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ABSTRACT 

 

Inorganic nanoparticles and nanostructured materials have caused rising interest 

over the past decades because their unique properties, such as quantum confinement of 

electrons and holes, surface effects, and geometrical confinement of phonons, are totally 

different from those bulk materials. It is well known that these nanoparticles are 

intermediate between molecular and bulk materials, leading to size- and morphology- 

dependent properties and potential applications including electrical, optical, magnetic and 

catalytic fields. So one can design the size and morphology of inorganic nanoparticles 

and tailor these properties according to the requirements of the devices, which have 

important value for the practical applications. Therefore, size- and shape-controlled 

inorganic nanoparticles are extremely desired and the detailed growth mechanism, such 

as the oriented attachment and the classical crystal growth are necessary to explore.  

In chapter II, the author provides a simple and practical method for the 

preparation of folic acid (FA)-chitosan functionalized gold nanoparticles (AuNPs) with a 

very small size (1–6 nm).  UV–vis spectroscopy and transmission electron microscopy 

(TEM) are used to characterize the size distribution dependent on the mass fraction of 

ligand to Au.  

In chapter III, Chain-like chitosan modified sodium gadolinium fluoride 

(NaGdF4) nanocrystals are successfully synthesized through a template-free and catalyst-

free method in a hydrothermal condition, in which the reaction parameters, such as the 

mass ratio of [Gd
3+

]/ [Chitosan], temperature and reaction time, played important roles. 

Also, the author investigates that individual NaGdF4 nanoparticles grow into a chain-like 

structure along the (110) direction through oriented attachment. It’s worthwhile to note 

that the chain-like chitosan modified NaGdF4 nanocrystal possesses high quality water-

soluble property and the one doped with Eu
3+

 demonstrates the outstanding luminescent 

properties. 

In chapter IV, morphology-controlled BaWO4 is successfully prepared in an 

ethanol-water system, including flower-like, dipyramid-like and shuttle-like structures, 

etc.  The author details the formation mechanisms of BaWO4 by using SEM to examine 



Texas Tech University, Lili Liu, Dec. 2016 

vii 

 

morphologies over a wide range of conditions and time-points and in- situ AFM to 

investigate the generation and propagation of growth sources on BaWO4 crystal surfaces. 

These results demonstrate that complex BaWO4 morphologies occur through purely 

classical growth mechanisms influenced by ethanol as a modifier for island birth and step 

propagation.  

In chapter V, ZnO dimer and rod-like structure are successfully synthesized by 

the oriented attachment mechanism and characterized using ex-situ TEM technique. In 

order to have a better understanding of the formation mechanism, liquid cell in-situ TEM 

is used to study the crystal nucleation and growth process, which illustrates that ZnO 

worm-like structure is formed by the oriented attachment mechanism. The new technique 

provides the direct evidence for ZnO nanocrystal growth in solution and is expected to 

substantially advance our understanding of nanocrystal growth mechanism.   
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CHAPTER 1  

INTRODUCTION 

 

1.1 Metal nanomaterials  

Metal nanostructures have attracted considerable attention both fundamentally 

and technologically because of their unique physical and chemical properties and 

functionalities compared to their bulk counterparts.
1-5

 On the nanoscale, some metals, 

e.g., silver and gold, exhibit fascinating optical properties based on their strong 

absorption in the visible region of the spectrum as a result of the collective oscillation of 

conduction band electrons, known as the surface plasma.
2
 So these kinds of particles can 

produce their respective rich colors, like yellowish for silver and burgundy for gold 

spherical particles. Similarly, with their semiconductor cousins, the intrinsic properties of 

metal nanostructures can be tailored by controlling their size, shape, composition, 

crystallinity and structures. So this section mainly focuses on the shapes, properties and 

even corresponding applications.  

1.1.1 Fabrication of metal nanomaterials 

1.1.1.1 Template synthesis 

One of the characteristics of template synthesis is that there is no confined 

requirement of types of materials that can be prepared.
6-13 

For example, small diameter 

nanotubes and nanofibril morphologies composed of conductive polymers,
6, 7 

metals,
8-10 

semiconductors,
11, 12 

carbon
13 

and other materials have been prepared by this method. 

Also, during the nanoparticle growth, templates provide a constrained environment and 

thus shapes are successfully controlled. Currently, nanoporous membranes, such as 

porous alumina 
14 

and polycarbonate membranes
15 

have been utilized mostly in the 

template synthesis. Of course, other templates including carbon nanotubes, 
16, 17 

and 

micelles 
18, 19

 have been reported, too. However, Soft templates such as micelles may not 

be stable under the experimental conditions, and thus the template may not function.  

Within the alumina and polymeric template membranes, there are mainly five 

representative chemical strategies to conduct template synthesis, including 
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Electrochemical deposition, Electroless deposition, Chemical polymerization, Sol-gel 

deposition, and Chemical polymerization. Electrochemical and electroless deposition are 

mainly summarized as following: 

(1) Electrochemical deposition 

Simply, Electrochemical deposition is coating one face of the membrane with a 

metal film via either iron sputtering or thermal evaporation and using this metal film as a 

cathode for electroplating. 
9, 20, 21

 Many metal nanowires including silver 
22

, copper, 
23, 24 

platinum,
19, 25

 and nickel 
26

 have been prepared in both polycarbonate and alumina 

templates using this way. Nanoporous gold nanowires were fabricated by two-step 

process in which binary alloy is firstly electrochemically deposited into a nanoporous 

template and then the solid nanowires are removed from the template, meanwhile, one 

component is chemically etched from the alloy. 
27

 The pore structure and surface area are 

dependent on the concentration of the etched component. Also, the length of gold 

nanowires can be controlled by changing the amount of metal deposited. For example, 

short wires can be obtained by depositing a small amount of metal; alternatively, long 

needle-like wires can be prepared by depositing large quantities of metal.           

(2) Electroless deposition   

The key feature of the electroless deposition process is that metal deposition in 

the pores starts at the pore wall. In this method, chemical reducing agent is used to plate a 

metal from solution onto a surface. Electroless deposition differs from electrochemical 

deposition method in two ways. The surface to be coated need not be electronically 

conductive, 
28 

which is the first divergence from electrochemical deposition. Also, in 

electroless deposition, short deposition times lead to the formation of a hollow metal 

tubule within each pore while long deposition times result in solid metal nanowires.
8 

Unlike the electrochemical deposition method where the length of the metal nanowire can 

be controlled at will, electroless deposition yields structures that run the complete 

thickness of the template membrane.  
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1.1.1.2 Wet chemical methods (sodium citrate, NaBH4, EDTA) 

(1) Sodium citrate reduction  

The citrate reduction of HAuCl4 is the most popular colloidal synthesis model 

system, which includes only three starting materials, auric acid, sodium citrate and water, 

as reported by Turkevich et al in 1951.
29 

Frens suggested controlled gold nanocrystals 

synthesis of prechosen size (between 16 and 147 nm) by the citrate reduction could be 

realized based on simply adjusting the ratio between the reducing/stabilizing agents (the 

trisodium citrate to gold ratio).
30 

When a rather loose shell of ligands is required around 

the gold core, citrate reduction is still very often applied even now in order to prepare a 

precursor to valuable AuNPs-based materials. For example, sodium 3-

mercaptopropionate-stabilized AuNPs was reported in which simultaneous addition of 

citrate salt and an amphiphile surfactant was adopted, and the size could be controlled by 

varying the stabilizer to gold ratio, as illustrated in Fig.1.1.
31

 

 

 

Fig. 1.1. Preparation procedure of anionic mercaptoligand-stabilized AuNPs in water.
31
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Also, Xiaogang Peng studied the effect of citrate reduction in boing water on the 

growth kinetics and temporal size/shape evolution of gold nanocrystals. The experimental 

results identified the nucleation-growth route mechanism is dependent on the pH range, 

which is adjusted by the concentrations of the two reactants, HAuCl4 and Na3Ct.
32

 

Gold nanocrystals were grown through a fast nucleation process followed by a 

diffusion controlled growth. Sodium citrate acts as both a nucleating agent and a growth 

agent. Nucleation is defined as the process in which a discontinuous particle of a new 

phase forms in a previously single-phase system as a homogeneous solution. And growth 

is described as a process in which additional material deposits on this particle causing it 

to increase in size. It has been shown that these two processes are indeed separable.  

This synthesis reaction was summarized as given below : 
33

 

2HAuCl4 + 3C6H8O7 (citric acid) →2Au + 3C5H6O5 (3-ketoglutaric acid) + 8HCl+3CO2 

 (2) EDTA method 

EDTA-ethylenediaminetetraacetic acid is one of the most commonly used 

multidentate chelating ligands. 
34, 35

 It has been widely used in numerous industrial 

processes because of its strong complexation with gold ion, such as metal ions extraction, 

chelation therapy and many others.
36, 37

 So far, a series of novel shaped gold nanocrystals 

based on EDTA oxidation has been reported as well as many parameters such as EDTA 

concentration, pH, reduction time, temperature were studied a lot.
38-40

 Following the 

same method, Ali Abou-Hassan et al. studied the synthesis of gold nanoparticles via 

EDTA oxidation and the detailed mechanism of oxidation of EDTA by Au(III)  has been 

verified.
41 

The suggested reaction scheme for EDTA oxidation by Au(III) is as following: 

41 
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EDTA: ethylene diamine tetraacetic acid; ED3A: ethylene diamine triacetic acid; S-

EDDA: ethylene diamine diacetic acid; A: 2-[4-(carboxymethyl)-3-oxopiperazin-1-yl] 

acetic acid; EDA: ethylenediamine; G: glyoxal; F: formol hydrate. 

 

(3) NaBH4 reduction  

In nanotechnology research field, the synthesis of small, monodisperse 

nanoparticles is more and more a major challenge. Smaller particles experience the 

increased driving forces to aggregate to diminish surface energy, so a protective coating, 

or “capping”, is necessary during synthesis to keep them in a finely dispersed state. Au
3+

 

is reduced by a reducing reagent, they nucleate to form nanoparticles while in the 

presence of protective ligands. In order to allow the surface reaction to take place during 

gold nucleation and growth, the particles were grown in a two-phase system.  
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Brust-Schifftin method is the typical example of NaBH4 reduction process of gold 

particle formation, which opened an avenue to the synthesis of AuNPs stabilized by a 

variety of thiol-containing compounds ligands.
42, 43

 In this method, the particles were 

grown in two-phase system to allow the surface reaction to take place during gold 

nucleation and growth in the presence of protective ligands.  Simply, after the thiol ends 

of the molecules are conjugated onto the Au particle surface, the chemical groups at the 

other end (-COOH and –NH2) can be made to react with the functional molecules.  For 

example, AuCl4 
-
 was firstly transferred from aqueous solution to toluene using phase-

transfer reagent like tetraoctyla mmonium bromide and then reduced with aqueous 

sodium borohydride in the presence of dodecanethiol (C12H25SH).
42a

 The organic phase 

changes color from orange to deep brown with a few seconds immediately on addition of 

the reducing agent. The overall reaction is summarized by eqns. (1) and (2), where the 

source of electrons is BH4
-
.  

AuCl4
-
 (aq) + Br

-
N

+
(C8H17)4+(C6H5Me)→ 

                                                              Br
-
N

+ 
(C8H17)4+ AuCl4

-
(C6H5Me)     (1)                                 

mAuCl4
-
(C6H5Me) + nC12H25SH (C6H5Me) + 3me

-
→ 

                                                  4mCl
-
(aq)+ (Aum)(C12H25SH)n(C6H5Me)       (2)                      

Besides thiol-containing compounds molecules, various dendrimer molecules also 

have been used to stabilize gold nanoparticles. The dendritic network effectively 

stabilized the nanoparticles which is proposed by Crooks and co-workers, as shown in 

Fig. 1.2.
44 

The dendrimer arms could act as structurally and chemically well-defined 

templates and robust stabilization, which prevent nanoparticle aggregation effectively;
45 

In addition, encapsulated nanoparticle surfaces are accessible to substrates to participate 

in various catalytic reactions.
46

 Moreover, the dendrimer periphery provides immense 

flexibility for further conjugation with functional molecules to diversify the surface 

functionality and in turn broaden the application of AuNPs. For example, Xiangyang Shi 

et al. reported amine-terminated generation 5 poly (amidoamine) dendrimes (G5.NH2) 

modified with Gd(III) chelator, polyethylene glycol(PEG) monomethyl ether,
47 

and 

PEGylated FA could be used as templates to entrap gold nanoparticles. And the prepared 

multifunctional nanoparticles could be used as targeted CT/MR imaging of cancer cells in 
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vitro and xenograft tumor model in vivo via FA-receptor mediated active targeting 

pathway.  

         

Fig. 1.2. Cartoon depicting the synthesis of various metal nanoparticles using dendrimers 

as capping ligands.
44

 

1.1.2 Properties of gold nanomaterials 

Nobel metal nanoparticles distinguish themselves from other nanoplatforms such 

as semiconductor quantum dots, magnetic and polymeric nanoparticles by surface plasma 

resonance. Surface plasma resonance is the peculiar property of gold nanoparticles. When 

a metal particle is irradiated under light, the oscillating electromagnetic field of the light 

induces a collective coherent oscillation of the free electrons of the metal. The electron 

oscillation around the particle surface causes a charge separation with respect to the ionic 

lattice, forming a dipole oscillation along the direction of the electric field of the light. 

