystals (see Figure 4.6.3) into the reaction 

system. This was done every 10 minutes for 5 times at 300 C. The reaction mix was held at 

this temperature for another 10 minutes after the last injection.  

Results and Discussion:  

The elemental mapping images in Figure 4.6.1(c) further confirms that the three 

elements of Y3+ , Lu3+ and Gd3+ are separated in three partitions within one single nanocrystal, 

with Y3+ only in the inner core of the rod, Lu3+ only in the outer shell of the rod, and Gd3+ 
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only in the two rings. The high resolution TEM images shown in Figure 4.6.1, provides 

further evidence of the direct growth of crystalline structures. The two rings can be seen to 

grown around the [001] crystallographic direction and the select area electron diffraction 

pattern has a close match to the-NaYF4, -NaLuF4 and -NaGdF4. 

After a thin layer of NaLuF4 shell is transversally formed onto the NaYF4 core 

nanorods at 290˚C, the F element source was removed so that NaLuF4 layer can start to 

dissolve slowly, particularly at the sharp end areas of nanorods where the NaYF4 is firstly 

exposed. With the drop-wise addition of  -NaGdF4 (as the F source) into the reaction system, 

NaGdF4 prefer to grow onto the (100) (010) facets of the exposed NaYF4 cores with NaLuF4 

shell acting as a mask because of the inherent difference in crystalline mismatch rate between 

NaGdF4 vs. NaYF4 and NaGdF4 vs. NaLuF4.  

Brief conclusion:  

We report for the first time a bottom-up programmable controlled fabrication of 3-D 

shaped heterogeneous nanocrystals using the combinational approaches of an oleate ion (OA-) 

assisted longitudinal growth, transversal growth and selective etching which includes 

controlling for and using the crystallographic mismatch rates.  
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Figure 4.6.1. TEM and elemental composition characterization of the NaYF4-NaLuF4-

NaGdF4 heterogeneous nanocrystals which form a unique shape of two NaGdF4 rings onto a 

NaLuF4/NaYF4 nanorod. (a) NaLuF4 nanocrystal shells transversally coated onto NaYF4 core 

nanocrystals; (b) an overview image of the NaYF4-NaLuF4-NaGdF4 nanocrystals and a single 

NaYF4-NaLuF4-NaGdF4 nanocrystal (top-left inset); (c) HAADF-STEM image of a single 

NaYF4–NaLuF4-NaGdF4 nanocrystal and its elemental mapping images. The elemental 

mapping images confirm the distribution of the Y3+ ions in the middle of the rod and the Lu3+ 

ions as a thin layer coating surrounding the nanorod. The Gd3+ ions is present as a double ring 

surrounding the NaYF4-NaLuF4 nanorods in the transversal direction. (d) A schematic 

illustration of the formation process “selective mask – etching – epitaxial growth” of the 

NaYF4-NaLuF4-NaGdF4 heterogeneous nanocrystals is provided.  

 

Figure 4.6.2. (a) A side view high-resolution TEM image and its corresponding selected area 

electron diffraction pattern (insert) and (b) a top view high-resolution TEM image of a single 

nanocrystal and its corresponding selected-area electron diffraction pattern (inset)  



CHAPTER 4                                                                                                                131 
 

 

Figure 4.6.3 TEM image of α-NaGdF4 nanocrystals used in this experiment. (Scale bar is 50 

nm) 

4.7 Summary 

In this chapter, we systemically studied migration shell growth process and applied 

this method to synthesize a series of NaYF4/NaGdF4/NaNdF4 heterogeneous nanocrystals. In 

the migration shell growth process, the etching effect of NaYF4 is promoted due to the low 

value of the F anion concentration in the reaction solution. The migration shell growth 

direction cannot be tuned by the specific mismatch between core and shell, but it can be 

controlled by adjusting the ratio of OA-/OAH. Under a high ratio of OA-/OAH, the growth 

direction is longitudinal, in which the new formed shell will grow on the (001) plane of 

NaLnF4. Under a low ration of OA-/OAH, the growth direction is transversal, in which the 

new formed shell will grow along the lateral surface of NaLnF4 nanocrystals.  

