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Abstract 

Zinc–based chalcogenide semiconductor nanocrystals, including ZnS, ZnSe and ZnTe 

quantum dots are of great importance owing to their potential for optical, photoelectric and 

biomedical applications. The work in this thesis presented novel colloidal synthesis methods 

for high–quality ZnS and ZnSe nanoparticles with controlled crystal structure and morphology. 

The growth mechanisms of the uniform zero–dimensional (0D) ZnSe(S) nanodots and one–

dimensional (1D) ZnSe(S) nanorods were elucidated. A novel heterostructure composed of Au 

noble metal tips and ZnSe nanorods in nanoscale was synthesized and the anisotropic growth 

nature between the Au nanoparticle domain and the ZnSe nanorods domain was revealed. The 

Au–tipped ZnSe nanorods were used as catalysts for H2 evolution reaction (HER) by 

photocatalytic water splitting.  

In the first part of the thesis in relation to my research project, a new hot–injection method for the 

facile shape and size control of ZnSe nanocrystals in a phosphine–free system was presented. By 

employing super hydride as reductant to tailor the activity of Se precursor, uniform ZnSe nanodots 

or nanorods with tunable diameter were obtained. A detailed investigation on the special role of 

super hydride in the phosphine–free synthesis of ZnSe nanocrystals was demonstrated, along with 

a proposed mechanism that was responsible for the formation of ZnSe nanodots and nanorods. By 

combing the calculated Gibbs free energies of the reaction between Se and super hydride and the 

experiment results, we concluded that selenium precursor in oleylamine can be reduced to Se2
2– 

or Se2– depending on the amount of super hydride added. With the increase of super hydride, Se0 

was reduced to Se2
2– then Se2–, and the reaction activity of different Se species are: Se2– > Se2

2–> 

Se0. ZnSe nanodots of zinc blende phase were obtained if active Se2– was employed as Se 

precursor, while ZnSe nanorods of wurtzite phase were obtained if less active Se2
2– was employed 

as Se precursor. 

In the second part of the thesis in relation to my research project, I developed a one–pot heat–

up method for synthesis of ZnS, ZnSe and annoyed ZnSxSe1–x nanoparticles. Compared with 

the hot–injection method, this method has advantages such as higher production yields and 

feasible operation procedures. By adopting 1–dodecanethiol (DDT) as the co–ligand in 

combination with oleylamine (OLA) for the synthesis of ZnS, ZnSe and ZnSxSe1–x 

nanoparticles, I successfully synthesized monodisperse 1D ZnS, ZnSe and ZnSxSe1–x nanorods 

using the one–pot heat–up method. The studies of the effect of DDT on the synthesis of ZnSe, 

ZnS and ZnSxSe1–x nanorods indicated that DDT could improve the reaction activity of Se or S 

powder precursor in OLA and bind preferably on some facets of nanocrystals. This allows the 
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nanocrystals grow faster along other specific facets, leading to the formation of 1D nanorods. 

The control experiments in the absence of the DDT only produced nanodots using similar 

synthetic route. Au nanoparticles further selectively grew on the obtained ZnSe nanorods, 

constituting Au–ZnSe nanorods heterostructures with the Au nanoparticles being deposited on 

one tip, two tip and side facets of the ZnSe nanorods. Cation exchange reactions were further 

applied to Au–ZnSe nanorods to produce Ag2S–ZnS heterostructures.  

In the last part of the thesis in relation to my research project, we employed the synthesized 

ZnSe nanorods in the aforementioned heat–up method for Au–ZnSe hybrid nanorods growth 

and studied the performance of the hybrid nanorods in photocatalytic H2 evolution reaction by 

water splitting. The research results showed that Au tips were found to grow on the apices of 

ZnSe NRs non–epitaxially to form an interface with no preference of orientation between Au 

(111) and ZnSe (001). Density functional theory (DFT) calculations reveal that the Au tips on 

ZnSe hybrid NRs gain enhanced adsorption of H compared to pristine Au, which favors the 

hydrogen evolution reaction. Photocatalytic tests reveal that the Au tips on ZnSe NRs 

effectively enhance the photocatalytic performance in hydrogen generation, in which the single 

Au–tipped ZnSe hybrid NRs show the highest photocatalytic hydrogen production rate of 437.8 

µmol·h–1·g–1 in comparison with a rate of 51.5 µmol·h–1·g–1 for pristine ZnSe NRs. An apparent 

quantum efficiency of 1.3% for hydrogen evolution reaction for single Au–tipped ZnSe hybrid 

NRs was obtained, showing the potential application of this type of cadmium (Cd)–free metal–

semiconductor hybrid NPs in solar hydrogen production. This work opens an avenue towards 

Cd–free hybrid nanoparticle (NP)–based photocatalysis for clean fuel production.  
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Chapter 1. Thesis Overview 

1.1  Background 

One–dimensional (1D) semiconductor nanorods have remarkable electronic properties such as 

narrow fluorescence, low lasing threshold and ultrafast exciton dynamics. As the benchmark 

materials with two–dimensional quantum confinement effect, CdX (X=Se, S and Te) nanorods 

were widely studied as light emitting diode1–3, and photo catalyst for H2 generation 4, 5. 

Following the pioneer work of Peng et al. on the first synthesis of CdSe nanorods,6 the synthetic 

approaches of uniform CdX (X=Se, S and Te) nanorods are greatly developed.7, 8 On the other 

hand, controlled synthesis of monodisperse ZnX (X=Se, S and Te) nanorods is still a challenge. 

A few studies reported the successful control of shape and phase of one–dimensional ZnSe 

nanorods9–13 and ZnS nanorods14–16 in which the synthetic procedures involve tedious steps 

and are not easy to control. Some of them used toxic and expensive ligand such as TOP 

(trioctylphosphine), TOPO (trioctylphosphine oxide), diphenylphosphine (DPP), thiophenol 

(SPh) which are not “green” and not convenient to handle during syntheses.  

As a very important representative of II–VI nanomaterials, Zn–based nanocrystals have 

received tremendous attention due to their wide band gap and non–toxicity, as well as their 

applications in bio–imaging, sensor, photovoltaics and photocatalytic H2 energy evolution. The 

successful synthesis of ZnS, ZnSe nanorods and nanodots with controlled shape and size 

alongside their growth mechanisms laid a firm foundation for their stimulation applications.   