When the incident light frequency matches the intrinsic oscillation frequency, light will 

be absorbed, resulting the well-known surface plasmon resonance (SPR), as shown in 

Fig.1.3.
48 

Since the SPR induces a strong absorption of the incident light, so it can be 

measured using a UV-Vis absorption spectrometer. The SPR band intensity and 

wavelength depends on the factors affecting the electron charge density on the particle 

surface such as the metal type, particle size, shape, structure, composition and the 

dielectric constant of the surrounding medium, as theoretically described by Mie theory.
49 

Compared to the other metals, the SPR band of noble metal (Au and Ag) is much 

stronger. 
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Fig. 1.3. Schematic illustration of surface plasmon resonance in plasmonic nanoparticles 

48 

1.1.3 Application of metal nanomaterials  

1.1.3.1 Biology  

Metal nanoparticles have extensive applications in the fields of biosensors, 

disease diagnosis, and gene expression. The conjugation of AuNPs-oligonucleotides has 

raised lots of attention based on the detection of precise DNA sequences, which is 

pioneered by the two groups of Chad A. Mirkin 
51-54

 and Paul Alivisatos.
55 

Chad A. Mirkin’s group controlled the protein expression in cell using 

oligonucleotide modified gold nanoparticles which has higher affinity ability than the 

pure oligonucleotide. And the gene knockdown was evaluated based on the density of 

DNA bound to the surface of gold nanoparticles.
53 

Paul Alivisatos used DNA as a 

template to produce nanocrystal molecules consisting of two or three 1.4 nm-diameter 

particles on a single oligonucleotide strand.
55 

Besides, DNA was used as a linker to 

prepare macroscopic assemblies composed of discrete 13-nm-diameter particles, which 

retained its ability to hydridize with complementary DNA.  

1.1.3.2 Catalysis  

Gold, a chemically inert element, is very popular for being stable and resistant to 

oxidation. In the 1970s, the investigation of the activity of gold in oxygen /hydrogen 

transfer reactions and the reduction of NO by dihydrogen has been reported at earliest.
56

 

Recently it has been suggested that AuNPs deposited onto Fe2O3, Co2O3 and TiO2 have 

the high catalytic activity in terms of CO oxidation.
57

 Furthermore, the electrochemical 

redox catalysis of CO 
58 

and CH3OH 
59

oxidation and O2 reduction has also been reported 
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using alkanethiolate-AuNPs, all which leads to the production of CO2, the detailed 

mechanism is as following: 

CO+2OH
-
 -2e

-
→H2O+CO2 (CO3

2-
 in alkaline) 

CH3OH+6OH
-
 -6e

-
→5H2O+CO2 (CO3

2-
 in alkaline) 

Meanwhile, the functional thiolate-stabilized AuNPs were also investigated as 

catalysts. N-imidazole-functionalized thiolate-AuNPs were studied as catalysts, in a 

mixture of methanol-water solution based on the excellent catalysts of imidazoles in 

many hydrolytic systems.
60

 So the catalysis with AuNPs is becoming an expanding area 

and a large number of new catalytic systems for various reactions are now being 

explored. 

1.2 Rare earth inorganic compound  

1.2.1 Introduction of rare earth element  

Rare earth elements (REEs), lanthanum to lutetium (atomic numbers 57-71),  

are a group of 15 chemical elements in the periodic table.
61 

Two other elements, 

scandium and yttrium, with a similar physiochemistry to the lanthanides, are commonly 

found in the same mineral assemblages, so both of them are also often referred to as 

REEs. The Fig.1.4 shows the division between light REEs (LREEs) and heavy REEs 

(HREEs).  

The rare earth elements Ln
3+

 have special 4fn5d0-1 inner shell configurations that 

are well-shielded by outer shells and have abundant and unique energy level structures. 

They can exhibit wide emission wavelengths from deep ultraviolet to midinfrared via 

intra-4f or 4f-5d transitions.
62 

Because of their narrow bandwidth, long-term emission and 

anti-stokes emissions, they could be used in lasers, solar cells, analytical sensors, optical 

imaging, photodynamic therapy, etc..
63, 64

 However, the low luminescence efficiency is 

always one of the main limiting factors. So it’s necessary to choose an appropriate host 

material with lower phonon energy in order that the highest upconversion luminescence 

efficiency is realized. To date, the host material, like fluoride, chloride and bromide have 

been shown to enhance the upconversion luminescence intensity. 
65 

But most chloride and 

bromides are sensitive to moisture, and thus are not suitable for labeling biomolecules.
66
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So RE fluorides, typically REF3 and AREF4 (A=alkali), have been considered as an 

excellent host material due to their high refractive index and high transparency arising 

from low-energy phonon.
62, 67 

Rare earth ions, typically trivalent, doped nanocrystals are 

attracting more and more interest based on their strong absorption capacity, high 

conversion efficiency, narrow emission band widths, long luminescence lifetime, 

biocompatibility, nontoxicity as well as the potential applications in diverse fields such as 

lasers,
68

 solar cells,
69 

analytical sensors,
70

 optical imaging,
71

 photodynamic therapy,
72 

and 

so on.  

 

Fig. 1.4.  Periodic table of the elements showing the division between LREE and HREE 

1.2.2 Fabrication of rare earth inorganic compound  

1.2.2.1 Thermal decomposition 

Thermal decomposition involves dissolving organic precursors in high-boiling 

organic solvents in the presence of surfactants, and decomposing those precursors at 

elevated temperature.
73-75 

The used organic precursors here are usually rare earth organic 

acid salts, like acetonacetate, oleate acetate, trifluoroacetate and so on. And the 

surfactants mainly contain polar capping groups as well as long hydrocarbon chains such 

as oleic acid (OA) and oleylamine (OM). However, the produced nanocrystals stabilized 
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by surfactants (OA and OM) are only dispersible in nonpolar solvents (hexane, toluene) 

or weak polar solvents (chloroform). So it’s necessary to conduct surface modification to 

make it hydrophilic and biocompatible. 

       At present, rare earth fluoride nanocrystals with controlled size and shape 

have been realized in non-aqueous media via a thermal decomposition process, by which 

controlling the critical parameters, like the ratios of the starting reagents, surfactant, and 

solvent as well as the reaction temperature and time.
76,77

 For example, by controlling the 

ratio of Na/RE, solvent composition, reaction temperature and time, Yan et al. 

synthesized NaREF4 nanocrystals with multiform crystal phases and morphologies.
78

 

Similarly, other rare earth fluorides such as AREF4 (A=K, Li), KRE3F10 and BaREF5 can 

also be synthesized.
79

 Chen et al. optimized conditions to prepare NaREF4 (RE=Y, Gd) 

nanocrystals by using inexpensive NaF/RE(oleate)3 as the precursors in OA/ODE, 

without additional capping-reagents or surfactants.
80

 

Although the thermal decomposition method could control synthesis of high 

quality rare earth fluorides, it exhibits some downsides, including rigorous experiment 

conditions (300°C, waterless, oxygen-free and inert gas protection), complicated post-

treatment process, high–cost and highly toxic precursors and difficult to achieve one-pot 

synthesis.  

1.2.2.2 Hydrothermal reaction 

Hydrothermal method is a typical solution-based approach and crystallization 

process of the dissolved material/precursor ions from high temperature aqueous solutions 

at high vapor pressures above its critical point. 
81

 The commonly used organic additives 

for the fabrication of rare earth fluorides include oleic acid, ethylenediamine tetraacetic 

acid (EDTA),
82 

Cetyltrimethylammonium bromide (CTAB),
83 

and trisodium citrate 

(TSC).
84 

This method has many advantages, such as relatively low temperature (≤250°C), 

easily controlled reaction conditions, low cost and high yields.  

Jun Lin group developed a template-free, environmentally friendly hydrothermal 

technique to synthesize the rare earth fluoride nano- and microcrystals. Uniform sizes and 

well-defined morphologies are successfully realized by controlling fluoride sources and 

pH values in initial solution.
62 

Tm
3+

 and Yb
3+

 ions co-doped NaYF4 nanocrystals were 
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obtained through one step hydrothermal method by Weiping Qin et al, in which citric 

acid was used as the organic additive. The spherical morphology was controlled via 

changing the surfactant amount, hydrothermal time and hydrothermal temperature. 
85 

So 

hydrothermal method will be still an important approach to prepare inorganic materials in 

the near future.  

1.2.3 Biological application of rare earth nanomaterials 

1.2.3.1 Biological labeling  

Rare earth nanoparticles have been widely used for DNA detection, including the 

use of DNA-sensitive nanoparticles and the use of nanoparticles as labels of DNA 

fragments. Take an example. The Eu: Gd2O3 nanoparticles are more resistant to photo 

bleaching and of more intense fluorescence based on large stokes shifts, narrow emission 

bandwidths, inherent photostability and a long fluorescence  lifetime, so they can be 

successfully used for quantifying DNA in a high-throughput microarray format, as shown 

in Fig.1.5. Therefore, functionalized Eu:Gd2O3 nanoparticles with biotin labeling have 

been used for biotinylation of target DNA.
86 

On the basis of the above progress, a non-

PCR based DNA microarray assay was also developed for quantifying bacteria capable of 

biodegrading methyl tert-butyl ether in the rapid and sensitive way.
87
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Fig. 1.5. Schematic illustration of the preparation of biofunctional Eu:Gd2O3 

nanoparticles: (a) encapsulation with poly(L-lysine) hydrobromide (PL), (b) 

quantification of amino groups by coupling to fluorescein isothiocyanate (FITC); 

fluorescein (F), (c) covalent coupling to oxidized antibody (IgG), and (d) quantification 

of antibody binding sites by fluorescein-labeled antigen. 

1.2.3.2 Multimodal bioimaging  

Fluorescence imaging is a very important technique for biological studies and 

clinical application. Especially multimodal bioimaging is a new frontier for more 

accurate imaging and diagnosis in biology and medicine, which combines optical, 

nuclear, ultrasound, and magnetic resonance imaging (MRI).
88

 Recent research shows 

that Gd
3+

-based rare earth fluoride upconversion nanoparticles exhibit multimodal 

features, because the rare earth ions such as Yb
3+

, Er
3+

 ions doped in the fluoride rigid 

matrices have upconversion luminescence property, and Gd
3+

 as a paramagnetic 

relaxation agent can introduce MRI modality. For example, Hyeon et al. 
89 

reported that 

highly uniform and monodisperse NaGdF4: Yb
3+

,Er
3+

/NaGdF4 core-shell UCNPs with 

different sizes can be used as a new type of multimodal imaging probe , which works for 



Texas Tech University, Lili Liu, Dec. 2016 

14 

 

both simultaneous imaging and MRI. Specifically, facile cellular uptake of water-

dispersible UCNPs was visualized by background-free optical imaging of cancer cells 

under near infrared (980 nm) excitation, and positive contrast enhancement by Gd
3+

 was 

verified in T1-weighted MR images. Very recently, Li et al.
90 

studied in vivo imaging and 

the bio-distribution of the beta-NaGdF4:Yb
3+

, Er
3+

, Tm
3+

, which work for dual-modality 

functions of near-infrared to near-infrared (NIR-NIR) upconversion luminescence and 

MRI.  Therefore, these Gd
3+

-based non-toxic nanoprobes can be considered as ideal 

candidates for diagnostic probes and clinical application due to the combined presence of 

efficient optical and MR imaging probes, along with the facility of site-specific delivery.  

1.2.3.3 Drug delivery  

Drug delivery system is one of the most promising applications for human health 

care and biomedical material science. It can enhance drug efficiency and reduce toxicity 

in a tailor release manner by which deliver precise quantities of therapeutic drugs to the 

targeted cells or tissues. To date, many model drugs, including pharmaceutical drugs, 

proteins, and imaging dyes have been studied for adsorption and release in drug delivery 

systems. Pharmaceutical drugs have been used in both SDDSs and CDDSs to study the 

drug release efficiency. Dye is another widely used model drug owing to the 

characteristic and monitored fluorescent properties, especially in CDDSs.   

Since hollow/mesoporous structured nanomaterials have high surface and cavity 

volumes, they can be used as ideal carriers for drug delivery, gene therapy and 

photodynamic therapy. So upconversion nanoparticles with hollow or mesoporous 

structure are increasing their attraction, which perform drug delivery, fluorescent 

bioimaging and targeted diagnosis simultaneously. Among these upconversion materials, 

rare-earth based fluorides have attracted considerable attention based on their peculiar 

optical and electrical properties resulting from the 4f electrons. Therefore, it’s necessary 

to design a single nanocarrier that simultaneous possesses hollow/mesoporous structure 

and upconversion luminescent property.  For example, the multifunctional 

Fe3O4@nSiO2@mSiO2@NaYF4: Yb
3+

, Er
3+ 

with mesoporous, magnetic and up-

conversion luminescence show high magnetization and unique green up-conversion 

emission under 980 nm laser excitation even after loading drug molecules 

ibuprofen(IBU). 
91 

Drug release tests suggest that the multifunctional nanocomposites 
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have a controlled drug release property. Interestingly, the up-conversion emission 

intensity of the multifunctional carrier increases with the released amount of a model 

drug, 
89  

thus making the release process possible to be monitored and tracked by the 

change in photoluminescence intensity. This composite can act as a multifunctional drug 

carrier system, which can realize the targeting and monitoring of drugs simultaneously. 