Through combining the longitudinal shell growth, transversal shell growth and 

migration shell growth, we can design and fabricate many different structured heterogeneous 

nanocrystals.  
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4.8 Contribution to Paper 2 

The Chapter 3 and Chapter 4 are the results summarized from more than six hundreds of 

experimental synthesis and characterizations I conducted during my PhD program, as the 

supplementary information details to underpin a published work in the journal of Nature 

Communications.  
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Chapter 5 Conclusion and Future Scope 

5.1 Conclusion 

In this thesis, we focus on the core-shell structure engineering of rare-earth doped 

NaReF4 nanocrystals. Core-shell structured nanocrystals provide an opportunity in integrating 

multiple functional materials into one structure for tailored applications including the ultra-

sensitive bio assays, multi-modality biomedical imaging, targeted delivery and controlled 

release of drugs, high efficiency of green energy harvesting and other advanced applications 

by building novel devices with new optical, magnetic, catalytic and chemical properties. This 

thesis explores the roles of surfactants and study the interplays between different growth 

mechanisms in forming anisotropic shapes of nanocrystals.  To this end, we introduce the 

anisotropic bonding feature of different surfactants on the different crystal facets, to direct 

either unidirectional growth of homogeneous shells by tuning the ratio of oleylamine 

(OM)/oleic acid (OA) or directional growth of heterogeneous shells by adjusting the ratio of 

oleic acid ions (OA-)/ oleic acid (OAH). Based on these discoveries, we demonstrate our new 

ability of rationale design and programmable fabrication of 3D structured heterogeneous 

NaReF4 nanocrystals.  

The key results of this PhD work can be summarized below:   

1) We systematically prepared a series of homogeneous core-shell UCNPs by epitaxial 

growth of the NaYF4:Yb3+, Er3+ nanocrystals with different thickness (1.5 to 8 nm) of inert 

shells by controlling the volume ratio of OM/OA.  This level of controlled synthesis allowed 

us to systemically investigate and compare the luminescence responses to different pH and 

temperature in aqueous solution for both core-only and core-shell UCNPs. We found the inert 

shells efficiently prevented the luminescence quenching, but failed in avoiding the irreversible 

quenching by the acid environment. The inert shell also reduced the sensitivity and liner 

response resolution of the ratio-metric (524 nm/ 545 nm) green emissions of Er3+ doped 

UCNPs for temperature sensing below 60 oC. This work adds the new knowledge that 

underpins the rapid development of upconversion nanotechnology towards emerging 

biomedical applications and further suggests new careful designs are necessary according to 

the temperature and pH environments for the specific applications. 

2) We demonstrated that the bonding strength for the surfactants of OA- and OAH on the 

(100) and (001) faces of-NaYF4 nanocrystals are different. OA- has stronger bonding on 

(100) facets than (001) facets, while OAH has stronger bonding affinity on (001) facet 
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compared with (100) facets. Based on this knowledge, we demonstrated that the shell growth 

direction can be controlled via tuning the ratio of surfactant molecules.  

3) Through further systematically designed experiments to study the impact of different 

ratio of OA-/OAH on the shell growth directions, we confirmed that longitudinal shell growth 

occurred in the condition of high ratio of OA-/OAH, while transversal shell growth occurred 

in the condition of low ratio of OA-/OAH. Other reaction factors, Na+ concentration, OA 

concentration, Re3+ concentration may indirectly influence the shell growth by changing the 

ratio of OA-/OAH. These results directly supported our hypothesis that the shell growth 

direction can be precisely controlled by simply adjusting the ratio of surfactants. 

4) Etching effect of NaYF4 nanocrystals in OA-ODE system was observed for the first 

time and systemically studied. We found the etching effect was caused by the thermal 

stability between core and shell materials. It required that the shell materials had higher 

thermal stability than core material to induce the core crystal dissolution. These results 

suggest that subtractive growth can be used for the controlled growth of heterogeneous 

nanocrystals with different shapes. 