In addition, metal–semiconductor hybrid nanoparticles combining separate components in a 

single nano–object have remarkable optical and electronic properties, and find promising 

applications in optoelectronics, photocatalysis and biomedicine. As benchmark catalysts, 

cadmium (Cd)–based hybrid nanoparticles have been extensive investigated for photocatalytic 

H2 production through water splitting. However, the high toxicity and the carcinogenicity of 

Cd–based materials is the main obstacle that restricts their widespread applications. In this 

sense, Cd–free hybrid nanoparticles possessing photocatalytic performance comparable to Cd–

based hybrid materials are highly demanded and of significant importance. Zinc–based 

semiconductor nanocrystals are less or non–toxic and environmental–friendly. These merits 

make them potential alternatives to the Cd–based materials in photocatalysis and biomedical 

applications. 
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1.2  Research objectives 

The aim of this research is to develop facile and effective approaches to synthesize Zn–

chalcogenide nanoparticles with controlled size, crystal structure, morphology, including 0– 

0D nanodots and 1D nanorods, and expand these nanomaterials to hybrid nanomaterials, such 

as noble metal–semiconductor hybrids. The studies on the growth mechanism of Zn–

chalcogenide nanoparticles and hybrid nanoparticles are highlighted. The potential of the 

obtained hybrid nanoparticles like Au–ZnSe hybrid nanorods for clean fuel H2 generation is 

also investigated and evalutated. The special objectives of the project are listed below. 

a) Summarize the progress and challenges on Zn–chalcogenide nanoparticles synthesis, 

especially for 1D nanorods synthesis, use noble metal–semiconductor, such as Au–

CdSe or Pt–CdS heterostructures as photocatalysts to investigate their potential in 

photocatalytic water splitting.  

b) Develop effective colloidal hot–injection methods for the synthesis of ZnSe nanodots 

or nanorods. Study the effect of precursor activity on the crystal structure, phase and 

morphology by using Se precursor with diverse activity. 

c) Develop general heat–up methods to synthesize ZnSe, ZnS and ZnSxSe1–x nanorods and 

study the synthetic conditions that affect the nanoparticle morphology. 

d) Selectively grow noble metal (Au) nanoparticles on the obtained ZnSe, ZnS and 

ZnSxSe1–x nanorods.  

e) Use the synthesized Au–ZnSe hybrid nanorods as photocatalysts towards hydrogen 

production through water splitting. 

1.3  Thesis organization 

The thesis has 7 chapters.  

Chapter 1 is the introduction of the thesis, which includes a brief introduction of zinc 

chalcogenides and zinc chalcogenide hybrid nanoparticles alongside the research objectives.  

Chapter 2 is the literature review, which includes four major parts. Part 1 introduces the basic 

physical and chemical properties of zinc chalcogenide nanoparticles. Part 2 reviews the main 

colloidal synthetic approaches of ZnS, ZnSe and ZnTe nanoparticles, includes 0D nanodots, 

1D nanowires or nanorods and 2D nanosheet or nanoplatelets. Part 3 focuses on the synthesis 

of noble metal, such as Au and Pt hybridized II–VI semiconductor nanomaterials. Considering 

that there were only very limited research reports on Au/Pt– zinc chalcogenide (ZnS, ZnSe or 

ZnTe), I expanded this topic to cadmium chalcogenide nanoparticles as they all belong to II–
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VI semiconductors. The application of these hybrid nanomaterials is summarized in the final 

part, which includes photocatalytic pollute degradation and H2 generation, as well as reactive 

oxygen species in biomedical area.  

Chapter 3 details the information of facilities used for nanoparticles synthesis and 

characterization in this work, which involves an introduction of experimental set–up, Schleck 

line, glove box and analysis equipment such as TEM, XRD, XPS, ICP and TGA.  

Chapter 4–6 is the research outputs based on aforementioned research objectives.  

Chapter 4 and 5 focus on developing facile synthesis approaches for Zn–chalcogenide 

nanoparticles, including the hot–injection method and the one–pot heating–up method. Chapter 

6 studied the growth of noble metal Au onto ZnSe nanorods and their performance on 

photocatalytic H2 evolution reaction.   

Specifically, chapter 4 reports a novel hot–injection method developed in this work for 

controlled synthesis of ZnSe nanoparticles. As the new founding is published on Royal 

Chemical Society (2019), we reused the main manuscript (Spontaneous shape and phase 

control of colloidal ZnSe nanocrystals by tailoring Se precursor reactivity) and the Supporting 

Information with some modification as the main part of Chapter 4.   

Chapter 5 introduces a one–pot heat–up method for the synthesis of ZnSe, ZnS and ZnSexS1–x 

nanorods and nanodots, in which I found that the proper choice of ligand like oleylamine and 

dodecanethiol has significant influence on the final morphology and crystal phase of the 

obtained nanoparticles. A manuscript in relation to this research finding is being prepared and 

will be submitted for publication shortly. 

Chapter 6 is based on the objective of photocatalytic application study. As the research finding 

is published on Wiley (2019), we reused the main manuscript (Non–Epitaxial Gold–Tipped 

ZnSe Hybrid Nanorods for Efficient Photocatalytic Hydrogen Production) and supporting 

information with some modification as the main part of Chapter 6.   

Chapter 7 is the conclusion of the research projects and recommendation for readers. 

The appendix A is Copyright and Permission for reusing figures in published articles. 

Appendix B is the statement of contribution to Co–authored paper, which refer to Chapter 4 

and Chapter 6.  

Appendix C, D, E is supporting information for Chapter 4, Chapter 5 and Chapter 6. 
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Chapter 2. Literature review 

2.1  Introduction 

Colloidal semiconductor nanocrystals (NCs) constituted of hundreds to thousands of atoms are 

also named as “quantum dots (QDs)” or “artificial atoms” because these nanoparticles build 

the bridge between molecules and bulk materials. The size of colloidal semiconductor 

nanocrystals is usually within 100 nm (typically less than 10 nm in diameter) in at least one 

dimension. Organic surfactants serve as passivating ligands, which stabilize the tiny 

nanoparticles from aggregation in spite of their high surface energy. Since the early report from 

A Henglein1 in 1982 and a later report from R. Rossetti and L. E. Brus et al. 2 of the successful 

synthesis of CdS semiconductor QDs with a diameter of 4.5 nm in aqueous solution in 1983, 

massive research has been conducted on the study of the novel and unique optoelectronic 

properties and applications of these quantum size nanoparticles.  