Besides, Yb
3+

, Er
3+ 

doped NaYF4 hollow and mesoporous  nanospheres (HMNPs) 

with uniform hollow mesoporous interior structure are prepared by a template assisted 

hydrothermal method, in which PEI ligands coated on the surface of precursors played an 

important role in the formation of hollow mesoporous structure.  The procedure for the 

formation of mesoporous NaYF4-PEI-FA HMNPs is presented in Scheme 1.1.
92

Also, the 

study shows that DOX loaded NaYF4-PEI-FA HMNPs exhibited greater cytotoxicity 

compared to free DOX and DOX loaded NaYF4-PEI, considering that the folate-

conjugated HMNPs can be specifically taken up by Hela cells via a receptor-mediate 

endocytosis. Moreover, in vitro UC luminescence image of NaYF4-PEI-FA HMNPs 

showed brighter green emission, which can be potentially used for  targeted anti-cancer 

drug delivery and cell imaging.    
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Scheme 1.1. Schematic illustration for the synthesis of NaYF4-PEG-FA composite 

HMNPs.
92 

 

1.3 Alkaline earth inorganic compound 

1.3.1 Introduction of alkaline earth tungstate compounds  

Metal tungstates (AWO4, A=Ca
2+

, Sr
2+

, Ba
2+

, et al.) tetragonal scheelite type 

crystals as important inorganic materials have been extensively studied during the past 

century because of their remarkable properties including catalysis, photoluminescence, 

scintillator materials, and humidity sensors.
93-96 

AWO4 type of compounds could be 

crystallized in either the scheelite or the wolframite structure, which depends on the size 

of the cation, if A
2+

 has a small ionic radius, <0.77Å, it will form the monoclinic 

wolframite structure, while larger A
2+

 cations >0.77 Å could lead to the formation of the 

tetragonal scheelite structure.
97,98 

Owing to the annihilation of self-trapped excitations in 

the excited WO4
2-

 and WO6
6- 

complex ions of scheelite and wolframite crystals, the 

intrinsic luminescence of tungstate crystals appear.
99
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 Among them, barium tungstate (BaWO4) is the heaviest member of the family of 

the alkaline earth tungstates.
100

As a good host, BaWO4 allows the introduction of 

different Ln
3+

 ions to produce phosphors emitting a variety of colors, which can be used 

as matrices for laser active elements with nonlinear self-conversion of radiation to a new 

spectral range.
101 

In other words, for the Ln
3+

-doped BaWO4 crystals, the tungstate emits 

blue-green light itself under ultraviolet excitation, at the same time, the BaWO4 transfers 

energy to the Ln
3+

 ions to generate emissions of different colors. So some Ln
3+

-doped 

BaWO4 have become potential white-light phosphors.
101, 102-105 

Moreover, BaWO4 crystal 

is an efficient solid-state material for stimulated Raman scattering, which could be used 

for designing all-solid-state lasers emitting radiation in specified spectral regions.
106

 

1.3.2 Morphological control methods of Barium tungstate   

As we know, the properties and applications of nanomaterials depend not only on 

their composition, but also on their structure, shape and size distribution.
107, 108

 Size and 

Shape influences the physical properties such as the boiling point, physical state and 

hardness.  Also, they affect the chemical properties, like the rate of reaction, site within a 

molecule where reaction might occur, and type of catalyst or enzyme which might be 

operative with reaction.
108

 

Until now, different morphological BaWO4 such as nanowires, 
109 

spheres, 

110
penniform BaWO4 nanostructures 

111
, cylinders, 

112 
whiskers and flower-like 

113 

structures have been prepared. Thus, morphology-controlled synthesis of nanomaterials 

with well-defined shapes is an important goal in the field of modern nanomaterials.  

Recently, many studies have reported on the preparation and characterization of 

metal tungstates using various preparation methods like solid-state reaction, 
114, 115 

hydrothermal-method, 
116-118

 Czochralski, 
119-121

 high temperature flux crystallization, 
122 

polymeric precursor chemical route, 
123 

microwave-assisted synthesis, 
124 

and micro 

emulsions-based routes. 
112

ABO4 powders (A=Ca, Sr, Pb, Ba; B=Mo, W) have been 

successfully prepared by a traditional solid state reaction. For example, Sung Hun et al. 

have synthesized the metal tungstate compounds using solid state reactions and 

investigated the dielectric properties of AWO4.
125 

Taketoshi et al also prepared a new 
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dense form of BaWO4 and studied the phase boundary between the normal pressure form 

(BaWO4-I, scheelite structure) and BaWO4-II.
126

 

The Czochralski process usually obtains single crystals of semiconducors by 

crystal growth method, like metals (palladium, platinum, silver, gold), salts and many 

oxide crystals. The process is named after polish scientist Jan Czochralski, who invented 

the method in 1916 while investigating the crystallization rates of metals.  

Nominally pure and Nd
3+

 -doped BaWO4 single crystals were prepared by Ivleva 

121
, and the growth technology of large optically homogeneous single crystals based on 

the Czochralski technique with automatic diameter control system was developed. 

Similarly, Donggang et al reported BaWO4 scheelite crystals prepared by Czochralski 

technique possess large anisotropic thermal expansion. The excellent thermal expansion 

and thermal conductivity of BaWO4 crystal are all anisotropic.
127

 

Hydrothermal synthesis is a method of synthesis of single crystals that depends on 

the solubility of minerals in hot water under high pressure. Under hydrothermal 

condition, Fan et al presented the first example of crystallization of BaWO4 in the 

presence of an anionic starburst dendrimer, and studied the effect of the generation 

number and the concentration of the PAMAM dendrimers with carboxylate groups at the 

external surfaces on the crystallization of BaWO4.
128

Also, Lei et al developed a facile 

surfactant-free hydrothermal synthetic approach to prepare the dumbbell-like BaWO4 

microstructures, long reaction time and high reaction temperature help to obtain 

dumbbell-like structure with good dispersion .
116
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CHAPTER 2  

SIZE CONTROL IN THE SYNTHESIS OF 1–6 NM GOLD 

NANOPARTICLES USING FOLIC ACID-CHITOSAN CONJUGATE 

AS A STABILIZER 

 

Abstract 

We report a simple and practical method for the preparation of folic acid (FA)-

chitosan functionalized gold nanoparticles (AuNPs) with a very small size (1–6 nm). 

Sodium borohydride was used as a reducing agent. The size of the AuNPs was controlled 

by adjusting the mass fraction of FA-chitosan conjugate to Au. The AuNPs were 

characterized using UV–vis spectroscopy and transmission electron microscopy (TEM). 

The results indicated that the size distribution of AuNPs decreased ranging from 6 nm to 

1 nm with increasing the fraction of FA-chitosan conjugate in the reaction systems. 
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2.1. Introduction 

In recent years, gold nanoparticles (AuNPs) have been extensively studied due to 

their favorable colloid stability, 
1 

good biocompatibility 
2 

and tunable surface 

modification chemistry.
3  

Particularly, 1~6 nm AuNPs are of great interest because they 

represent a bridge between the bulk and molecular regimes.
 4, 5

 Furthermore, AuNPs of 

small size have shown better catalytic properties than larger sized ones and possess 

special optical and electrochemical properties.
6–8 

Recent advances in nano-medical 

application have also shown that 2~6 nm AuNPs could be used as contrast agents for 

blood pool or tumor computed tomography (CT) imaging. The high atomic number and 

electron density make AuNPs ideal contrast agents to improve CT imaging sensitivity, 

and the tunable surface modification chemistry allows AuNPs with different functional 

biological ligands for high quality in vivo imaging. Therefore, there is a continuous 

interest in developing simple and practical methods to size controlled synthesis of 1~6 

nm AuNPs with special functional ligands. 

The preparation of AuNPs with controlled size (1~6 nm) is extremely desirable 

based on their strong size dependents surface plasma resonance (SPR) propertiesand 

ability to bind a large number of organic and biological molecules.
9–11 

To date, various 

methods have been applied to control the size of 1~6 nm AuNPs.
4, 5 

For example, 1~4 nm 

AuNPs were selectively synthesized using polymeric stabilizer and the particle size 

distribution could be adjusted by tuning the ratios of Au to the capping ligand.
5 

1~6 nm 

AuNPs were prepared via controlling solvent nucleation, the fraction of CHCl3 affected 

the formation of small particles.
4 

The small size AuNPs were also obtained by controlling 

the concentration of gold solution that is used for the silicalite-1 impregnation and the 

subsequent dissolution–recrystallization process.
12

Among these developed methods, 

using polymeric stabilizer is one of the most popular methods to produce 1~6 nm AuNPs. 

Currently, a series of polymeric stabilizers such as poly (amidoamine) dendrimers, 
[13]

 

polystyrene, 
14, 15 

poly (ethylene oxide) 
16, 17

 and poly (methyl methacrylic acid) 
18, 19

 have 

been used to prepare size controlled AuNPs. 

Chitosan, which is a nontoxic, biocompatible, biodegradable polymer of β-D-

glucosamine as well as a natural polysaccharide, can be used as an ideal materialin the 

biomedical and biotechnological fields.
20–22 

Chitosan has been used as a polymeric 
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stabilizer to synthesize zerovalent AuNPs.
23, 24 

For example, Huang et al have reported a 

method to prepare chitosan functionalized AuNPs by reducing gold salt with chitosan in 

the presence of polyanion (TPP).
22 

They have also shown that the AuNPs with different 

concentrations of chitosan could be applied for transmucosal delivery of insulin due to 

the good biocompatible of chitosan.
23 

However, the particle size of prepared chitosan 

functionalized AuNPs was larger than 10 nm, which limit their applications in some 

areas, such as CT imaging. Herein, we report a method for size-controlled synthesis of 

1~6 nm AuNPs functionalized with folic acid (FA)-chitosan conjugate as polymeric 

stabilizer and using sodium borohydride as a reducing agent. The particle size 

distributions of prepared AuNPs can be controlled by adjusting the ratios of gold to FA-

chitosan conjugate. FA is appealing as a ligand for targeting cell membrane and 

enhancing nanoparticles endocytosis depending on the folate receptors, Even when 

conjugated with a wide variety of molecules.
13, 25, 26 

FA-modified dendrimer entrapped 

gold nanoparticles had been used for targeted CT imaging of a tumor model 

overexpressed FA receptors. The results indicated that the CT values of the tumor were 

greater than those of a non-targeted group at the same condition, which showed AuNPs 

with FA have great potential for targeted CT imaging of tumors.
2, 27 

Therefore, the FA-

chitosan functionalized AuNPs can be extensively applied in target CT imaging, and even 

target bioimaging and drug delivery fields. 

2.2 Experimental section 

2.2.1 Materials and methods 

Chitosan, Folic acid (⩾97%), tetrachloroauratetrihydrate (HAuCl4·3H2O), sodium 

borohydride (NaBH4), N-hydroxysuccinimide (NHS), deuterium oxide (99%), acetic 

acid-d4 (99.5%), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimidehydrochloride 

(EDC), 1-undecanethiol (98%), methanol, acetone, NaOH, DMSO, HCl were bought 

from Sigma Aldrich. Water was purified using a Millipore Milli-Q system. 

2.2.2 Synthesis of FA-chitosan conjugates 

FA-chitiosan conjugates were synthesized according to the literature.
28, 29 

Briefly, 

Folic acid (220 mg) was dissolved in anhydrous DMSO (20 mL) and stirred at room 

temperature for 1.5 h. NHS (58 mg) solution in DMSO (2 mL) was drop-wise added into 
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the above solution and stirred at room temperature for another 1.5 h. Then the mixture 

was added slowly to well dissolved chitosan (220 mg) acetic acid aqueous solution (0.1M 

pH 4.7) and continually stirred at room temperature for 48 h to make FA-chitosan 

conjugate. The pH of the solution was then adjusted to 9 by adding of 1M NaOH and 

centrifuging at 5000 rpm. The FA-chitosan conjugate was purified by dialysis in 

NaHCO3 solution (pH = 8.4) with a cellulose membrane (MWCO= 10 000 Da) for 3 d 

and subsequently in distilled water for another 3 d to get rid of unreacted free FA. The 

conjugated powder was finally isolated as a sponge by lyophilization. 

2.2.3. Synthesis of FA-chitosan-AuNPs 

FA-chitosan in 1% acetic acid (pH 4.7) and HAuCl4·3H2O in methanol/glacial 

acetic acid (6:1) were mixed in a certain mass ratio and then stirred at room temperature. 

Then, a large amount of NaBH4 in ethanol solution was speedily added to the above 

mixture stirring at 0 °C. Immediately the reaction color changed from pale yellow to deep 

purple-red, which indicates the formation of  

AuNPs. The reaction was done for 2 h, and 10mL acetone was then added to the 

above solution to make solid products precipitate. The products were separated by 

centrifugation and were re-dissolved in water, making the pH ≈1 by drop-wise addition of 

HCl. Further purification was achieved by dialysis of the crude product in segments of 

Spectr/Por cellulose ester dialysis membrane tubes (Spectrum Laboratories, Rancho 

Dominguez, CA, USA), against bulk volume water, and stirred slowly, recharging with 

fresh water every ∼24 h over the course of 7 d.
 30

 Finally, the FA-chitosan modified gold 

nanoparticles solutions were collected from the dialysis tubes and dried at room 

temperature. 

2.2.4 Characterization of the FA-chitosan conjugates and FA-chitosan-AuNPs 

The chemical compositions of chitosan, FA, FA-chitosan conjugate, and FA-

chitosan-AuNPs were characterized with an FT-IR spectrometer (Nicolet IS10 FT-IR 

Spectrometer (Thermo Scientific)). The 
1
HNMR spectra of FA-chitosan conjugate was 

recorded on a nuclear magnetic resonance (NMR, a Varian Unity Inova 500 and JOEL 

ECS 400) spectrometer using acetic acid-d4/deuterium oxide (6:3) as a solvent. 