5) Controlled migration shell growth was observed and studied when growth NaNdF4 

shell for NaYF4/NaGdF4 nanocrystals under the condition of absence of F- source, in which 

NaYF4 core nanocrystal were gradually dissolving into the reaction solution, while the 

NaNdF4 shell were grown  on the NaYF4/NaGdF4 cores by consuming the shell  sources 

released by dissolved NaYF4. The migration shell growth direction was also controllable by 

adjusting the ratio of OA-/OAH.  These results suggest a new route for fabricating more 

complex structured heterogeneous nanocrystals.  

6) By combining the approaches of longitudinal and transversal growth and selective 

dissolution with consideration of lattice mismatch, we designed and fabricated a variety of 3D 

hybrid nanostructures, including NaYF4/NaLuF4/NaNdF4 topspin shape, 

NaYF4/NaGdF4/NaNdF4 dumbbell shape and NaYF4/NaGdF4/NaNdF4 flower shape, and 

NaYF4/NaGdF4 bamboo shape.  These results suggest the possibility for programmable 

synthesis of 3D structured heterogeneous nanocrystal. 

7)  The highly controlled shell growth technique is reproducible, which is helpful to scale 

up production of multifunctional heterogeneous nanocrystals. 20 mg heterogeneous 

nanocrystals can be synthesized from one bench reaction via the current protocol. In high 

scale synthesis, the cost per mg heterogeneous will be greatly decreased.   

The controlled heterogeneous nanocrystal growth is the first step towards real excellent 

applications of nano-device fabrication, which is as significant as the silicon wafer production 
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for electronic products. Under the base of this work, more specific application related research 

projects are ready to start.    

5.2   Future Scope 

My PhD thesis, by exploring new mechanisms and methods for highly controlled 

core-shell engineering of NaReF4 nanocrystals, suggests a new field in controlled growth of 

other heterogeneous nanocrystals. Three possible directions of research in nanomaterials 

engineering may become possible.   

2D heterogeneous nanocrystals synthesis via transversal shell growth in wet chemical 

synthesis 

Two dimensional (2D) structured nanocrystals and nanomaterials, such as graphene 

and metal chalcogenide nanostructures, are attracting a lot of research interests by many 

unique optical, electronic, catalytic and mechanical properties recently discovered. 

Heterogeneous structured 2D nanocrystals may be synthesized by epitaxial growth of 

semiconductor and metal materials as shells onto the core of 2D nanocrystal to form hetero-

2D-structure. Engineering of the core-shell 2D heterogeneous nanocrystals will bring new 

opportunity for fabricating nanoscale electronics-device (nanodevice).  

Current high quality 2D heterogeneous nanocrystals (e.g. MoS2/MoSe2, and 

WS2/WSe2) are mainly obtained by vapour-phase deposition, chemical vapour deposition 

(CVD) or MOCVD. These methods require high temperature, high vacuum and specific 

substrates, which is hard for the field to achieve controlled fabrications of new 2-D materials. 

The wet chemistry synthesis route is a better alternative method towards the high-yield, low-

cost and mass production of all types of ultrathin 2D nanosheets. In the chapter 3 of this thesis, 

we successfully demonstrate the controlled lateral shell growth of NaReF4 nanocrystals in wet 

chemical synthesis route by decreasing the ratio of OA-/OAH, which suggests that the 2D 

heterogeneous nanocrystal may be synthesized in wet chemistry route. The thickness of 2D 

heterogeneous nanocrystal may be controlled by adjusting the size of core nanocrystals. The 

lateral shell growth mechanism via tuning the ratio of different surfactants may be suitable to 

direct the synthesis of semiconductor materials, due to their anisotropic crystal structure and 

similar synthesis conditions with NaReF4 nanocrystals.  

Hybrid materials  
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We may further design and fabricate a range of hybrid nanostructures by bringing 

together the rare earth fluorides, semiconductor nanocrystals, and noble metal structures. 

Several advanced properties are attractive: for example, the upconversion luminescence 

enhancement may be achieved by using semiconductor as photon antenna for increasing 

absorption of infrared light; the plasmonic enhancement effect may be achieved by using 

noble metal nanostructures; photo catalysis capability may be enhanced by the hybrid 

structure of UCNPs and N-type and P-type semiconductor nanomaterials to increase 

photovoltaic efficiency in harvesting the solar lights and rational designed structures to 

control the free carriers to be enriched on the metal material’s surfaces.  