As one of the most unique characteristic, the quantum confinement effects of colloidal 

semiconductor nanoparticles attracted extensive attention. To be specific, the bandgap of 

semiconductor nanocrystals is size–dependent and can be tailored when the size of 

nanoparticles is smaller than or comparable with the Borh radius of the semiconductor 

materials. For example, when the size of QDs decreases, the bandgap gets larger and the energy 

levels becomes discrete which results in the change of their electric and optical properties3, 4. 

Owing to these excellent optical and electronic properties5, such as size–dependent wavelength 

absorption and emission, good stability and high luminescent quantum efficiency, colloidal 

semiconductor nanocrystals find many applications in light emitting diode (LED),6, 7 

photocatalysts,8–10 and photodetector11,12, biomedical imaging probe13, 14 and cancer 

treatment15.  

The most common colloidal semiconductor NCs can be simply classified into several types 

based on their compositions, such as II–VI semiconductor NCs (CdSe, CdS, CdTe, ZnSe, ZnS, 

ZnTe),,16 III–V semiconductor NCs (InP, GaAs, InAs), 17  I–III–VI semiconductor NCs 

(CuInS2 or AgInS2), 
18 IV–VI semiconductor NCs (PbSe, PbS, or PbTe),19 , or single element 

group IV element semiconductor (Si, C, or Ge and oxide semiconductor like TiO2),
20 21. The 

growth of another component onto the initial semiconductor QDs forms hybrid semiconductor 

nanoparticles, such as CdSe/ZnS22, CdSe/CdS23 core/shell nanorods and Pt–CdSe24 
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nanoplatelets, which expands the palette of hybrid nanoparticles and provides a solid basis for 

their stimulating applications. 

Other than element–based classification, the semiconductor nanoparticles could be also 

classified based on the quantum confinement in different dimensions. To be specific, QDs 

could be classified into three classes, including zero–dimensional (0D) spherical dots, one–

dimensional (1D) nanorods or nanowires and two–dimensional (2D) nanoplates or 

nanoplatelets. For 0D spherical dots, the diameter of these nanoparticles are smaller than the 

material’s Borh radius which means the excitons are confined in three dimensions. In 1D 

nanocrystals such as nanowires or nanorods, the electrons and holes are confined in two 

dimensions except for the length directions. For 2D nanocrystals such as nanoplates, nanofilms 

or nanoplatelets, the excitons are only exhibits confined in one dimension, namely the thickness 

direction 25, 26. It is well known that the energy levels of semiconductor bulk materials consist 

two continuous bands, a fully occupied lower valence band (VB) and a higher empty 

conduction band (CB). The vacancy energy level between VB and CB forms an energy gap 

(Eg), also known as bandgap. A schematic diagram on the quantum confined nanoparticles is 

shown as Figure 2.1. As seen in Figure 2.1, the energy band structures changes from 

continuous to discrete energy levels and the bandgap increases as the size of QDs decreases. 

Due to these unique characteristics, semiconductor nanocrystals have interesting size and shape 

dependent optical and electronic properties. 

 

Figure 2.1 (a) Schematic illustration of quantum confinement effects of  NCs. (b) Photos of CdSe 

NCs with varied size dispersed organic solutions (e.g. toluene) under UV irradiation. (c) Schematic 

illustration of typical morphology and the energy level structure of 3D (bulk), 2D, 1D and 0D 

semiconductor NCs.25 
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Group II–VI semiconductor nanomaterial is an important part of semiconductor nanomaterials. 

As the earliest studied quantum dots, Cd–based II–VI semiconductor nanoparticles like CdSe 

and CdS are extensively and thoroughly studied in term of syntheses, properties and 

applications. Uniform nanodots, nanorod or nanowires and thin nanoplatelets are successfully 

synthesized by various synthetic approaches, while on the other side, Zn–based semiconductor 

nanocrystals gained less progress on synthesis and application because of the difficulties in 

synthesizing these nanocrystals. Even though Zn–based II–VI semiconductor nanoparticles are 

less studied than Cd–based nanoparticles in the past decades, the advantages of Zn–based 

chalcogenide nanoparticles, such as heavy metal–free, environmental friendly and earth 

abundant make them great potential for a wide range of applications. Therefore developing 

new synthetic approaches that are capable of producing size and shape controlled zinc 

chalcogenide nanocrystals is a worthwhile research project. 

 

2.2  Fundamental characteristics of Zn–chalcogenide semiconductor 

materials: ZnS, ZnSe and ZnTe 

ZnS, ZnSe and ZnTe are typical Cd–free II–VI semiconductor materials. As one of the earliest 

found semiconductor material, bulk ZnS has a wide band gap of 3.7 eV.27 From the aspect of 

crystallography, there are two main crystalline forms of ZnS, namely zinc blende (ZB) structure 

and wurtzite (WZ) structure. Bulk ZnS with zinc blende structure is more stable at low 

temperature while at elevated temperature (~1020°C), it could transfer to wurtzite structure.28 

Figure 2.2 depicts these two different crystal structures., For zinc blende phase is based on a 

face–centred cubic (fcc) stacking, with Zn and S atoms tetrahedrally coordinated and stacked 

in a ABCABC pattern. 29 While for a wurtzite structure, the atoms are stacked hexagonally in 

a ABABAB pattern.30 Table 2.1 listed the crystal structure parameter details about the space 

group, lattice constant of ZnS, ZnSe and ZnTe of both zinc blende and wurtzite structures.31, 32 
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Figure 2.2 A schematic diagram of ZnS of zinc blende and wurtzite structures. (a) A single unit cell of 

zinc blende ZnS; (b) 3x3x3 lattice of zinc blende ZnS; (c) A single unit cell of wurtzite ZnS; (d) 3x3x3 

lattice of wurtzite ZnS. 