Transmission electron microscopy (TEM) images of FA-chitosan-AuNPs were obtained 
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using a JEOL 2100F operating at 200 kV. In order to obtain good TEM imaging for 

analyzing the particle size distributions of AuNPs, ligand   exchange with alkanethiol was 

used.
 4, 31, 32

 The prepared FA-chitosan-AuNPs were capped with 1-undecanethiol, which 

replaced the original ligand FA-chitosan. Briefly, 3ml of an even ethanolic solution of 1-

undecanethiol (30 uL 1-undecanethiol) was added to 3ml FA-chitosan-AuNPs solution 

under vigorous stirring overnight. The 1-undecanethiol modified AuNPs were continually 

sonicated for 20 min. Then the acquired 1-undecanethiol modified AuNPs solution was 

dropped on a 400 mesh formvar/carbon-coated copper grid and dried under ambient 

condition. UV–vis absorption spectra of FA-chitosan-AuNPs were obtained from a UV–

vis spectrophotometer (Lambda 1050) using freshly prepared FA-chitosan-AuNPs 

solution in acetic acid/water (pH 4.7) solution, since chitosan and chitosan functionalized 

conjugates dissolve very well in this solution.
20, 29

 

 

  

Fig. 2.1. 
1
H NMR spectrum of FA-chitosan conjugate in an acetic acid-d4/H2O mixed 

solution  

2.3 Result and discussion 

The chemical process for surface functionalization of AuNPs with FA-Chitosan 

conjugates is illustrated in Fig.2.1. At first, FA-chitosan conjugate was obtained via 

chemically coupling FA to chitosan through formation of amido bonds. Next, the surface 

modification of AuNPs proceeded by the reaction between the residual amine group of 

chitosan and the gold core. FA-chitosan conjugate was firstly confirmed by 
1
HNMR 

spectroscopy. As shown in Fig. 2, the signals at 1.55, 2.89, and 3.43–3.60 are ascribed to 
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the resonance of monosaccharide residue protons, -COCH3-, CH-NH-, -CH2O. The 

signals at 6.50, 7.37 and 8.48 are attributed to the resonance of FA aromatic protons. It 

obviously proves that theconjugate of the FA residues and the chitosan could be achieved 

via EDC as a carboxyl activating agent, which is consistent with a previous report.
20 

As 

shown in Fig.2.2, the characteristic FTIR bands of chitosan (a in Fig. 2.2) located at 

around 1080 cm
−1

 are assigned to the stretching vibration of –C-O and –C-N groups, the 

peak at 1620 cm
−1

 is assigned to the bending vibration of –N-H  group, and the peaks at 

2900 and 3450 cm
−1

 are attributed to the stretching  vibration of –CH2, -NH2 and –OH 

groups. In the pure FA (c in Fig. 2.2), the characteristic FTIR absorption peaks at 1650 

cm
−1

 are assigned to the stretching vibration of –C=O groups. The other peaks observed 

at 1500–1600 cm
−1

 are the stretching vibrations of C =C in the backbone of the aromatic 

ring. The spectrum of the FA-chitosan conjugate (b in Fig.2.2) displays not only the 

characteristic peaks of the original chitosan at around 1080, 1620, 2900 and 3450 cm
−1

, 

but also the  characteristic bands of the FA at 1500–1600 cm
−1

. The FTIR spectrum (d in 

Fig.2.2) shows the peaks from FA-chitosan-AuNPs verifying that the FA-chitosan 

conjugate functionalized gold particle surfaces successfully. The -NH2 bond occurring in 

the spectrum of chitosan around 1080, 1620 and 3450 cm
−1

 is moved to 850, 1500 and 

3250 cm
−1

 in the FA-chitosan modified AuNPs which indicates most of the residual -NH2 

groups in chitosan form Au–N bonds in the surface passivation process of AuNPs, 

confirming effective modification of the AuNPs.
33 

The prepared FA-chitosan-AuNPs 

were characterized by UV–vis absorption spectra, as shown in Fig.2.3. The UV–vis 

spectra of the six prepared FA-chitosan-AuNPs are all different from each other, which 

indicate that every sample has a unique particle size distribution. Also, the particle size 

distribution is narrow. Some of the spectra (1:50, 1:100) show a featureless plasmon 

resonance band at around 520 cm
−1

 indicating that these particles are below 3 nm in size, 

since the surface plasma resonance does not give rise to the most intense absorption for 

every small cluster but is rather strongly damped.
5 

With increasing mass ratio of Au to 

FA-chitosan conjugates (1:10,1:5, 1:2.5, 1:1), their plasmon absorption becomes sharper 

and more intense with a shift towards red wavelength at approximately 520 nm, which 

suggests that the average size of FA-chitosan-AuNPs is more than 3 nm.
4, 5
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Fig. 2.2. FTIR spectrum of chitosan(a), FA-chitosan conjugates (b), folic acid(c) and FA-

chi-AuNPs (d). 
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Fig. 2.3. UV–vis spectra of as-prepared FA-chitosan-AuNPs with different mass ratio of 

FA-chitosan conjugate to Au. 
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Fig. 2.4. TEM image of as-prepared FA-chitosan–AuNPs with different mass ratio of Au 

to FA-chitosan conjugate (insert bar is 2 nm). (a) 1:100, (b) 1:50, (c) 1:10, (d) 1:5, (e) 

1:2.5, and (f) 1:1. 

 

In order to verify the particle size distributions of the synthesized FA-chitosan–

AuNPs, the TEM was used to directly measure the size of these AuNPs. As shown in 

Fig.2.4, the TEM images clearly indicate that every sample has a very narrow size 

distribution and the sizes of AuNPs gradually increase with decreasing mass ratio of FA-

chitosan. The high-resolution TEM was used to check the crystalline nature of the 

prepared FA-chitosan–AuNPs. As shown in the insert images in the Fig. 5, the lattices of 

the AuNPs can be clearly observed in all samples, which indicated all FA-chitosan–

AuNPs synthesized are high quality crystals. The statistical measurements of the particle 

size distribution (PSD) of these AuNPs are plotted in Fig.2.5. The size of AuNPs is 

ranging from 1 nm to 6 nm. For AuNPs synthesized using lower ratios of Au to FA-

chitosan, such as 1:100 and 1:50, the sizes are 1.41 ± 0.25 and 1.5 ± 0.2 nm, respectively. 

For higher ratios of Au to FA-chitosan, such as 1:10, 1:5, and 1:2.5, the sizes of AUNPs 

are 2.75 ± 0.65, 4.1 ± 0.42, and 4.49 ± 0.46 nm, respectively. When the ratio of Au to 

FA-chitosan is 1:1, the size of the AuNPs changed to 5.65 ± 0.82 nm. Fig.2.6 shows 

variation of particle size distributions of AuNPs with different ratios of Au to FA-

chitosan. Thus the chitosan could be used as a polymeric stabilizer to synthesize AuNPs 

because the -NH2 groups in chitosan work as a capping ligand to stabilize AuNPs. When 
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the ratios of Au to FA-chitosan are high, not enough -NH2 is available to connect to 

different ratios of Au to FA-chitosan. Thus the chitosan could be used as a polymeric 

stabilizer to synthesize AuNPs because the -NH2 groups in chitosan work as a capping 

ligand to stabilize AuNPs. When the ratios of Au to FA-chitosan are high, not enough -

NH2 is available to connect to the AuNPs to inhibit the crystal growth, thus the 

synthesized AuNPs normally have a larger size. In contrast, when the ratios of Au to FA-

chitosan are low, abundant -NH2 could react with the gold nuclei, which inhibits further 

growth of AuNPs. As a result, the smaller size AuNPs are obtained. Therefore, through 

controlling the ratios of FA-chitosan to Au, we can control the size of the FA-chitosan 

functionalized AuNPs with small size between 1 nm and 6 nm. 

 

 

Fig. 2.5. Histograms of particle size distribution of as-prepared FA-chitosan-AuNPs with 

different mass ratio of Au to FA-chitosan conjugate. (a) 1:100, (b) 1:50, (c) 1:10, (d) 1:5, 

(e) 1:2.5, and (f) 1:1. 
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Fig. 2.6. Particle sizes of as-prepared FA-chitosan-AuNPs with different mass ratio of Au 

to FA-chitosan conjugate. 

 

2.4. Conclusion 

In conclusion, we have developed a simple and practical method for the synthesis 

of FAchitosan functionalized AuNPs in the 1–6 nm range. The size of the prepared 

AuNPs can be controlled by adjusting the ratio of Au to FA-chitosan. FTIR spectra 

confirmed the successful surface functionalization of AuNPs with the FA-chitosan 

conjugate. UV–vis spectra and TEM demonstrated that FA-chitosan functionalized 

AuNPs were size controlled from 1 to 6 nm and the particle size distribution of the 

AuNPs decreases with decreasing the mass ratio of Au to FA-chitosan conjugate. The 

FA-chitosan-AuNPs can be applied to target CT imaging, and even for target drug 

delivery and bioimaging owing to the biocompatible and targeting reaction of the ligand. 

These works are underway. 
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CHAPTER 3  

HYDROTHERMAL SYNTHESIS OF CHAIN-LIKE WATER-

SOLUBLE Β-NAGDF4  

 

Abstract 

Chain-like chitosan functionalized sodium gadolinium fluoride (NaGdF4) 

nanocrystals were successfully synthesized through a template-free and catalyst-free 

method in a hydrothermal condition. Our results show that reaction parameters, such as 

the mass ratio of [Gd
3+

]/ [Chitosan], temperature and reaction time, played important 

roles in the formation of NaGdF4 with chain-like structure. It was found that individual 

NaGdF4 nanoparticles grew into a chain-like structure through the oriented attachment. A 

detailed growth mechanism was further presented to explain the formation of chain-like 

structure. Furthermore, the chain-like chitosan modified NaGdF4 nanocrystals own high 

quality water-soluble property. The chain-like NaGdF4 doped with Eu
3+

 demonstrated 

outstanding luminescence properties. Therefore, the chain-like chitosan modified NaGdF4 

nanocrystals have potential application in in vivo bioimaging.   
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3.1 Introduction  

In recent years, nanocrystals have attracted increasing attention due to their 

unique physical and chemical properties. To control the size, structure, and morphology, 

synthesis of nanocrystals has become one of the primary concerns, which can tailor their 

unique properties and optimize their performance in many applications, such as catalytic, 

electronic, optical and magnetic devices.
1-3

  The crystal growth is one of the prevalent 

methods to address the size-, shape-, structure-controlled synthesis of nanocrystals. 

Compared to the classical Ostwald ripening, the non-classical oriented attachment 

presented by Penn and Banfield involves the collision and self-organization of adjacent 

particles, followed by the preferential crystallographic orientations, which more 

effectively control the size, shape, and morphology of the products.
4-6

 Up to now, several 

kinds of oriented attachment has merged, such as TiO2,
4
 Fe2O3,

7
 ZnO,

8
 PbS,

9, 10
  CdS,

11
 

PbSe,
9
 and CdSe,

12
 which provides an efficient method for control the size, shape and 

morphology of the products. However, there is rare report on the oriented attachment of 

1D lanthanide based nanocrytals.  

Lanthanide based nanocrystal is a kind of important material owing to its 

significance as a bio-probe and medical diagnosis, and also it has excellent optical 

electric and magnetic characteristic.
13,14

 Thus lanthanide based nanocrystals have been 

widely studied for decades due to both scientific and industrial interest. The properties of 

lanthanide based nanocrystal can be tuned by altering their morphologies and sizes.
15

 

Thus controllable synthesis of nanostructured lanthanide based nanomaterials with well-

defined shape is an important goal toward future nanodevices. Also, these lanthanide 

compounds have versatile utilities in biological applications, as they can be made either 

as luminescent, magnetic, or dual probe by selective doping of lanthanide ions.
14

 

Especially, paramagnetic Gd
3+

-doped nanoparticles show tremendous potential as 

contrast agents (CAs) for magnetic resonance imaging (MRI), besides they are known to 

be very ideal host lattice for lanthanide-doped luminescent materials.
14,16-18

 Furthermore, 

inorganic fluorides have the advantages of high chemical stability and intrinsic low 

phonon energies, and thereby are often employed as host materials for doping of Ln
3+

 to 

achieve the desirable down conversion phosphor. Therefore, sodium gadolinium fluoride 
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(NaGdF4) is an ideal candidate material for the incorporation of luminescent lanthanide 

ions.
13,14,16,17

  

So far, various morphologies of NaGdF4 nanocrystals have been achieved by 

diverse methods.
13,14,18-22

 For instance, NaGdF4 with multiform morphologies have been 

produced by simply adjusting the F
-
 source and the pH value of mother liquor, including 

nano-rods and nanoparticles.
23

  Hexagonal prisms, spindles and spheres of NaGdF4 have 

also been synthesized by controlling pH values and kind of chelators (EDTA and citric 

acid).
24

 Besides, NaGdF4 has been intensely studied with the aim of understanding how 

crystal morphology can be controlled by polymer additives.
25

 However, there are few 

studies on the synthesis of water-soluble NaGdF4 nanocrystals with various well-defined 

morphologies. As an ideal luminescent in biological applications, especially in in-vivo 

bioimaging, the high quality water-soluble character is of utmost importance.
19

 Thus, to 

achieve the shape-controlled NaGdF4 nanomaterials with good water solubility remains a 

challenge for the increasing nanotechnological and biotechnological demands.   

Chitosan, which is a type of biodegradable and biocompatible polymer, has many 

meaningful biological properties such as biocompatibility, biodegradability, low toxicity, 

good availability, and antibacterial activities toward mammalian cells.
26-28

 Also, chitosan 

contains abundant amine groups and can be used to link with other functional organic 

chemicals (such as folic acid and Human sperm protein 17，SP17) for target 

bioimaging.
28

 Up to now, chitosan and chitosan derivatives have been used as coating 

agents to prepare high quality water-soluble nanomaterials.
29

 They have also been used to 

fabricate monodisperse and spherical NaGdF4 nanocrystals via a simple and mild 

hydrothermal process, which has excellent potential value in in-vivo bioimaging.
30

 

However, as far as we know, there is rare researcher to develop a method for the 

fabrication of chitosan functionalized NaGdF4 nanomaterials with well-defined 

morphology. In this paper, we prepared NaGdF4 chain-like structures by oriented 

attachment of NaGdF4 nanoparticles with chitosan as the capping ligand via a facile 

hydrothermal synthesis method. Based on the high resolution transmission electron 

microscopy (HRTEM) observation, the detailed oriented attachment formation 

mechanism of the chain-like NaGdF4 is discussed in details.  
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3.2. Experimental section  

3.2.1 Chemicals  

All chemicals were used directly without further purifications. Sodium hydroxide, 

sodium fluoride, Gd(NO3)3∙6H2O, Eu(NO3)3∙6H2O, chitosan and ethylene glycol were 

bought from sigma Aldrich. Double-distilled water was used in all experiments. 

3.2.2 Synthesis of chitosan functionalized NaGdF4 and NaGdF4: Eu
3+

 

nanomaterials 

Different kinds of two dimensional morphologies of NaGdF4 have been 

hydrothermally synthesized without any template through the reaction of Gd 

(NO3)3∙6H2O and NaF in ethylene glycol (EG) solvent system, respectively (Table 1). 

Three different mass ratios of chitosan to Gd
3+

 (0.25, 1 and 1.75) and temperature (140 

℃, 170 ℃ and 200 ℃) were used. And reaction time (2 h, 7 h and 12 h), the third factor, 

was set to satisfy the statistical experimental design.  In a typical procedure, 80 mg of Gd 

(NO3)3∙6H2O, 36 mg of NaF were firstly put in a 20 mL vial, and 8 mL chitosan acetic 

acid ethylene glycol solution with different concentrations (2.5mg/mL, 10mg/mL ,17.5 

mg/mL,) was added, and stirring for 2 hours until all the solids dissolve very well. Then 

the as-obtained mixed solution was transferred into a 20 mL Parr bomb, which was 

sealed and heated to respective temperature for corresponding time hours. The system 

was then cooled to room temperature. The final precipitates were collected by 

centrifugation, washed with deionized water and ethanol in sequence to get rid of any 

possible ionic remnants. Finally, the prepared product was re-dispersed in ethanol under 

sonication for further transmission electron microscopy (TEM) characterization. Similar 

processes were employed to prepare Eu
3+

-doped NaGdF4 samples with the doping 

concentration of 5%.  