The key challenge in synthesizing these hybrid materials via epitaxial growth 

approach lies in the selection of the matched crystalline facets between NaReF4, 

semiconductor, and metal nanocrystals, and considerations of the etching effect due to the 

different stability of in reaction environment.  

When the mismatch between the two nanomaterials is too big to allow direct epitaxial 

growth, tailoring the out-layer composition of core nanocrystals to bridge the core and the 

shell crystal lattice structures may be a solution. The methods for changing the out-layer’s 

composition includes transition layer growth, surface cation exchange, surface redox reaction, 

etc.  

Controlled surface engineering of nanocrystals 

The surface structure is an important attribute of nanocrystals that influences many 

aspects of the nanocrystals, such as surface–volume-ratio, surface charge and surface activity, 

and affect their physical and chemical properties and practical performance in their 

applications. The highly controlled epitaxial shell growth techniques introduced in this thesis 

suggest new opportunities in engineering the surface structure of nanocrystals to selectively 

expose a desirable crystal facet of the heterogeneous nanocrystals, which will optimize the 

nanocrystals’ performance, such as catalysis performance. The exposed crystal facets are 

generally formed by the facets with lowest surface energy in certain environment.  The 

surface energy of facets will be different according to their surround conditions, such as 

surface charges, the selective bonding of surface ligand, and relative stability difference 

comparing to other crystal facets.   
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Appendix A---Computational Modeling  

6.1 Surface and absorption models 

In order to unravel the underlying mechanism of ligand directed growth of nanocrystals, the 

density functional theory (DFT) based first principles calculations were performed using CASTP[1] in 

Material Studio. We simulated the interactions between the surface of β-NaYF4 and selected ligands. 

Throughout the entire DFT calculations we have implemented a generalized gradient approximation 

(GGA) using a kinetic energy cut-off of 500 eV for the plane wave. The calculated lattice constants used 

for the bulk β-NaYF4 were a = 6.001 Å and c = 3.603 Å, which were similar to the experimental values 

observed (a = 5.96 Å, c = 3.53 Å for β-NaYF4).[2] The surface structure was modeled using a super-cell 

which consisted of a 10-layer slab separated by a vacuum of 15 Å. In the case of un-passivated surfaces, a 

more general expression of surface energy, applicable to both stoichiometry and non-stoichiometry 

surface models, was used:  

𝜎 =
1

2𝐴
[𝐸𝑡𝑜𝑡(𝑆𝑙𝑎𝑏) − 𝑛𝑁𝑎𝜇𝑁𝑎 − 𝑛𝑌𝜇𝑌 − 𝑛𝐹𝜇𝐹]         [1] 

Where 𝐸𝑡𝑜𝑡(𝑆𝑙𝑎𝑏) is the total energy of the slab, 𝑛𝑁𝑎, 𝑛𝑌 and 𝑛𝐹 are the number of Na, Y and F atoms in 

the slab, and 𝜇𝑁𝑎, 𝜇𝑌 and 𝜇𝐹 are their corresponding chemical potentials. The (001) and (100) facets of β-

NaYF4 with differently terminated atomic configurations were also investigated, and the most stable (001) 

and (100) surfaces calculated, with the surface energies of 44.58 meV/Å2 and 57.43 meV/Å2, are shown 

in Figure 1. The surface relaxation was also considered inside the top two layers which are free to relax 

without constraint, and our simulations were unable to show a significant change in the location of the 

atoms after relaxation. We calculated the capping of (001) and (100) facets by OAH and OA- ligands 

presented in the solution using the adsorption model of ligands onto these two stable surfaces. The 

spurious interaction between ligands caused by the periodic boundary condition in our case can be 

ignored since the distance between the ligands is about 10 angstrom, which is a sufficient distance for the 

quantum simulation. In particular, the long carbon chain is a sufficient distance from the active functional 

group of OAH and OA- ligands to make the surface binding energy negligible. Hence, we used two 

simplified molecules, namely C2H3O2 and C2H4O2 to mimic the adsorption characters of the OA- and 