 Table 2.1 Crystal structure parameters of ZnS, ZnSe and ZnTe 

 Structure Space Group Lattice constant 

ZnS 
zinc blende Z = 4, F4–3 m a = b = c = 5.41 Å 

wurtzite Z = 2, P63mc a = b = 3.81 Å, c = 6.23 Å, 

ZnSe 
zinc blende Z = 4, F4–3 m a = b = c = 5.65 Å 

wurtzite Z = 2, P63mc a = b = 3.99 Å, c = 6.63 Å 

ZnTe 
zinc blende Z = 4, F4–3 m a = b = c = 6.07 Å 

wurtzite Z = 2, P63mc a = b = 4.32 Å, c = 6. Å 
 

 

The bandgap structures of ZnS, ZnSe and ZnTe were shown in Figure 2.3. The wide bandgap 

enables ZnS semiconductor nanoparticles absorb ultraviolet (UV)–light which makes it good 

candidate for UV–based devices such as UV light detector or electroluminescence device. Zinc 

selenide (ZnSe), with similar properties to ZnS in the aspect of crystal structure, has narrower 

band gap compared with ZnS (3.54 eV for ZB, 3.91 eV for WZ). For bulk ZnSe, the band gap 

of ZnSe is 2.72 eV.33, 34 When size is tuned down to the nanoscale, the bandgap of ZnSe 

quantum dots enlarged, which make its absorption covers a spectral range from 350nm to 450 

nm due to the quantum confinement effect. Zinc blende ZnTe has narrowest band gap of 2.26 

eV among these three zinc–based chalcogenide semiconductors.34 For ZnSe and ZnS 
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nanocrystals, it’s quite stable at ambient environment while ZnTe nanocrystals is very sensitive 

to air because they could be oxidized to form Te metal easily. 

 

Figure 2.3 Schematic of band structures of ZnS, ZnSe and ZnTe. 

 

2.3  The development of colloidal synthesis of Zn based II–VI quantum dots 

For colloidal semiconductor synthesis, hot–injection method 35, 36 and heat–up method 37, 38 are 

widely reported in the controlled growth of nanoparticle. In the past decades, uniform 

nanoparticles have been synthesized by hot–injection method in which a precursor solution is 

injected into another precursor solution or solvent at elavated temperature. The classic 

nucleation and growth mechanism theory indicates that the decreasing of the temperature due 

to the room–temperature precursor injection can help separate the nucleation stage and crystal 

growth stage which is conventionally considered beneficial for the formation of homogeneous 

colloidal nanoparticles.  

In a one–pot heat–up synthesis approach, all chemical precursors are mixed together with 

solvent and ligand at the firstly beginning and heated up to a pre–determined temperature. This 

method is quite straightforward comparing with a hot–injection method because no further 

addition of a second precursor is required. The obvious superiority of the heat–up method is 

the operation convenience and the reliability on synthesizing nanomaterials on a large scale 

while the drawback is that the formed nanoparticles are not as uniform as the nanoparticles 

prepared by the hot–injection method because of the less control on the crystal nucleation stage 

and growth stage.  

Bases on the classic LaMer model, ideally, the formation of nanocrystal could be separated 

into three stages including monomers formation, nucleation and growth process, as shown in 
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Figure. 2.4a. 39 At first stage I, the monomer concentration increases gradually as the reaction 

evolves until a point of supersaturation (S) is obtained. In the next stage II, the supersaturation 

finally achieves a critical value (Sc), which provides enough energy for the system to overcome 

the energy barrier of nucleation. Thus, homogeneous nucleation throughout the entire reaction 

solution can be found at the stage II. As a result of fast nucleation process, the monomers are 

massively consumed which leads to the monomer concentration decreased rapidly below the 

critical value. Ttherefore the entire system enters into the stage III. At final stage III, no new 

nuclei formed but nuclei formed at stage II grow simultaneously into large nanoparticles. 39, 40  

For the hot injection method, after the rapid injection of organometallic reagents (precursor) 

into a hot solvent, the concentration of monomers increased rapidly and reached the critical 

value of Sc which caused the simultaneous nucleation. As the nucleation consumed monomers, 

the remaining supersaturation value decreased below Sc, thus the nucleation step was stopped 

and the growth step started. Because the nuclei’s growth progress is similar, the nanoparticles 

will end up with an exceptionally narrow size distribution.  

As for the heat–up method, all chemicals are put in the reactor together, the monomer 

concentration continuously increased along with the heating up stage. After it reaches the 

critical value of Sc, the nucleation procedure occurred followed by the later growth of nuclei, 

as seen in Figure. 2.4b.37 The distinct difference between the hot–injection method and the 

heat–up method is the burst nucleation induced by the hot injection. 

Some new methods or reactors were also developed and reported on zinc based nanoparticle 

synthesis. For example, Guidelli et al. 41 developed a novel continuous–flow microfluidic 

reactor for ZnSe nanodots synthesis wherein the low temperature (160 °C) at the beginning 

part of the fluid could lead to nucleation and the later part with a higher temperature (340 °C) 

helped ZnSe nanocrystals growth. This new approach is capable of synthesizing large amount 

nanocrystals. 

A typical set–up of colloidal nanoparticles synthesis by the hot–injection method involves a 

three–neck flask in which the precursor is injected into a solvent at an elevated temperature. 

The heat–up synthesis could also use the same set–up as that for the hot injection method except 

all chemicals are put in the reacting flask together at the first beginning of the synthesis and no 

further injection is needed.  
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Figure 2.4 (a) Schematic illustration of the nucleation and growth stage for the synthesis of nanocrystals 

according to the LaMer model. The red arrow shows the concentration increase by a hot injection of 

precursor.39 (b) Schematic illustration of a typical heat–up synthesis. The precursors are stable at room 

temperature, as the temperature increases, the cation and anion precursors react with each other to 

generate monomers then nucleate to form small nuclei, which eventually grow into nanoparticles.37  

 

2.3.1 ZnS quantum dots synthesis 

2.3.1.1 0D ZnS spherical dots and 1D ZnS nanorods or nanowires. 

In the past decades, much research has been done on the controlled synthesis of 0D ZnS 

spherical dots and 1D nanorods or nanowires. The first report on synthesis of ZnS spherical 

dots  dated back to 1985 when R. Rossetti and and L. E. Brus et al. 42 synthesized ZnS spherical 

dots  with a diameter of 1.5~3 nm in water and methanol at a very low temperature (–77 °C) 

by using Na2S and Zn(ClO4)2 as the precursors. This research finding initiated the synthesis 

methods study of ZnS semiconductor quantum dots. Later on, the research focused more on 

developing mild experimental conditions for synthesis, such as mild temperatures, extended 

choice of surface coating ligands or precursor chemicals for replacement of unstable Zn(ClO4)2.  

Ligand controlled growth. 