In order to study the effect of mass ratio of chitosan to [Gd
3+

], temperature, and 

reaction time on the morphology of the as prepared NaGdF4 nanomaterials, the 

experiments with three factors and three levels were designed. A fractional factorial 

design requires fewer experiments than a full factorial design with multilevel experiments. 

Interactions between different variables could play a role in this study. Therefore one of 

fractional factorial design methods was chosen for this work. An experimental matrix is 

shown in Table 3.1.  
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Table 3.1 Experimental variables for the 3
2
 design 

No F1 F2 F3 Results 
Percent of chain- 

like crystals (%) 

a 0.25 140°C 2h Nanoparticles 0 

b 0.25 170°C 12h Nanoparticles+chain-like crystals 28% 

c 0.25 200°C 7h Chain-like crystals 100% 

d 1 140°C 7h Nanoparticles 0 

e 1 170°C 2h Nanoparticles 0 

f 1 200°C 12h Chain-like crystals 100% 

g 1.75 140°C 12h Amorphous Nanoparticles 0 

h 1.75 170°C 7h Nanoparticles+chain-like crystals 8% 

i 1.75 200°C 2h Nanoparticles+chain-like crystals 52% 

F1: Mass ratio of chitosan to Gd(NO3)3∙6H2O;  F2: Temperature; F3: Time 

3.2.3 Characterization 

Crystal structures of as-prepared NaGdF4 nanomaterials were characterized by X-

ray diffraction (XRD) that investigated by a Rigaku diffractometer with Cu-Kα radiation, 

operating at 30KV/15mA in the wide angle region of 3° to 70°. The size and morphology 

of the nanoparticles were investigated using JEOL JEM-2010 high-resolution 

transmission electron microscope (HRTEM) at 200 kV. Samples of the as-prepared 

nanoparticles were prepared by placing a drop of dilute dispersion in ethanol on the 

surface of a copper grid. The photoluminescence emission spectra of as-prepared 

NaGdF4:Eu
3+

 nanomaterials in water were measured by Hitachi F-4500 

spectrophotometer. 

3.3 Results and discussion  

Fig. 3.1. (a-i) shows the size and morphology of NaGdF4 as-synthesized. In 

general, the samples synthesized at lower temperature (140 °C) (Fig. 3.1a, 3.1d and 3.1g) 

are well dispersed nanoparticles with an average size of around 15 nm, while the 

nanoparticles prepared at relatively higher temperature (170 °C) are inclining to form a 

chain-like shape, which consists of two or three smaller aggregated sub-particles (Fig. 

3.1b, 3.1e and 3.1h). When the growth temperature was further increased to 200 °C, the 
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chain-like structure became exceptionally apparent. We could conclude that the critical 

temperature of forming chain-like structure is 170°C, regardless of  Mass ratio of 

chitosan to Gd(NO3)3∙6H2O. In other words, the individual nanoparticles exists 

under170°C , and  the complex chain-like structures were formed above  170°C.  The 

crystal structures of individual nanoparticles were further characterized by HRTEM, 

which are shown in the inset in each figure. NaGdF4 usually adopts face-centered cubic 

crystal structure (α-NaGdF4) or hexagonal crystal structure (β-NaGdF4). By careful 

analysis of the HRTEM, the interplanar distance had been calculated to be approximately 

0.301 nm, which corresponds to the (110) lattice planes of the β-NaGdF4 structure. The 

lattice planes continuously extended in the nanocrystal, confirming the high crystallinity 

of the products.  

 

Fig. 3.1. Size and morphology of NaGdF4 products prepared using different mass ratios 

of  Gd(NO3)3∙6H2O to chitosan, reaction temperature and times: (a) sample a; (b) sample 

b; (c) sample c; (d) sample d; (e) sample e; (f) sample f; (g) sample g; (h) sample h; and 

(i) sample i. The details of each sample were described into Table 3.1.  
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From the HRTEM images, when the Gd(NO3)3∙6H2O:chitosan mass ratio is 0.25 

(sample a-c), regardless of reaction temperature or growth time, there was a good crystal 

growth. On the other hand, when the Gd(NO3)3∙6H2O:chitosan mass ratio is increased to 

1 (sample d-f),  the samples were partly crystalline at 140°C growth temperature  and 

fully crystalline at 170°C and 200°C. Further increase in Gd(NO3)3∙6H2O:chitosan mass 

ratio to 1.75  (sample g-i) results in totally amorphous structure at 140°C, but with the 

increase in temperature (170°C and 200°C), the products become crystalline. The crystal 

structure of as-synthesized products has also been analyzed by powder X-ray diffraction 

(XRD), as shown in Fig. 3.2.  

 

Fig. 3.2. The XRD spectra of as-synthesized NaGdF4 samples. (a) sample g; (b) sample d; 

(c) sample a; (d) sample b; (e) sample c. 

It can be seen that both the Gd (NO3)3∙6H2O: chitosan mass ratio and temperature 

play a key role in the morphology and crystallinity of the product. With the lower mass 

ratio 1:4 and 1:1, individual nanocparticles are formed at lower temperature, while chain-

like particles are obtained at higher temperature. The degree of crystallinity decreases 
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with the increase of mass ratio of chitosan: Gd(NO3)3∙6H2O. The formed nanoparticles 

have excellent crystal structure, regardless of the growth temperature, when the mass 

ratio is low. When the mass ratio is increased, the particles are either partly crystalline or 

amorphous at lower growth temperature but fully crystalline at higher temperature. 

Analysis of variance was used to analyze how the experimental factors affect the 

percentage of chain-like structure. Table 3.2 shows the results, where p value used in this 

case is to determine which effects are statistically significant. If the p value is less than 

0.05, this variance is statistically significant. As shown in Table 3.2, the factor of 

temperature (F2) is important to the process of nanoparticles synthesis (p < 0.05). The 

related formula and explanation is shown: 1
SSR SST SSE SSE

R square
SST SST SST


     , 

Where SSE is the sum of squared error (residuals or deviations from the regression line). 
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R-square measures the proportion of the variation in the dependent variable (Y) 

explained by the independent variables (X) for a linear regression model. Adjusted R-

squared adjusts the statistic based on the number of independent variables in the model. 

Adjusted R
2
 always takes on a value between 0 and 1. The closer adjusted R

2
 is to 1, the 

better the estimated regression equation fits or explains the relationship between X and Y. 

Table 3.2 Analysis of Variance for nanoparticles data 

Source of 

Variance 

Degree of  

Freedom 

Sum of 

Squares 

Mean 

Square 
F P 

F1 2 0.07787 0.3893 5.62 0.151 

F2 2 1.234840 0.61920 89.31 0.011 

F3 2 0.10347 0.05173 7.46 0.118 

Error 2 0.01387 0.00693   

S = 0.0832666   R-Sq = 99.03%   R-Sq（Adj.） = 96.13% 
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Previous works have shown that chain-like nanostructures can be built by 

attaching nanoparticles along a given crystal orientation, which was called as oriented 

attachment. β-NaGdF4 is a typical hexagonal crystal structure (as shown in Fig. 3.3).
22

 

There are three kinds of cationic sites: a six-fold coordinated position occupied by Na
+
, a 

nine-fold coordinated position occupied by Gd
3+

, and another nine-fold coordinated 

position occupied by Gd
3+

 or Na
+
. Many chain-like materials that adopting hexagonal 

crystal structures (such as ZnO and CdTe) have been prepared by the oriented attachment 

of nanoparticles.
22

 On the basis of the nine statistic experimental results, we suppose the 

formation of NaGdF4 chain-like structures was also attributed to the oriented attachment 

and the particle aggregation was along [110] orientation. The statistical analysis showed 

that the factor of temperature is important to the process of nanoparticles synthesis. In 

order to approve the oriented attachment pathway of NaGdF4 chain-like structures, we 

performed several time dependent experiments at temperature 170°C and 200°C, 

respectively. The low Gd
3+

 /chitosan mass ratio (0.25) was used in all time-dependent 

experiments. 

 

 

Fig. 3.3. Crystal structure of the β-NaGdF4 viewed along the c-axis. 

As shown in Fig. 3.4a and 3.4b, at the primary stage (2h and 4h), single 

crystalline particles with an average diameter of ~10 nm are formed at the temperature 

170°C. As the reaction time is prolonged to 8h and 16h, many small nanoparticles with 

identical crystal orientations spontaneously organize together followed by attachment to 

each other on an identical phase according to a certain direction, leading to a decrease in 

the total surface energy so as to maintain the lowest energy condition (Fig. 3.4c and 

file:///C:/Users/liul880/Desktop/Lili%20Liu/NaGdF4%20paper%20writing/statistics%20Hydrothermal%20synthesis%20of%20NaGdF4%20chain%2020160829.docx%23_ENREF_22
file:///C:/Users/liul880/Desktop/Lili%20Liu/NaGdF4%20paper%20writing/statistics%20Hydrothermal%20synthesis%20of%20NaGdF4%20chain%2020160829.docx%23_ENREF_22
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3.4d). Based on the HRTEM, the interplanar distance extending on the same direction in 

each nanocrystal was 0.301 nm (Fig. 3.5), which means the oriented attachment direction 

is along [110] of β-NaGdF4. After 16h, the chain-like structure was formed as the primary 

nanoparticles grow and finally a complex structure was formed (Fig. 3.4e and 3.4f). 

When the temperature was increased to 200°C, single crystalline β-NaGdF4 particles with 

an average diameter of ~15 nm were formed at the primary stage (Fig. 3.6a). The chain-

like structure formed after 4h (Fig. 3.6b) and a complex network structure formed when 

the reaction time was prolonged to 12h (Fig. 3.6c). As shown in Fig. 3.7, The interplanar 

distance extending on the same direction in each chain was also 0.301 nm, which means 

the oriented attachment direction is also along [110] of β-NaGdF4. After 12 h, the 

morphology of as-prepared  β-NaGdF4 nanomaterials still kept network structure (Fig. 

3.6d-3.6f). On the basis of a series of time dependent experiments, the formation 

mechanism of the chitosan modified chain-like NaGdF4 nanocrystals was indeed 

attributed to the oriented attachment crystal growth, which was depicted by the scheme in 

Fig. 3.8.  
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Fig. 3.4. TEM images of NaGdF4 products synthesized at 170 °C for (a) 2 h; (b) 4h; (c) 

8h; (d) 16 h; (e) 32 h; and (f) 64 h. The mass ratios of Gd(NO3)3∙6H2O to chitosan is 

0.25.  

 

Fig. 3.5. TEM images of NaGdF4 products synthesized at 170 °C for 32 h. The mass 

ratios of Gd(NO3)3∙6H2O to chitosan is 0.25.  
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Fig. 3.6. TEM images of NaGdF4 products synthesized at 200 °C for (a) 2 h; (b) 4h; (c) 

8h; (d) 16 h; (e) 32 h; and (f) 64 h. The mass ratios of  Gd(NO3)3∙6H2O to chitosan is 

0.25.  

 

Fig. 3.7. TEM images of NaGdF4 products synthesized at 200 °C for 32 h. The mass 

ratios of  Gd(NO3)3∙6H2O to chitosan is 0.25.  

 



Texas Tech University, Lili Liu, Dec. 2016 

50 

 

 

 

Fig. 3.8. Schematic illustrating oriented attachment. 

As one of the most popular host materials for bioimaging, NaGdF4 nanocrystals 

doped with other lanthanide elements can provide various luminescent properties. 

Generally, doping NaGdF4 with similar lanthanide ions, such as Eu
3+

, Tb
3+

, Yb
3+

 and 

Tm
3+

, will not change the crystalline structure and morphology of the NaGdF4. In order 

to examine the photoluminescence properties of chain-like NaGdF4 nanomaterials in 

water, we doped the NaGdF4 host lattice with Eu
3+

, which is the most frequently used 

down-conversion ion. As shown in Fig. 3.9a, the chain-like NaGdF4:Eu
3+

 nanomaterials 

have also been successfully synthesized by using the same synthetic route for chain-like 

NaGdF4. For the potential application in in vivo bioimaging, the chain-like chitosan 

functionalized NaGdF4 nanocrystals must own high quality water-soluble property. Thus 

we first examined the water-soluble property of as-prepared chain-like NaGdF4: Eu
3+

 

nanocrystals. As shown in insert image in the Fig. 3.9b, the chain-like chitosan 

functionalized NaGdF4 nanocrystals can be dispersed into water very well to form high 

quality solution. The emission spectra of the as-prepared chain-like NaGdF4 nanocrystals 

in water were recorded between 580 and 650 nm under 375 nm excitation (Fig. 3.9b). 

The emission spectra is associated with the transitions from the excited 
5
D0 to the 

7
FJ (J = 

0, 1, 2, 3, and 4) of Eu
3+

 ions. The major emissions of chain-like NaGdF4 nanocrystals are 

at 590 nm (
5
D0 -

7
F1), and 614 nm (

5
D0 -

7
F2).  
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Fig. 3.9. TEM image (a) and emission spectra (b) of chain-like NaGdF4:Eu
3+

 

nanocrystals. Insert in (b): Camera image of chain-like NaGdF4:Eu
3+

 nanocrystals 

dispersed in water. 

3.4 Summary 

In summary, NaGdF4 nanocrystals with chain-like morphology have been 

synthesized using a simple hydrothermal method. Intriguingly, the shape transition can be 

easily manipulated through regulation of the reaction conditions, like quantity of chitosan 

used, temperature and reaction time. Oriented attachment mechanism plays an important 

role in explaining the obtained chain-like morphology. The chain-like NaGdF4 

nanomaterials doped with Eu
3+

 demonstrated outstanding luminescence properties. The 

high quality water-soluble property and excellent luminescence properties make the 

chain-like NaGdF4 nanomaterials as good candidate in bioimaging fields.   
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CHAPTER 4  

CRYSTAL GROWTH BEHAVIOR OF MORPHOLOGY-

CONTROLLED BAWO4  

 

Abstract 

Morphology-controlled single crystal barium tungstate (BaWO4) has attracted 

significant attention due to its important optoelectronic properties. However, few reports 

have investigated their formation mechanism.  Here we detail the mechanisms of BaWO4 

formation by using SEM to examine morphologies over a wide range of conditions and 

time-points and in situ AFM to investigate the generation and propagation of growth 

sources on BaWO4 crystal surfaces.  Our results show that the morphology exhibits a 

systematic dependence on solute and ethanol concentrations. While earlier reports 

attribute these features to OA, we show they are simply remnants of dendritic branching. 