OAH ligands to the β-NaYF4 facets, respectively. Note that in our simulation, atoms in the top two layers 

were allowed to relax until the force on each atom was less than 0.02 eV/Å while the other atoms were 

fixed (shadow areas shown in Fig. S2 and S3). Since the oxygen atoms of the ligands prefer to bind with 

Y3+ ions in cubic NaYF4, [3] we only considered the interaction of molecule with Y3+ ions when testing 

different initial configurations.  The initial adsorption configurations of ligands onto the (001) and (100) 
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surfaces were considered, and are illustrated in Fig. S2 and S3, respectively. The binding energy was 

determined by  

𝐸𝑏 = 𝐸(𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑) − [𝐸(𝑆𝑢𝑟𝑓) + 𝐸(𝑀𝑜𝑙)]         [2] 

where 𝐸(𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑), 𝐸(𝑆𝑢𝑟𝑓) and 𝐸(𝑀𝑜𝑙) were the energies of the binding complex, the NaYF4 slab 

and the isolated molecule, respectively. The binding energies of these molecules (first row in Table 1) 

follow the sequence of Eb(OA-) > Eb(OAH) both for (001) and (100) surfaces as a result of the chemical 

activity of the molecules. Furthermore, we also found that the adsorption of OA- ligands onto (100) facet 

was stronger than that of (001), whereas the OAH ligands prefer to be adsorbed onto the (001) compared 

to (100). The different binding strength can be ascribed to the different atomic arrangement of Y3+ ions on 

these two facets as seen in Figure 1c, which give rise to different charge transfer paths between ligands 

and surfaces (Figure 4).   

 

 

Figure 1. Computational models of the crystalline structure of β-NaYF4 facets. a), The schematic shape 

of a β-NaYF4 nanocrystal chosen as the core for directional epitaxial growth in this work is illustrated. 

The hexagonal cylinder consists of the (001) facets at the ends and identical (100) and (110 ) facets around 

the cylinder sides. b), A unit cell of β-NaYF4 structure with detailed atomic arrangement and the lattice 

parameters; c), The relaxed atomic configurations of the most stable (001) and (100) facets. The Y3+ 

atoms form equilateral triangles with a length of 6 Å in the relaxed (001) surface, and rectangles are 
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observed in the (100) surface with a shorter length of 3.51 or 3.69 Å; The light green and pink balls 

represent surface Y3+ and F- atoms, respectively.   

 

 

Figure 2. The adsorption models of OAH and OA- ligands on the (001) surface with different initial 

configurations. Top-view configuration is shown as an inset. The shadowed area represents the fixed 

atomic layers. The colour of the atoms are: Na atoms: yellow, Y atoms: cyan, F atoms: white, C atoms: 

brown, O atoms: red and H atoms: light yellow. The light green and pink spheres represent the surface Y 

and F atoms, respectively. 
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Figure 3. The adsorption models of OAH and OA- ligands on the (100) surface with different initial 

configurations. Top-view configuration is shown as an inset. The shadowed area represents fixed atomic 

layers. The colour of the atoms are: Na atoms: yellow, Y atoms: cyan, F atoms: white, C atoms: brown, O 

atoms: red and H atoms: light yellow. The light green and pink spheres represent surface Y and F atoms, 

respectively. 
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Figure 4 Schematic description of the charge transfer between ligands and surfaces. The details of 

respective mechanisms are as follows. When the OA- ions approach the exposed Y3+ ions they bind to the 

Y-Y and Y-Na pairs on the (100) and (001) surfaces, respectively. The charge analysis calculated that the 

Y atoms located on the (100) surface have about 0.35 electrons/atom less saturated than the same atoms 

located on the (001) surface, although Y ions on both surfaces have the same 6-fold coordination. 