Ligands play multiple roles during the nanoparticle nucleation and growth ranging from the 

regulation of the solubility and activity of precursor preparation to the guidance of growth 

orientation for crystals morphology-controlled growth. For instance, the binding energy 

between ligand and different facets of the nucleus is different. After the form of the nuclei, the 

remaining monomers in the solution will deposit much faster on the facets with lower binding 

energy than those with higher binding energy which consequently producing elongated 

anisotropic 1D NCs. 
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For low dimensional ZnS nanocrystals synthesis, amines with varied alkyl chains and 

phosphines were widely used as ligand to control the NC growth. Li et al. 43 reported a ligand 

controlled synthesis of ZnS spherical dots  and nanorods with varied morphologies and crystal 

phases between 150°C to 200°C  (Figure 2.4 a–d). These results indicated that ligand played 

vital roles on the morphology control by single source thermal decomposition method. 

Specifically, with octylamine (OA) and hexadecylamine (HDA) as the capping ligands, 

hexagonal ZnS nanorods were obtained while the employment of trioctylphosphine (TOP) and 

HDA ligand for synthesis led to the formation of spherical zinc blende ZnS spherical dots . 

Another case of ligand controlled synthesis of ZnS was presented by Thupakula et al. 44 who 

employed zinc ethylxanthate dissolved in TOP as the single source precursor and injected it 

into the mixture of TOP and HDA at 200°C. The final products were spherical dots  with a 

diameter of ~3.5 nm if TOP was replaced by OA to dissolve zinc ethylxanthate and the mixture 

was injected into HDA, whereas the final products were nanorods or nanowires with different 

aspect ratios determined by the annealing temperature and time.   

Growth condition in single source decomposition. 

Thermal decomposition of the single–source precursor in an organic solvent could result in the 

formation of the uniform nanoparticles. Pradhan et al. 45
 reported a single source precursor 

approach for the synthesis of ZnS nanodots, using zinc thiocarbamates or thiocarbonates in 

HDA as both the reaction medium to promote thermal decomposition of the precursor and as 

ligand to stabilize nanoparticles. The spherical ZnS nanoparticles started to grow at 90 °C and 

after the reaction evolved at 150 °C for some time, uniform ZnS spherical dots with an average 

size of 4.5 nm in diameter were obtained. Apart from the effect of ligand and precursor on ZnS 

nanoparticles synthesis, experimental parameter, such as the heating rate was found to play a 

role on the morphology and phase control. For example, when the precursors were heated up 

by a high rate, spherical ZnS nanodots of zinc blende phase were obtained while lower heating 

rate led to the formation of wurtzite nanorods (Figure 2.4 e–h).46  

Zhu et al. 47
 synthesized ultrathin and long ZnS nanowires with a diameter of 2 nm by the 

thermal decomposition of zinc diethyl dithiocarbamate (Zn(DDTC)2) in a mixture of 

dodecylamine (DDA) and triphenyl phosphine (PPh3) at 280°C. The control experiments 

revealed that the co–existing of organophosphine and organoamine was essential for the 

formation of ultrathin and long ZnS nanowires. In the absence of PPh3, only shorter ZnS 

nanorods of cubic structure were obtained whereas without addition of DDA, only spherical 

ZnS nanodots were obtained from nearly isotropic growth due to the strong binding ability of 
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PPh3. It was found out that the ultrathin nanorwires were formed by the oriented attachment 

from tiny nanocrystals formed at the early stage of the reaction. 

Soft template and oriented attachment. 

Other than the ligand mediated synthesis of ZnS nanoparticles at elevated temperatures 

(>150 °C) from the single source precursor, Li and co–workers 48 successfully synthesized 

single–unit–cell ZnS quantum wires at a relatively low temperature (100 °C~140 °C) by using 

OLA as the soft template. OLA is amphiphilic molecular with a hydrophobic long alkyl chain 

and a hydrophilic headgroup, when it binds to metal ions (e.g. Zn ions) at a range of temperature, 

and it could assemble into crossed lamellar structures (Zn–OLA). The ultranarrow interlayer 

and intralayer spacings of Zn–OLA lamellar structure can work as a double–lamellar template 

for cluster or extremely small nanoparticle growth.49, 50 When OLA was adopted as the soft 

template for ZnS growth at a relatively low temperature, extra thin nanowires with a diameter 

of 0.8 nm to 2.2 nm and a length from 70 nm to 340 nm were obtained through the oriented 

attachment mechanism (Figure 2.4 i–l).  

Another example of oriented attachment leading to ZnS nanorods growth was reported by Yu 

et al. 51 in which ZnS nanorods were synthesized by the hot injection of diethylzinc into S 

precursor dissolved in an HDA solvent. With detailed analysis of TEM images on the 

intermediate aliquots, they confirmed that the elongated ZnS nanorods were formed from 5 

nm–sized spherical ZnS nanodots via oriented attachment, with the long axis of being the (111) 

direction. 
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Figure 2.5 (a,b) Transmission Electron Microscopy (TEM) images of ZnS nanorods prepared from a 

single–source precursor, with OA and HDA as ligand; (c,d) ZnS nanodots synthesized with a solution 

of TOP and HDA43; (e–h) TEM images ZnS nanodots and nanorods synthesized at different heating 

rates. (e) by 100°C min–1, (f) by 2°C min–1, (g) by 1°C min–1, and (h) by 0.6°C min–1. A higher heating 

rate resulted in the formation of spherical nanodots while nanorods were obtained at the lower heating 

rate. 46 (i–l) TEM images of ZnS ultrathin semiconductor nanowires wherein OLA works as the soft 

templates for oriented attachment. 48 

 

Based on above research results, it can be summarized that the choice of precursors (single–

source precursor or separate precursor), organic ligands (organophosphine or organoamine), 

synthesis approach (hot injection or heat–up method) and growth rate or temperature all play 

important roles in the synthesis of ZnS nanodots and nanowires or nanorods. Appropriate 

combination of these factors could lead to the successful synthesis of ZnS nanodots or nanorods 

with controlled size, structure and morphology. 

 

2.3.1.2 2D ZnS nanoplateles. 

Compared with the massive research of the colloidal 0D or 1D ZnS nanoparticles synthesis, 

there is less progress in the synthesis of 2D ZnS nanosheet or nanoplateles. For 2D nanocrystals, 

the excitons are strongly confined along the thickness direction, thus the synthesis of 2D NCs 

with controlled uniform thickness is important for tuning the geometry of the nanoparticles and 
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the optical and electronic properties that underpin their applications in optoelectronics, sensors 

and lasers.  