In situ AFM experiments show the advance of BaWO4 faces over the range of conditions 

investigated occurs through island birth and spread, leading to rough faces. These results 

demonstrate that complex BaWO4 morphologies occur through purely classical growth 

mechanisms influenced by ethanol as a modifier of island birth and step propagation and 

highlight the need for caution in deciphering growth mechanisms through interpretation 

of ex situ images collected long after growth is complete. 
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4.1 Introduction  

The synthesis and fabrication of inorganic nanocrystals with new morphologies, 

properties, and functions has stimulated intense interest in the field of material science 

area over the past few decades.  The size and shape of particles has tremendous effects on 

their properties, which impact practical applications of the materials.
1-5 

Among the 

various inorganic nanomaterials with the potential for optical applications, barium 

tungstate (BaWO4) has been investigated for use in all-solid-state lasers due to its 

emission properties.
6-8

 In addition, BaWO4 exhibiting the scheelite structure is important 

for electrooptics owing to its blue luminescence 
6, 9-11.  

Because crystal properties depend on microstructure, much research has been 

pursued to control BaWO4 crystal morphology, leading to growth of nanowires, 
12

 

spheres, 
13

 whiskers, 
14

 penniform nanostructures, 
15

 and flower-like structures. 
6,16

  Liu et 

al. employed a supramolecule template to synthesize a series of flower-like, spheroidal, 

fasciculus-like, and other morphologies of BaWO4 at mild conditions. 
17

 Subsequently, 

Zhao and coworkers fabricated various shaped BaWO4 hollow structures, by a simple 

precipitation reaction between BaCl2 and Na2WO4 in the presence of poly (methacrylic 

acid) (PMAA), without any surfactant.
18

 These hollow structures included spheres, 

peanuts, and ellipsoids of different sizes. However, the above-mentioned cases are more 

or less intricate, involving high temperature or templates, and are likely to introduce 

impurities into the final products. 

 In the recent years, Yin et al. synthesized shape-controlled BaWO4 

nanostructures by simply adjusting the volume ratio of ethanol to water.
10, 19

 They 

concluded that the evolution of morphologies generated by this attractive, low-cost 

process was due to different rates of nucleation, growth rate and oriented attachment 

(OA) of the primary particles.  Although they concluded that certain topologically 

complex morphologies were primarily the result of OA, this conclusion was based on 

post-growth analysis with no systematic evaluation of morphological evolution either in 

time or with changes in growth conditions.  
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In this work, we synthesized BaWO4 in an ethanol-water system and obtained a 

range of morphologies that could be controlled systematically through the choice of 

solution composition.  We also explored the mechanisms by which these morphologies 

were formed by using SEM to examine morphologies over a wide range of conditions 

and time-points and in situ AFM to investigate the generation and propagation of growth 

sources on BaWO4 crystal surfaces. 

 4.2 Methods 

4.2.1 Materials and Methods  
All chemicals were of analytical grade purity and were directly used without any 

treatment.  Different concentration of Na2WO4 (Sigma Aldrich, USA) and BaCl2 (Sigma 

Aldrich, USA) solution were prepared using mixture of ethanol and water with different 

ratios, respectively. So twelve kinds of BaWO4 samples with detailed parameters were 

obtained, which were described and summarized in Table 4.1. Take sample 1 as an 

example, 12.5 mM Na2WO4 was prepared using 25 mL pure distilled water in a beaker. 

Vigorous stirring was necessary to ensure that all the reagents were dispersed 

homogeneously in the solution at room temperature.  25 mL of 12.5mM BaCl2 was then 

added to the above solution under continuous stirring, up to equal Ba
2+

 and WO4
2-

 

concentration. The white precipitates appeared immediately and were collected by 

centrifugation, washed sequentially by deionized water and ethanol to remove the 

remaining impurities, and dried in atmosphere at room temperature.  
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Table 4.1. BaWO4 crystallites prepared under different condtions 

Samples 
Concentration of 

Na2WO4 (mM) 

Concentration of 

BaCl2 (mM) 

Ratios of ethanol 

to water (R ratio) 

1 12.5 12.5 0 

2 12.5 12.5 1:50 

3 12.5 12.5 1:10 

4 12.5 12.5 1:5 

5 5 5 0 

6 5 5 1:50 

7 5 5 1:10 

8 5 5 1:5 

9 1.5 1.5 1:40 

10 1.5 1.5 1:20 

11 1.5 1.5 1:10 

12 1.5 1.5 1:5 

 

4.2.2 Characterization  

The morphology of all samples was detected by using scanning electron 

microscopy (SEM, Helios NanoLab 600i, FEI, Hillsboro, OR) and transmission electron 

microscopy (TEM, FEI Tecnai 20) as well as powder X-ray Diffraction. To  prepare the 

TEM samples, we dispersed a little bit of precipitates in certain amount of ethanol with 

sonication for 10 min, and then placed one drop of the resulting suspensions onto a 

copper grid. Finally, we dried the samples at room temperature. X-ray diffraction data for 

the larger amount of sample (12.5mM, 1:50) were collected using a Rigaku Miniflex 600 

Bragg-Brentano diffractometer equipped with Cu Kα radiation and a post-diffraction 

monochromator. The smaller amount of sample (1.5mM, 1:40) was loaded into a 0.5 mm 

diameter glass capillary and diffraction data was collected with a Rigaku Rapid II 

microbeam diffractometer. X-rays generated from a rotating Cr target were focused 
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through a 300 micron diameter collim ator and diffracted intensities were recorded on a 

2D image plate covering 0 to 150 ° 2θ. 

4.2.3 Atomic force microscopy 

All of images were recorded in liquid contact mode on MultiMode VIII AFM 

(Bruker, CA).  SNL-10 probes (Bruker, CA) were used in the experiment. The scan speed 

was tuned between 1 Hz and 3 Hz, and the feedback control was carefully adjusted to 

minimize the possible disturbance to the crystal growth process by AFM probe. The raw 

data were further analyzed by NanoScope Analysis V1.50 offline software (Bruker, CA).  

4.3 Results and discussion   

4.3.1 Effect of the reaction conditions on the morphology and size of BaWO4 

structures.  

The SEM results reveal a wide variety of crystal morphologies (Fig.4.1) and 

HRTEM showed that all products were crystalline BaWO4, with the long direction of the 

crystal corresponding to the [001] direction (Fig. 4.2).  The SEM images also reveal a 

strong and systematic dependence of morphology on the initial solute concentration and 

value of R, as shown in Fig.4.1.  The horizontal direction in Fig.4.1 reveals the effect of 

salt concentration (1.5mM, 5mM, 12.5mM), and the vertical direction gives the effect of 

R, with the alcohol content increasing from bottom to top.  There is an exception for the 

1.5 mM samples, for which the lowest value of R was 1:40, because no BaWO4 formed at 

an R of 0 or 1:50. A summary of these dependencies is illustrated in Scheme 4.1, which 

shows a simplified morphological evolution with initial concentration and the value of R.  

At the highest initial salt concentration (12.5mM), the products exhibited a 

smooth dipyramidal morphology in pure water (Fig.4. 1 L). With increasing R, the shape 

gradually evolved to shuttle-like morphology with 4-fold symmetry (Fig. 4.1 C, F, I). 

The length-to-width increased, resulting in a sharper angle at each apex, the crystal 

surface became increasingly rough, and knot-like protrusions developed at the centerline 

of each crystallite. When R reached 1:5, the crystallites developed a periodic series of 

protrusions along each of the edges, indicating an evolution to 4-fold dendrites (Fig. 

4.1C).  Samples taken at early times, demonstrate that, indeed, each of these protrusions 

is a separate arm of a dendritic structure.  The aspect ratio also increases at an R of 1:5, 
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reaching four times that obtained in pure water (Fig. 4.1 L).  Fig. 4.3 gives the average 

particle size and aspect ratio of the crystals as a function of initial concentration and R.   

The evolution from smooth dipyramids to 4-fold dendrites can be understood on 

the basis of well-known nucleation and crystal growth principles.  Both the nucleation 

density and the crystal growth rate should increase with the value of R due to the 

decreasing solubility (increasing supersaturation) of BaWO4.  These two effects should 

counter one another:  higher nucleation density in a fixed solution volume should result in 

smaller size crystals, while higher growth rate should result in larger size crystals.  In our 

experiments, the observed crystal size becomes greater with R indicating that the increase 

in growth rate had a larger impact on morphology than the increase in nucleation rate.  

Thus, because larger R also resulted in crystal lengthening, both the size and aspect ratio 

rose steadily with R (Fig. 4.3).  The observed roughening with increasing supersaturation 

is typical of dendritic growth, which results from the competition between surface 

kinetics and mass transport.  While the growth kinetics at the interface rises with 

supersaturation, the limitation on mass transport remains fixed, leading to greater 

tendency towards morphological instability and an increasingly dendritic shape. 

The results for 5mM salt concentration and variable R, are summarized in Figs. 

4.1B, E, H and K. In pure water, the crystallites exhibited a flower-like structure with 

high petal density and a diameter of approximately 10 µm.  Increasing R to 1:50 produces 

a mix of these flower-like structures, though with lower petal-density, and dipyramids. 

As R is increased to 1:10 and then to 1:5, the percentage of flower-like crystals and petal 

density continues to decrease, while the dipyramids evolve into the shuttle-like structures 

described above.  In some case, protruding crystals providing evidence of secondary 

nucleation are also observed (Fig. 4.4). 

The flower-like structures suggest that, at these concentrations, nucleation centers 

are the source of multiple nuclei.  The fact that these decrease in number as alcohol is 

added and, consequently, the supersaturation increases, suggest that they are the result of 

heterogeneous nucleation.  Because heterogeneous sources have a lower free energy 

barrier to nucleation, they will dominate at low supersaturation.
25

 However, the number 

of potential sites of heterogeneous nucleation is limited by the number of such sources.  
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As supersaturation rises, the probability of homogeneous nucleation becomes large 

enough to make such events possible on the timescale of an experiment. However, 

because these events can occur anywhere in solution, the number of potential sites of 

homogeneous nucleation greatly outnumbers the number of potential sites of 

heterogeneous nucleation.   To test this hypothesis, we processed 5mM (1:10 and 1:50) 

solutions through a syringe filter to get rid of any particles in the starting solutions.   The 

effect on morphology was dramatic.  As Fig. 4.5 shows, at an R of 1:50, the majority of 

the flower-like structures were eliminated in favor of simple dipyramidal crystals.  This 

demonstrates that, indeed, the flower-like structures are a result of heterogeneous 

nucleation events that dominate at low supersaturation. Even keeping solute levels 

(5mM) and increasing ethanol concentrations to 1:10, and hence supersaturation, drives 

growth back towards formation of the shuttle morphology with size around133 µm, 

which is around 13 times longer than the one we got at unfiltered. 

The impact of supersaturation on the competition between heterogeneous and 

homogeneous nucleation also provides a reasonable explanation for two other 

characteristics of the precipitates at 5mM salt concentration.  First, as homogeneous 

nucleation events begin to dominate, they decrease the solution supersaturation reducing 

the likelihood of heterogeneous nucleation events, leading to a smaller number density of 

flower-like structures. Second, because growth rates are rapid enough to deplete the 

solution near the growth interface, as demonstrated by the evolution to dendrites at high 

supersaturation, petals that nucleate early deplete the surrounding solution and inhibit the 

nucleation of new petals, decreasing the final petal density. At the highest 

supersaturations, this effect decreases the number of petals to the point where even 

scissor-like crystals appear (Fig. 4.1B).   

When the initial salt concentration was decreased to 1.5mM, BaWO4 crystals did 

not form in pure water or at low R (1:50). Thus the smallest R at which BaWO4 crystals 

formed was 1:40. The SEM images show the products for an R of 1:40 or above (1:20, 

1:10, and 1:5) were all flower-like structures (Fig. 4.1 A, D, G and J) where the major 

difference was the density and aspect ratio of the petals. When R was 1:40, the crystals 

were nearly spherical and exhibited the highest density of petals with the smallest aspect 

ratio. XRD shows that, despite the dramatic morphological difference, the crystal 
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structure is still that of BaWO4 with the scheelite structure. Fig. 4.6 shows a comparison 

to crystals produced at 12.5mM salt and R=1:50. With increasing R, the number of the 

petals becomes smaller and the petal morphology evolves to the sharp pyramidal shape 

seen at 12.5mM salt.  

 

 

Fig.4.1. SEM images of representative BaWO4 morphologies dependent on the initial salt 

concentration and R ratios.  
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Scheme 4.1. Simplified morphological evolution dependent on the initial salt 

concentration and R ratios 

 

 

Fig. 4.2. TEM images of BaWO4 crystals at R ratio 1:50 (left) and 1:5 (right) when 

concentration is 12.5 mM. 
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Fig.4.3. Length and aspect ratio of BaWO4 crystal versus ethanol percentage at 12.5 mM 

initial concentration. 

 

Fig. 4.4. SEM images of BaWO4 crystals at 5mM, 1:50 (left) and 1:10 (right) 
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Fig.4.5. SEM image of filtered samples 5 mM, 1-10 (M) and 5 mM, 1-50 (N) 

 

 

Fig.4.6.XRD patterns of the BaWO4 sample grown under 12.5 mM, 1:50 (a) and 1.5 mM, 

1:40 condition (b). 

4.3.2 The morphology and size of BaWO4 structures dependent on the 

reaction condition studied by in-situ AFM  

To obtain a better understanding of the crystal growth process leading to the 

observed morphologies, in-situ AFM was used to observe growth on seed crystals for a 

range of solution conditions.  As Fig.4.7 shows the BaWO4 crystal exhibited two 

morphologically distinct growth planes. One — denoted as plane A — was uniformly 

rough without any long-range features (Fig. 4.7B). The other — denoted as plane B — 

was also rough, but exhibited ridge-like features (Fig.4.7C).  
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Fig.4.7 AFM morphology of BaWO4 crystal in water. A) the overview of part of BaWO4 

crystals; B) the high resolution topography of Plane A, which is zoomed-in from the 

white dashed square in Fig. A; C) the 3D rendered part of BaWO4 crystal, which is 

zoomed-in from the grey dashed rectangular area.   