Therefore, the charge can be easily transferred from the (100) surface to OA- through a pair of Y-O bonds, 

giving rise to higher binding strength on that surface compared to (001). In the case of OAH molecule the 

binding mechanism is less straightforward since the OAH molecules bind to Y-F pairs at both (001) and 

(100) surfaces. However, our charge analysis reveals that the OAH molecules donate electrons to fluorine 

atoms located on the (001) surface, but not to the same atoms on the (100) surface. Moreover, adsorption 

of OAH onto the (001) surface induces a charge transfer from the surface Na atoms to F atoms, resulting 

in a self-saturation. These two separate modes of charge transfer enhance the stability of the capped 

system for the (001) orientation. On the other hand, when the OAH approaches the (100) surface, the 
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charge is transferred from the surface F/Y atoms to OAH. In this case, the stability of the capped system 

deteriorates because of the fact that the F atoms accept rather than donate electrons.  

 

 

6.2 Effect of coverage and steric carbon chain of ligand on binding energy 

The aforementioned proposed (001) and (100) adsorption models correspond to the ligand surface 

coverage of 0.8 and 0.58 ligand/nm2, respectively. In order to clarify the effect of the coverage on the 

binding energies, we minimized the slab models, giving rise to enhanced coverage of 1.6 and 1.15 

ligand/nm2 for (001) and (100) facets, respectively. Here the adsorption model of OA- on (001) with low 

and high coverage is shown in Fig. S5. According to the calculated binding energies (row two in Table 1), 

we found that the increased coverage that was applied in this example did not affect the binding trend of 

the original calculation, which was based on a low ligand coverage. 

To mimic the experimental situation, we also calculated the interaction between the slabs and the 

real oleic acid molecules containing 18 carbon atoms (Fig. 6). The corresponding binding energies (the 

last row of Table 1) indicate that the binding trend of the original calculation based on a simplified 

molecule model is still accurate when the real oleic acid molecules are taken into consideration. It should 

be noted that a decrease of the absolute values of the binding energy was observed, indicating that the 

long alkyl tail can weaken the interaction between molecules and the surfaces that were tested. 

In summary, the validity of our simplified computational model was confirmed since it displayed 

the same trend in binding strength observed in the three calculation sets. Since the binding energy of OA- 

is much higher than that of OAH in both of (001) and (100) planes, OA- has a lot stronger passivating 

effect at the crystal facets. For example, the binding energy of OA- at (100) planes is about 13.6 eV 

higher than its binding energy at the (001) planes. This suggests that OA- has a stronger bond at (100) 

planes (lateral faces of hexagonal nanocrystals) than at the (001) planes (top and bottom faces of 

hexagonal nanocrystals) In contrast, OAH has a higher binding energy at the (001) planes than that at the 

(100) planes, which suggests that OAH has a stronger bond at the (001) planes (top and bottom faces) 

than that at the (100) planes (lateral faces). Therefore, in the condition where there is a high ratio of OA-

/OAH, OA- will become the major surfactant that passivates the (100) planes (lateral faces) and promotes 

crystal growth along the [001] crystallographic direction. On the other hand, where there is a low ratio of 

OA-/OAH, OAH will become the major surfactant, which makes the top and bottom faces relatively more 

passive in comparison to the lateral faces. Therefore the growth direction of nanocrystals can be 

controlled from longitudinal to transverse by adjusting the ratio of OA- to OAH.  

Table 1. Binding energy of OA- and OAH to (001) and (100) planes 
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OA-+001 

(meV) 

OAH+001 

(meV) 

OA-

+100(meV) 

OAH+100 

(meV) 

Simplified model -30.05 -12.23 -37 -6.05 

Enhanced coverage -34.5 -24.5 -73.2 -10.6 

Real oleic acid  -21.8 -9.4 -35.4 -4.6 

 

 

Figure 5. The adsorption model of OA- ligands on the (001) surface with different ligand coverage. The 

color of the atoms are: Na atoms: yellow, Y atoms: cyan, F atoms: white, C atoms: brown, O atoms: red 

and H atoms: pink. 
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Figure 6. The adsorption model of real OA- ligands (18 C atoms) on the (100) surface. The colour of the 

atoms are: Na atoms: yellow, Y atoms: cyan, F atoms: white, C atoms: brown, O atoms: red and H atoms: 

pink. 
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