Cation exchange. 

Cation exchange is one of the approaches for the synthesis of 2D ZnS nanosheets from other 

2D NCs. Fenton et al. 52 reported a successful synthesis of ZnS nanoplateles from Cu1.8S by 

cation exchange. For a cation exchange method, one principle for choosing the sacrificed 

synthon is that the high quality sacrificed NCs could be obtained by a facile synthesis route. 

Meanwhile, the cation of NCs used for later cation exchange should have high mobility that 

facilitate partial or complete exchange with other cations.53 In the cation exchange for 2D ZnS 

nanosheets formation,52 Cu1.8S with hexagonal shape and uniform thickness were used as 

sacrificed NCs due to the well–developed synthesis route for Cu1.8S nanoplateles in OLA, ODE 

and DDT and the high mobility of Cu2+ which could be exchanged by Zn2+. By employing Zn–

OLA complex as the zinc source for cation exchange at 50 °C, 2D ZnS hexagonal nanoplateles 

or Cu1.8S–ZnS hybrid hexagonal nanoplateles could be obtained depending on the degree of 

cation exchange completion, shown as Figure 2.6 (a–g). 

Single–source precursor decomposition. 

Another method for 2D ZnS NCs synthesis is through a solvothermal process in which sealed 

teflon–lined stainless steel autoclave is used as the reaction containers so the temperature in 

the autoclave can exceed the boiling point of the solvents and provide enough energy for the 

reaction. Zhou et al. 54 reported the synthesis of wurtzite ZnS nanoplates based on a 

solvothermal method using ZnS(EN)0.5 complex (EN=Ethylenediamine) as the single source 

precursor through the thermal decomposition in carbon disulphide solution at 180 °C. SEM 

images confirmed that the final products of decomposition from ZnS(EN)2 complex were ZnS  

consisted of rectangle nanoplates with lateral dimensions ranging from 1 to 2 µm, as seen in 

Figure 2.6 (h,i). The solvothermal method could produce NCs with a large quantity and higher 

yield. However, the ZnS nanoplates synthesized by the solvothermal method were much larger 

and thicker than the ZnS nanoplates synthesized by the cation exchange. The extent of the 

morphology and uniformity control of ZnS nanoplates is not as good as that of ZnS nanoplates 

synthesized through colloidal approaches. 

 

Soft template and oriented attachment. 

Being similar to 1D ZnS nanowires or nanorods, ZnS nanoplateles could also be synthesized 

via oriented attachment. Pang et al. 55 reported a synthesis of wurtzite ZnS nanoplateles (NPLs) 
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by a one–pot synthetic approach in which Zn(NO3)2 and sulfur were mixed in OA and OLA 

and the reaction was kept at 170 °C for 6 h. The obtained ZnS rectangular NPLs were 1.4 nm 

in thickness which corresponds to eight monolayers and showed a very narrow emission band. 

Mechanistic studies on the formation of ZnS NPLs indicated that the extra thin ZnS nanowires 

were firstly formed at 150 °C which then transformed to small NPLs by oriented attachment 

and finally formed ZnS NPLs with uniform thickness. The transformation from lamellar 

mesostructure ZnS to ZnS NPLs was also verified by Dai and coworkers 56 who proposed the 

ultrathin ZnS NPLs were synthesized under the template–guided methods. An interesting result 

from increasing the amount of sulfur precursor used in the reaction of ZnS nanoparticle 

synthesis showed that when excessive S precursor was used, the morphology of final ZnS 

product was nanorods instead of ZnS NPLs, as seen in Figure 2.6 (l–o). This is because that a 

high concentration of monomers could fascinate the anisotropic growth of 1D ZnS nanorods. 

 

Figure 2.6 (a) TEM image of Cu1.8S hexagonal plates; (b–g) ZnS–Cu1.8S marbled plates obtained by 

partial cation exchange from Cu1.8S hexagonal plates.52 (h–i) Scanning Electron Microscope (SEM) and 

TEM image of wurtzite–type ZnS with quasi–square or rectangle nanoplate–like morphology.54 (j–k) 

TEM and STEM images of ZnS nanoplateles with a uniform thickness of ∼1.4 nm obtained from 

oriented attachment of small ZnS nanoplateles. 55 (l–o) TEM images of ultrathin ZnS NCs synthesized 

with different amounts of sulfur: (l) ZnS NPLs (0.45 mmol) (m,n) a mixture of ZnS NPLs and NRs 

(0.90, 1.35 mmol), (o) ZnS NRs ( 8.10 mmol). 56 
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2.3.2 Synthesis of ZnSe quantum dots  

2.3.2.1 0D ZnSe spherical dots and 1D ZnSe nanorods or nanowires. 

Coprecipitation and reverse micelles as soft template. 

The early synthesis of colloidal ZnSe spherical dot was reported by a coprecipitation method 

in which Zn(ClO4)2 and H2Se were used as the precursors at low temperatures (–80°C to room 

temperature) in isoproponal and methonal solution57. The obtained ZnSe nanocrystals from the 

coprecipitation method showed a large blue shift of absorption than the bulk material which 

indicated strong quantum effect and the tiny size (~2 nm diameter) of the products.  

Apart from the coprecipitation in alcohol solvent developed in the early stage of quantum dot 

synthesis, soft template techniques which employ reverse micelles or normal micelles as the 

templates or micro–reactors were also used for ZnSe nanoparticle synthesis. For instance, Yang 

et al. 58 used water/Triton X–100/2–propanol/cyclohexane as the reverse micro emulsion 

templates (water–in–oil) for zinc blende ZnSe nanodot synthesis and concluded that the particle 

size (diameter ranging from 2.86 to 3.76 nm) depended on the amount of 2–propanol co–

surfactant and the ratio of water to surfactant. Beside the aforementioned methods, a hot–

injection method which aims at separating the nucleation phase and growth phase gained much 

attention in the synthesis of colloidal ZnSe nanoparticles.59 

Hot–injection and oriented attachment. 