 

In an alcohol-free aqueous solution of 1.5 mM Ba2WO4 and 1.5 mM Na2WO4, 

plane A initially exhibited many small particles, which either adsorbed or nucleated on 

the surface (Fig. 4.8A). These increased in number to cover the surface (Fig. 4.8(A-H)) 

and, over time, expanded at a very slow growth rate into small flat islands that eventually 

merge. Compared to plane A, growth on plane B occurred at a much faster rate. Fig. 

4.8(I-K) shows the border between plane A and plane B.  Over time, the Ridge-like 

structures became more prominent and the boarder migrated across plane A, while the 

islands on plane A only slightly increased in size. We found that the growth rate of plane 

A and plane B were 0.009 nm/s and 0.069 nm/s, respectively. These observations 

demonstrate that the growth kinetics on plane B are much greater than on plane A. 
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Fig.4.8 In-situ growth of BaWO4 in 1.5 mM BaCl2 and 1.5 mM Na2WO4. (A-H) A set of 

continuous AFM morphology image records the growth of plane A of BaWO4 crystal; B) 

A set of continuous AFM topography image records the growth of plane A and plane B. 

The dashed lines indicated the border between the two planes (I-K). 

We then examined growth in solutions with an R of 1:400 (Fig. 4.9A-D), 1:200 

(Fig. 4.9E-H), and 1:50 (Fig. 4.9I-L).  All of the data support the conclusion that the 

kinetics of growth on plane B greatly exceeds that of plane A. For example, Fig. 4.9A-D 

clearly shows plane B being overgrown by two bounding A planes. Moreover, the larger 

the value of R the greater was the observed difference due to a strong dependence of the 

plane B growth rate on R; for an R of 1:400, 1:200 and 1:50, the measured growth speeds 

were 0.35 nm/s, 1.05 nm/s and 4.38 nm/s, respectively. Given the impact of the relative 

face-specific growth rates on crystal morphology, the observed effects explain why EtOH 

alters the morphology of BaWO4 crystals so strongly. Moreover, the emergence of the 

ridge-like morphology points towards the development of the dendritic morphology that 

eventually dominates at high supersaturation.  Furthermore, at the highest alcohol content 

(Fig. 4.9I-L), the development and rapid expansion of a rounded “hillock” suggests the 

development of the knot-like protrusions seen around the central plane of fully formed 
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crystals grown at high supersaturation. 

 

Fig.4.9 Continuous in-situ AFM deflection error images showing the growth of single 

crystal BaWO4 in 1.5 mM BaCl2 and 1.5 mM Na2WO4 for an R of A-D) 1:400, B) 1:200 

and C) 1:50. 

 

Following imaging, the crystals were removed from the AFM liquid cell and 

examined by SEM (Fig. 4.10 and Fig. 4.11). Fig.4.10 reveals that the highest region of 

the crystals, where AFM imaging was executed, corresponds the central region, which 

consists of plane A along with many small regions of plane B.  Fig. 4.11 shows that, as 

the value of R increases and the supersaturation gets larger, plane B of the pyramidal 

regions occupies increasingly less area relative to plane A, as expected from the relative 

growth rates.  Extrapolating to long growth times, the B planes will eventually become 

the four edges of each half of the bi-pyramid and, as the instability of the ridges grows, 

will expand outward as dendritic arms to produce the final four-fold dendritic 

morphology seen at the highest supersaturations.  
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Fig. 4.10. SEM images of BaWO4 crystal grown in 1.5 mM BaCl2, 1.5 mM Na2WO4, 

with R ratio 1:400 in AFM liquid cell. 

 

Fig. 4.11.  (A and B) SEM images of BaWO4 crystal grown in 1.5 mM BaCl2, 1.5 mM 

Na2WO4, and with  R ratio 1:50 in AFM liquid cell; (C and D) SEM images of BaWO4 

crystal grown in 1.5 mM BaCl2, 1.5 mM Na2WO4, and with  R ratio 1:400 in AFM liquid 

cell.  
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4.4 Summary 

BaWO4 crystals with different morphologies were synthesized by simply 

adjusting the volume ratio of ethanol to water. The morphologies of the crystals varied 

systematically with both the concentration of the solute and the ethanol concentration.  At 

high solute concentration, the morphology evolves from simple dipyramids to four-fold 

dendrites with dendrite arms along the dipyramidal edges and knot-like protrusions 

around the central plane. As the solute concentration is decreased, heterogeneous 

nucleation on sources that can be removed by filtration leads to generation of flower-like 

structures whose petal-density and percent occurrence decreases with increasing 

supersaturation, consistent with the principles of classical nucleation theory. In situ AFM 

shows that all faces grow on rough surfaces at low supersaturation, even in pure water.  

However, there is a competition between growth on the large A planes and smaller B 

planes that exhibit a ridge-like morphology. The introduction of increasing 

concentrations of alcohol leads to increasingly rapid growth of the B planes relative to the 

A planes, increases in the roughness of the ridge-like features, and the development of 

rounded hillocks that presage the appearance of the knot-like protrusions.  These results 

show that the complex BaWO4 morphologies previously attributed to oriented attachment 

actually occur through purely classical growth mechanisms influenced by ethanol as a 

modifier of nucleation, step propagation and the development of growth instabilities that 

are eventually manifest as the growth of dendritic single crystals.  Thus these findings 

highlight the need for caution in deciphering growth mechanisms through interpretation 

of ex situ images collected long after growth is complete.  
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CHAPTER 5  

DETECTING THE ORIENTED ATTACHMENT MECHANISM 

OF NANOSTRUCTURED ZNO IN LIQUID 

 

Abstract 

Understanding of nanocrystal growth mechanisms is essential for the 

morphology- controlled nanocrystals with unique physical properties. Oriented 

attachment, an important crystal growth mechanism, provides a peculiar growth pathways 

and characteristics, which is distinct from the classical crystal growth such as Ostwald 

ripening and aggregations. Recent studies show that ZnO rod-like and worm-like 

structure is formed by oriented attachment mechanism owing to its strong spontaneous 

polarization.  Using in situ transmission electron microscopy, we show that ZnO worm-

like nanocrystal can grow by monomer attachment from solution or oriented attachment 

along the (002) orientation by virtue of high-resolution TEM using a fluid cell. The 

results improve our understanding of the growth mechanism of nanocrystal in liquid 

medium.    
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5.1 Introduction  

 Solution phase methods have become a routine method to synthesize crystalline 

nanomaterials.  But it’s very hard to control size and shape of nanoparticles, because they 

undergo rapid nucleation and growth, which is affected by surrounding interactions.  So 

the particle growth process, including Ostwald ripening and aggregation, can compete 

with nucleation and growth in controlling the particle size and morphology in the system. 

Ostwald ripening (also known as coarsening) involves the growth of larger crystals at the 

expense of smaller ones.
1, 2 

Attachment can lead to either oriented or random attachment 

depending on the surface chemistry.  The detailed pathway to crystallization by particle 

attachment is outlined by James J De Yoreo, et al, and they claimed that the 

crystallization can happen by attachment of some species that is more complex than 

simple ions, such as oligomers, multi-ions complex, amorphous, poor crystallites or 

droplets, which was shown in Fig. 5.1.
3
 

 

Fig. 5.1. Pathways to crystallization by particle attachment
3
  

  



Texas Tech University, Lili Liu, Dec. 2016 

73 

 

Oriented attachment (OA), an important crystal growth mechanism, was firstly 

discovered by Penn and Banfield in 1998.
4, 5

 OA involves collisions of adjacent 

nanocrystals in a common crystallographic orientation and joining of these particles at a 

planar interface toward low-energy configurations, in which co-alignment is 

accompanied by coalescence.
5
 In other words, OA occurs when particles share a common 

crystallographic orientation. 
6
 Distinct from the Ostwald ripening mechanism, the OA 

mechanism provides a peculiar growth pathway and characteristics by which unique 

crystal morphologies can be produced. Fig.5.2 shows the detailed schematic of crystal 

growth via OR and OA mechanism.
7
 

 

Fig. 5.2 Scheme of nanocrystal growth controlled by: (a) Ostwald ripening mechanism; 

(b) oriented attachment mechanism. Reproduced with permission from Nanoscale. 2010, 

2, 18. Copyright 2010 the Royal society of Chemistry.  

For some time past, OA has already realized controlling particle size, shape and 

morphology. Up to now, OA has been highlighted in many products involving the growth 

of particles and realized controlling the size, shape and morphologies of the materials.   

These materials include oxides and /or their composites (e.g., TiO2,
5, 6,8-11 

Fe2O3,
12-14 

ZnO,
15-17

 CuO
18, 19 

, Sb2O3, 
20

 MnO2, 
21

 CeO2,
22,23 

SnO2, 
24

),  oxyhydroxides (e.g., 

FeOOH, CoOOH), 
25, 26 

semiconductor compounds(e.g. CdS, 
27,28 

ZnS, 
29

 PbSe, 
30

 CdSe, 

31, 32
 ZnTe 

33
) , metal and metallic alloys ( e.g. Ag,

34, 35
 Au

36
), carbonate(e.g. CaCO3

37, 38
).  
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However, the controlled synthesis in morphology has still been tremendous challenges 

owing to the complexity of the influence ions. 

Zinc oxide (ZnO) is an attractive II-VI compound semiconductor material with a 

direct band-gap (Eg = 3.37eV) and a large exciton binding energy (60 meV). 
39,40 

Owing 

to their wide application in electronics, photonics and piezoelectric fields, one 

dimensional (1D) ZnO nanostructures have attracted significant attention.  Among all 

kinds of ZnO nanostructures, like nanorod, 
15, 39, 40 

nanowire, 
41, 42

 nanobelts, 
43, 44

 

nanotubes and nanonails, 
45-47

 ZnO nanorods has been widely studied because of their 

easy, economical formation method and wide device applications.  

Many techniques have been used to synthesize ZnO nanorod. However, there are 

only a few examples reported whose ZnO nanorods could be prepared in a controllable 

manner by evaporation solvent,
15,48 

the reflux condition induced the nanoparticles formed 

into pearl-chain-like structures with well-aligned lattice planes, finally leading to the 

formation of single crystalline nanorods.  Rod formation anisotropic crystal growth is 

usually realized when the free surface energies of the various crystallographic planes 

differ significantly. But the information about the specific formation process and atomic 

dynamics has not been provided and requires a detailed investigation.  

Recently, fluid cell TEM emerged as a powerful and direct technique to study 

particle nucleation, growth and self-assembly, which enables fundamentally studying 

crystal growth by oriented attachment.   Both static and flow cell have been used in liquid 

phase TEM investigation of materials formation. Taking advantage of fluid cell in situ 

high-resolution transmission electron microscopy, James J. De Yoreo’s group firstly 

reported iron oxyhydroxide nanoparticles in water not only formed by oriented 

attachment, but also provided detailed information about translation and rotation of 

nanoparticles searching for coalignment.
12 

We are applying the new technique to study 

the growth mechanism of ZnO nanorod in methanol system.       

5. 2 Experiment section  

5.2.1 Synthesis of the ZnO nanospheres  

0.01 M of zinc acetate dehydrate (Zn(CH3COO)2 ∙ 2H2O) (97+%, Alfa Aesar) was 

dissolved in methyl alcohol (50 mL) (sigma aldrich) in a covered flask under vigorous 
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stirring at 60 °C. Subsequently, a 0.03M KOH solution of (26 mL) (sigma aldrich) in 

methanol was added dropwise at 60 °C. And the solution immediately changed to 

cloudy. The cloudy solution remains with continuous stirring for 4 hours, they became 

translucent around 30 minutes later followed by the appearance of a fine white 

precipitate. The final cloudy solution was stored at 4 °C and kept stable very well. The 

detailed chemical reactions were demonstrated as following: 

 

5.2.2 ex-situ TEM characterization of ZnO nanostructure   

Ex Situ TEM was firstly chosen to investigate the morphology evolution over 

times. Fig. 5.3 shows that the typical TEM images of the sample synthesized at 60 °C for 

2h. The attached particles to each other can be distinguished by yellow solid lines. It can 

be clearly seen that pearl-chain-like structures is labeled with contour of the domain, 

although particles aggregation is extremely severe. Some of the lattice planes of the 

depicted particles are perfectly aligned. Moreover, one recognizes that particles are 

epitaxially fused together to form a worm-like structure and bottlenecks between the 

adjacent particles are still visible. The lattice planes of some particles are aligned along 

the c axis (002) having a same crystalline orientation, even though oriented attachment is 

not observed for some contoured particles.  
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Fig. 5.3. HRTEM image of ZnO particle synthesized at 60 °C for 2h. 

 

 

Fig. 5.4. HRTEM images of ZnO particles synthesized at 60 °C for 16 h. 

 

An increase in the heating time mainly leads to an increase of the elongation of 

the particle along the c axis. As shown in Fig. 5.4, single crystal rod has an outer 

perimeter that is not straight but rather appears to be the outline of two separate particles  

(Fig. 5.4 (a)), and particle attached to the end of a rod, though it is not co-aligned (Fig. 

5.4 (b)).  These unique structures are very similar with the oriented attachment proposed 

by Penn and Banfield. It is obvious that the adjacent nanoparticles would self-organized 

with the high energy surface in a common crystallographic orientation and join at a 
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planar interface to reduce the surface energy of the whole system, so that’s why the 

nanorods were preferentially formed.  

On the basis of the above results, ZnO grew from individual nanoparticles by 

crystallographically oriented and partially aggregated from short worm-like to rod-like 

through oriented attachment. To learn more about the detailed growth mechanism, it is 

necessary to combine the liquid phase in-situ TEM and ex-TEM observation with study 

to track the specific growth process.  The liquid phase TEM is more likely to visualize 

and track the interaction between nanoparticles within a field of view over time.  

5.2.3 In-situ TEM Methods 

The liquid holder and its key components were manufactured by Hummingbird 

Company, which is shown in Fig. 5.5. The liquid layer for the in situ experiment was 

formed by sealing two silicon chips (Hummingbird Scientific, USA), with a 50 x 200 

µm2 opening etched from the center, which had a 50 nm thick amorphous SiN membrane 

to form the electron transparent window for observation, as shown in Fig. 5.5 (a, b, c). 

The two chips are separated by a 100nm spacer that allows the passage of incident 

electrons. The silicon chips were treated for 40 seconds with plasma (Harrick Plasma) 

cleaning to make them totally hydrophilic before assemble liquid cell. The bottom chip 

was firstly placed with membrane side up inside the well-cleaned fluid stage tip, and a 

0.6 µL stock solution was placed onto its central spot with a pipette. The top chip was 

then placed membrane side down to align well with the bottom chip, and a transparent 

window can be easily observed under a stereo microscope. Finally the liquid cell holder 

was placed in a pump station (Pfeiffer vacuum) to test the vacuum condition before 

loading it to the microscope, which was kept for at least 5 minutes as the vacuum reached 

very well. The detailed static cell schematic was shown in Fig. 5.5 (d). And bright field 

images were recorded with an eagle CCD detector with exposure time 1s, which was 

made to a movie using the movie maker software. 
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Fig. 5.5 (a) the photograph of Hummingbird liquid cell holder; (b) the photograph of the 

empty stage tip; (c) the schematic of space chip and window chip ; (d) the schematic of 

static cell mounted on the holder, in which the stock solution is sealed in the liquid cell 

and o-rings. 

5.3 Results and discussion  

 ZnO nanoparticles precursor as stock solution was diluted to 3 µM in the pure 

methanol system for liquid phase TEM study. 0.6 µL well-dispersed ZnO was handily 

dropped onto the middle of space chip and assembled as the above indication with Si3N4 

window chip for in situ TEM imaging of their collective motions in solution. Fig. 5.6 

showed the time series of in situ liquid phase TEM images of ZnO under the illumination 

of the electron beam.  The ZnO nanoparticles, of approximate 8 nm, dissolved totally 

within 1 minute.  
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Fig. 5.6. In situ liquid phase TEM imaging of ZnO nanoparticles dissolution 

This is because the pure methanol affected by electron beam radiation produced 

some hydrogen ions, and resulted in the dissolution of ZnO in acidic solutions. 
[49] 

The 

primary reaction steps can be summarized as follows: 
[50, 51]

 

 

The equlibrium of the equation (2) was found to be be readily reversible, which is 

highly dependent on pH condition; In other words, the equations (1) could promote the 

positive reation of equation(2).  ZnO is thermodynamically stable in the pH range 

between 6 and 12. In solutions with lower or higher pH value, ZnO is not stable and 

disssolves owing to the relatively high solubilities of zinc in these pH ranges.   

In order to inhibit the behavior of dissolution, we used ZnO nanoparticles in the 

presence of 1mM Zn(NO3)2 for in situ TEM study. Fig. 5.7 showed the nucleation and 

growth process of ZnO nanoparticles. The ZnO nanoparticles of around 8 nm, marked by 

colorful arrows, attached to each other within time ranges. The attachment behaviour 

could not happen at the same time, and every attached subject was contoured by different 
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color to differentiate the evolution.  we conclude that the particle growth was presumably 

monomer attachment.  

 

Fig. 5.7 In situ liquid phase TEM imaging of ZnO nanoparticles nucleation and growth 

process by attachment in the presence of 1M Zn
2+

 

Also, the Fig. 5.8 shows that ZnO nanoparticles growth in the precense of 1 mM 

Zn
2+

. The nanoparticles marked by the white circle grew by monomer attachment , which 

is similar to the case shown in Fig. 5.7. When the two nanoparticles attached each other, 

and the third party got more and more closer until attached to them, which was followed 

by the coalescence. The neck bewteen the two particles was pointed during the 

attachment process and gradually grew well-rounded along with the coalescence process, 

finally worm-like structure with smooth surface appears.  
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Fig. 5.8. In situ liquid phase TEM imaging of ZnO nanoparticles growth process by 

attachment in the presence of 1M Zn
2+

. 

In order to have a better understanding of attachment behavior, in-situ HRTEM 

was conducted to track the particles movement. As shown in Fig. 5.9,  it was obvious that 

not every adjacent particle would attach and merge. the particles, contoured by the yellow 

arrow, coaligned within the first 14 seconds, although the crystal orientation is not clear. 

Owing to the drift problem of sample, the yellow arrow illurstrates the particle whose the 

position changed to make clear that the beam area is not fluctuated too much. when t= 

100 s, the collision along the c axis  of ZnO worm-like is very obvious, thus procucing 

1D structures with (002) orientation. As the aging time extended, the particle got much 

more closer to the worm-like structure until coaligned each other, whereas, the attached 

orientation direction is 60
o 
off the ZnO

 
c axis(002), which illurstrated that the oriented 

attachment is conducted in the imperfect way. In the same way, we also captured that the 

ZnO particles merged into each other in the direction of 60
o
off  the ZnO c axis(002), 

which established that the oriented attachment of ZnO nanocrrystal in the imperfect way 
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Fig. 5.9. In situ liquid phase HRTEM imaging of ZnO nanoparticles growth in the 

presence of 1M Zn
2+

. 

 

Fig. 5.10. In situ liquid phase HRTEM imaging of ZnO nanoparticles growth process by 

oriented attachment in the presence of 1M Zn
2+

. 
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5.4 Conclusion 

 In summary, we observed the evolution process of ZnO wormlike from particles 

in the liquid cell via in situ TEM. The rapid  dissolution, owing to the radiolysis excited 

by the electron beam,  was initially investigated, which  was inhibited by the extra 

amount of zinc ion. The monomer attachment and coalescence was visualized with aging 

time extended. It’s more worthwhile to note that the ZnO wormlike structure has high 

crystallographic orientations when  coalescencing. The growth orientation was 60
o
 off the 

ZnO c-axis (002).The approach overcomes the problem of dissolution common to LP-

TEM studies of mineral systems and the results provide insights into the growth of this 

important oxide semiconductor. 
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CHAPTER 6  

FUTURE AND PROSPECTIVE WORK 

 

6.1 Introduction  

To control the size, structure, and morphology synthesis of nanocrystals has 

become one of the primary concerns, which can tailor their unique properties and 

optimize their performance in many applications, such as catalytic, electronic, optical and 

magnetic devices.
1-3

A large number of methods have been proposed to address these 

issues, including template growth, 
4, 5 

selective capping, 
6
 kinetic crystal control, 

7-10 
and 

etching. 
11 

Among them, crystal growth is the most prevalent form to address the size-, 

shape-, structure-controlled synthesis of nanocrystals. It has been intensively studied 

based on the two fundamental mechanism, the classical Ostwald ripening and the non-

classical oriented attachment mechanism.  

 The classical Ostwald ripening mechanism involves the growth of larger particles 

at the expense of smaller ones.
12-14

 Fig. 6.1 illustrates crystal growth via the OR 

mechanism.
15 

According to the Gibbs-Thomson equation, 
15, 16

 the equilibrium solute 

concentration at the surface of smaller ones is higher than that of  the larger particles , so 

the resulting concentration gradients lead to the diffusion of solute ions from smaller 

particles to larger particles. So the crystal growth of large crystals with significant 

solubility in solution can be effectively explained. However, this traditional mechanism 

seems to be unable to explain the crystal growth when the nanocrystal sizes are 

sufficiently small.  
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Fig. 6.1. Scheme of nanocrystal growth controlled by Ostwald ripening mechanism. 

Reproduced with permission from Nanoscale, 2010, 2, 18-34. Copyright 2010 RSC. 

 In 1998, Penn and Banfield presented a new  non-classical crystal growth 

mechanism involving the collision and self-organization of adjacent paticles, followed by 

the preferential crytsllograophic orientations,  which is termed as “oriented attachment”.
17

 

Fig. 6.2  illustrates crystal growth via the OA mechanism. 
15 

This mechanism as a new 

means for the fabrication of wires, rods and worm-like structures has attracted interest. A 

lot of progress has highlighted the significant of OA in realizing size and shape-

controllability, 
10, 11

 there are still some nucleation and growth dynamics of nanocrystals 

issues to be addressed in more details and accurately.  

 

Fig.6.2. Scheme of nanocrystal growth controlled by Oriented attachment mechanism. 

Reproduced with permission from Nanoscale, 2010, 2, 18-34. Copyright 2010 RSC. 

In-situ TEM has recently shown the importance of investigating dynamic 

processes in liquid at the nanoscale. Notably, Zheng and co-workers firstly found the 

platinum nanoparticle grow by monomer attachment from solution and coalescence of 

particles, using in situ fluid stage TEM, 
18

 which provided new insight into nanocrystals 

growth pathway based on size- and morphology-dependent nanoparticle. At the same 

period, James J. De Yoreo and coworkers directly observed oriented attachment behavior 

of the iron oxyhydroxide nanoparticles using a fluid cell within a high-resolution TEM. 
19 
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They found the particles undergo continuous collision and rotation before they find a 

preferable lattice match, in which first real-time track the particle orientations during 

attachment. Similar work has been developed in other groups by using a fluid cell within 

a high-resolution TEM, and examined the crystal growth process in more detail and 

accurately.
11, 20 

All nanocrystals above could be realized by manipulating experiment at 

room temperature and extremely convenient to study using In-situ TEM technique, thus 

this system sometimes suffers an adverse temperature condition, which inhibits its 

extensive usability for a large number of nanocrystals. Therefore, in future work, we will 

develop a heating controlled system to study the crystal growth behavior using fluid cell 

with high resolution TEM, extending the potential application value in observing crystal 

growth process.  

6.2 Studying the oriented attachment mechanism of ZnO in aqueous 
system using a heating station  

In solution phase synthesis, coarsening and aggregation have been shown to 

compete with nucleation and growth, which control the particle size distribution in the 

system. Solution conditions such as ionic species, pH, ligands, water concentration and 

temperature are found to significantly affect particle nucleation and growth as well as 

applications.  So having a better understanding of how these factors promote or inhibit 

certain growth mechanism will lead to the optimized experimental strategy, in which 

morphology – and size- controlled nanostructures can be realized. Bruno Chaudret and 

coworkers 
21

firstly report that ZnO nanoparticles of controlled size and shape in solution 

can be prepared at room temperature, and they found ZnO morphologies such as disk or 

rod is highly dependent on the characteristics of the solution, in terms of solvent, ligand, 

and concentration. Peter C. Searson et al. reported that the kinetics of nucleation and 

growth are highly related to the properties of the solvent, and they carefully studied the 

influence of the solvents (ethanol, 1-propanol, 1-butanol, 1-pentanol,1-hexanol) on the 

ZnO nanoparticle  size distribution.
22 

The ZnO nanocrystal synthesis is generally carried 

out in water and alcohol using zinc salts as starting materials in the presence of a base. 

Most alcohol are dipolarand amphiprotic solvents with a dielectric constant and viscosity 

that is dependent on the chain length. However, extremely toxic solvent like THF was 

employed in the reaction process, even though room temperature manipulates the ZnO 
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rod-like structure.   Weighing the both advantages of temperature and solvent, alcohol is 

well employed in the rod-like ZnO controlled synthesis  at slightly high temperature 60 

°C. Over the past decades, hardly any work has been reported on the ZnO nanostructures 

formed via oriented attachment under relatively low-temperature and ligand free solution. 

For example, Horst Weller et al. showed that ZnO nanorods could be self-assembled by 

the oriented attachment of spherical nanodots along a certain axis in an Methanol solution 

at 60 °C.
10

 Based on the recent significant progress for the ZnO studies, it’s necessary 

directly to study  the OA process by liquid cell HRTEM at a controlled  temperature 

condition.  

6.3 Studying the oriented attachment mechanism of CeO2  in liquid using a 
heating station 

Cerium (IV) oxide (ceria, CeO2), a rare earth oxide, is widely used for  catalysts, 

UV blockers, fuel cells, oxygen sensors fields based on its size- and morphology- 

dependent properties. 
23,24 

Recently, superstructures of CeO2 including nanoparticles, 

nanorods, and other morphologies have been fabricated by a large numbers of methods, 

such as room-temperature solution precipitation,
25

 hydrothermal/ solvothermal process,
26, 

27 
microemulsion,

28 
as well as high-temprertaure  evaporation.

29 
Eic Teo and co-worker 

prepared CeO2 nanocrystals by the hydrothermal method, and  nuclei was firstly formed 

by oriented attachment and subsequent Ostwald ripening results in the growth of CeO2 

nanocrystals. They claim that oriented attachment plays a dominant role in fabricating 

nanocrystals. 
30

 Deren Yang et al. reported that CeO2 nanocrystals were assembled into 

nanorod by oriented attachment using low-temperature, and ligand-free approach.
31

 The 

morphological and structural characterization of the CeO2 nanorods prepared at 100 °C 

and room temperature are shown in Fig. 6.3. However, the specific pathway by which 

OA occurs on CeO2 has not been established.  
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Fig. 6.3. (a–e) TEM and high-resolution TEM images of the rod like (a and b) and pearl-

chain-like ceria (c and d) nanostructures of CeO2 produced by the OA mechanism. 

Reproduced with permission from J. Phys. Chem. C, 2007, 111, 12677. Copyright 2007 

Am. Chem. Soc. 

In order to optimize the synthesis method and well-control morphology variation, 

a better understanding CeO2 nanocrystals growth in aqueous is extremely necessary. Ex-

situ TEM technique just allows a lot of researchers speculate the possible crystal growth 

behavior without direct evidence that particles attached through preferable lattice 

matches. So up to now, in-situ HRTEM is a best technique to real-time visualize and  

track nanocrystal growth mechanism, although it suffers some problems such as beam 

heating, carbon contamination, sample charging and mass loss problems. 
32

 So we will 

explore if CeO2 nanorod was really formed by oriented attachment at 100 °C using 

temperature controlled plate, connecting with in-situ TEM technique, and make a good 

comparison with the pearl-chain-like morphology obtained at room temperature, and the 

details  about growth behaviors will be discussed. This technique and synthesis approach 

will be extended to synthesize other metal oxide crystals.  
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