Cozzoli et al. 60 gained the shape and phase control of ZnSe nanocrystals by a hot–injection 

method. In their research, active diethylzinc was used as the zinc precursor and selenium 

powder was used as the selium precursor while different surfactants such as phosphonic acids, 

amines and carboxylic acids were employed as ligand to control phase and morphology of the 

products. As a result, the hot injection rate and temperature determined the final shape of ZnSe 

nanoparticles, as seen in (Figure 2.7 a–c). For the synthesis of spherical ZnSe nanodots, Zn/Se 

precursor were prepared in TOP or Trinbutylphosphine (TBP) solution and then rapidly 

injected to HDA which was heated to 300°C~340°C. When the injection of the precursor 

changed to dropwise addition at a high temperature (345°C), twisty ZnSe nanorods with an 

aspect ratio from 2–3 to 7–8 were obtained. While the volume of precursor for hot injection 

increased, branched ZnSe nanorods were synthesized. These findings indicated that the 

injection rate, temperature and precursor volume played key roles in shape and phase control 

of nanoparticles while keeping other factors such as ligand and solvent in the reaction system 

the same.   
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The hot injection method was also successfully applied to synthesize 1D ZnSe nanowires or 

nanorods in which the oriented attachment of 0D nanodots to 1D nanorods contributed to the 

anisotropic growth. It is well known that in a process of the oriented attachment, the final 

nanoparticles were obtained by the fusion of original nanocrystals by sharing their common 

crystallographic orientation. And the driving force of oriented attachment is the weak 

interactions between the components such as hydrogen bonds and Van der Waals force, and 

the reduction of interfacial energy by the diffusion of surface planes could also promote the 

oriented attachment. Sarkar et al. 61 presented a synthesis approach of 1D ZnSe nanowires with 

wurtzite (WZ) structure from 0D ZB ZnSe nanodots by an oriented attachment mechanism. In 

the case of 1D ZnSe nanowires with wurtzite structure formed from 0D ZnSe nanodots with 

zinc blende (ZB) structure by oriented attachment, the DFT calculation results conformed the 

less formation energy of the WZ rod (–2.663 eV) than the coupled ZB dots (–2.320 eV), which 

means the formation of WZ ZnSe nanorods is more energetically favourable than the assembled 

quantum dots with the ZB phase. 

Apart from the hot injection method, a new approach aiming at separating the nucleation stage 

and growth stage for colloidal synthesis of ZnSe quantum dots was reported by Guidelli, et al. 

who used a continuous–flow microfluidic reactor to divide nuclei and growth stage at 160°C 

and 340°C separately.41
 The synthesized ZnSe nanodots showed sharp excitation absorption 

and emission which indicates the formation of monodisperse ZnSe quantum dotss.  

Ligand mediated growth. 

The final morphology of ZnSe nanocrystals largely depended on the choice of ligand for 1D 

ZnSe nanowires or nanorods growth. Organic amines like Octadecylamine (ODA), HDA can 

promote the formation of 1D ZnSe nanowires or nanodots while organic phosphines or oxide 

phosphines like TOP or TBP promote the formation of ZnSe 0D nanodots. For example, if 

single amine such as ODA was used as both the ligand and solvent for ZnSe nanocrystal 

synthesis, short ZnSe nanorods were self–assembled while only polydisperse rods were 

obtained when ODA and TOPO were used as the ligands,.62 Jia and Banin63 reported the 

synthesis of ZnSe nanorods with controlled aspect ratios through a ripening mechanism. In this 

approach, long ZnSe nanowires were firstly synthesized by the hot injection of Se–OLA to zinc 

precursor. Then the formed long ZnSe nanowires were cleaned from the crude solution and 

were dispersed into pure OLA again. The mixture was gradually heated to 280 °C. The 

annealing of ZnSe nanowires at this temperature triggered the ripening process in which the 
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long and thin ZnSe nanowires transferred into shorter and thicker ZnSe nanorods by a 

thermaldynamically controlled material diffusion process (Figure 2.7 d–f).  

One–pot heat–up method. 

Apart from injecting the hot–injection method, non–injection one–pot method was also used to 

synthesize ZnSe quantum dots. Yao et al.64 reported the synthesis of a families of magic–sized 

ZnSe quantum dots by a one–pot heat–up method. In a typical synthesis, NaBH4 was employed 

to reduce Se to H2Se in OA and OLA which worked as the Se precursor. Heating Zn precursor 

and above–mentioned Se–precursor together in ODE and OLA up to 230°C resulted in the 

formation of a series of magic–sized ZnSe quantum dots with the first exciton absorption peaks 

ranging from 280 nm to 347 nm. Another heat–up method was reported by Ning et al. 65  who 

introduced a well–defined molecular clusters ([Zn4(SPh)10](Me4N)2, Zn4 clusters) to change 

the ZnSe magic–sized clusters (MSCs) template and guide the growth of ZnSe nanorods or 

nanodots. The molar ratio of Zn4 clusters to the ZnSe precursor determined the final products 

in which ZnSe nanodots were obtained when more Zn4 clusters was added while nanorods with 

tuneable aspect ratios were synthesized when less Zn4 clusters were added (Figure 2.7 g–l). 
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Figure 2.7 (a–c) TEM images of ZnSe nanoparticles obtained from hot–injection method. (a) Spherical 

dots by rapid injection. (b) Nanorods by dropwise addition. (c) Branched NCs by increasing the total 

volume of injected precursors.60 (d–f) A ripening procedure showing ZnSe nanowires (d) evolved into 

the ZnSe nanorods after 5 min (e) and 15 min (f) at 280 °C.63
 (g–l) TEM images of ZnSe NCs 

synthesized with Zn4 clusters as template. (g) nanowires synthesized without Zn4 clusters; (h–l) ZnSe 

nanoparticles of various aspect ratio owing to varied molar ratio of Zn4/ZnSe;  (h–j) ZnSe nanorods 

with varied length of 60 nm, 45 nm and 21 nm as the ratio of Zn4 to ZnSe varied from 1:100, 1:50 to 

1:30 respectively. (k) A mixture of ZnSe nanorods and spherical dots, M(Zn4:ZnSe) = 1:15. (l) ZnSe 

spherical dots, M(Zn4:ZnSe) = 1:10.65  

 

2.3.2.2 2D ZnSe nanoplateles. 

Unlike the abundant research and progress on the synthesis of 0D and 1D ZnSe quantum dots, 

2D ZnSe nanoparticles received much less attention. Park et al. 66 reported a facile one–pot 

heat–up approach for the synthesis of 1.4–nm–thick ZnSe nanosheets by using zinc nitrate and 

selenium as the precursors and OA and OLA as the ligands at a relatively low temperature 

(170°C for 6h), as seen in Figure 2.8 (a–d). The absorption of the formed wurtzite ZnSe 

nanosheets shows a narrow peak which indicated the very uniformity of thickness of ZnSe 

nanosheets. Pang et al. 55 further studied the mechanism of for the formation of the ultrathin 

ZnSe nanoplateles both experimentally and theoretically based on the first–principle 

calculations. They found that the ultrathin ZnSe nanosheets were composed of eight 

monolayers of the (110) layer. Because of the large energy barrier for the growth of the ninth 

layer growth onto the eighth layer, it is unlikely for the obtained eight–layer thick ZnSe 

nanosheets to grow thicker.  
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Figure 2.8 (a) TEM image of single–layered ZnSe nanosheets synthesized by the one–pot heat–up 

method; (b) Selected Area Electron Diffraction (SAED) pattern showing the identical lattice planes 

(002), (100) and (101) of wurtzite ZnSe.(c) AFM image of ZnSe nanosheets, indicating a typical 

thickness of 3.3 nm. (d) crystallographic orientation of a ZnSe nanosheet;66 (e–i) TEM (e–h) and High–

Angle Annular Dark–Field Scanning Transmission Electron Microscopy (HAADF–STEM) (i–l) 

images of ZnSe aliquots taken at 150 °C for (e and i) 2 min, (f and j) 4 min, (g and k) 30 min, and (h 

and l) 2 h. (m) Absorption spectra of ZnSe nanocrystals corresponding to (e) to (h), showing the red 

shift of wavelength absorption. (n) Small–angle X–ray scattering (SAXS) patterns and (o) Schematics 

of bundled NWs. (p) SAXS patterns and (q) schematics of stacked NPLs. Red and orange lines in panels 

o and q correspond to OLA and OA, respectively.55  

2.3.3 Synthesis of ZnTe quantum dots  

ZnTe, with the narrowest bandgap among zinc–based chalcogenide (2.26 eV for the bulk 

material) and a Bohr exciton diameter of 6.2 nm,67 could absorb visible green light at around 

550 nm which could be good candidates for optical devices and photocatalysis study.68 

However, compared with ZnS or ZnSe, high quality ZnTe nanoparticles are even harder to 

synthesize because of the stronger metallicity of Te which makes ZnTe very unstable under 

ambient environment and easy for Te2– to be oxidized to Te metal. The first step for ZnTe 

nanoparticles synthesis is the activation of Te precursor. To obtain Te precursor with increased 
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activity, several research groups had employed different ligands or strong reducing agents like 

superhydride to gain further control of the growth of the ZnTe nanocrystals.  

Ligand mediated growth. 

Lee et al. 69 employed TOP or TBP to activate Te powder for the synthesis of ZnTe nanocrystals. 

It was found that the addition of phosphine formed a TOP–Te (or TBP–Te) complex which 

could work as active Te precursor for ZnTe nanoparticle synthesis. With certain amine as the 

ligand, the morphology of final ZnTe nanoparticles could be controlled. For example, when 

ODE was used as the solvent, ZnTe nanoflowers were obtained after growth at 270°C while if 

TOP–Te (or TBP–Te) was used as the Te precursor, ZnTe nanoflowers would decompose into 

smaller nanodots. When OA, DDA or octadecylamine (ODA) were used as the ligands for the 

synthesis, only ZnTe nanodots were obtained. However, if the aforementioned primary amines 

were replaced by a branched amine such as trioctylamine (TOA), ZnTe nanoflowers were 

obtained again. These results indicate that alkyl chains showed a steric effect which disturbed 

the formation of ZnTe nanoflowers under similar synthetic conditions. The effect of ligands on 

the final morphology of ZnTe nanoparticles was compared in Figure 2.9.  

 

 

Figure 2.9 TEM images of ZnTe nanocrystals synthesized with various ligands. (a) Nanoflower 

synthesized with Zn/TOP; (b) Spherical nanodots synthesized using ODA; (c) Plump nanoflowers 

synthesized with TOA. 69 

 

Superhydride activated Te–TOP for ZnTe growth. 

Lithium triethylborohydride (LiBH(CH2CH3)3) also known as superhydride, is a very strong 

reducing agent used in organometallic and organic chemistry. Zhang et al. 70 employed 

superhydride as the reducing reagent to prepare poly–tellurium precursors for the synthesis of 

ZnTe nanoparticles and found that the morphology of obtained ZnTe nanocrystals strongly 

related to the growth temperature. Typically, at a low temperature (150 °C), kinetic growth 

dominated the growth process which resulted in ZnTe nanorods through an anisotropic growth 

approach while at an elevated temperature (250°C), quasispherical ZnTe nanodots were 
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obtained due to thermodynamic growth. They further used superhydride–reduced Te dissolved 

a mixture of TOP and OLA solutions to  ZnTe nanoparticles.71 They found that the addition of 

superhydride as the strong reducing agent was capable of reducing Te(0) to Te2–, Te2
2–, Te3

2– 

or polytellurides in TOP and oleylamine depending on the amount of super hydride added. 

Compared with Te (0) in TOP and oleylamine, superhydride reduced Te precursor showed 

much higher activity in the reaction with Zn precursor. It was found that with increased the 

amount of the superhydride addition, Te (0) was firstly reduced to Te2
2–, followed by Te2–, and 

finally to Te2–. Te2– is more active than Te2
2– which makes the growth rate different for the 

nucleation and growth of ZnTe nanocrystals. This research provided a facile method that 

adopting strong reducing agent to produce active polytellurides as a tellurium precursor for the 

synthesis of high–quality ZnTe nanodots or nanorods, as seen in Figure 2.10. 

 

 

Figure 2.10 (a) TEM images of ZnTe nanorods showing that temperature increased from 190ºC to 

300ºC leading to the width/diameter increased from 3.5nm to 7.0nm. ZnTe nanodots obtained by 

decreasing to half amount of reactant. The length of ZnTe nanorods increased from 21 nm for short 

nanorods to 150 nm long nanorods resulted from growth time extension from 10 min to 90 min. (b) 

Scheme of shape controlling growth mechanism of ZnTe nanorods, indicating the varied react activity 

of Te species on ZnTe nanocrystal facet growth.71  
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2.3.4 Zinc–based semiconductor–semiconductor hetero–nanoparticles 

2.3.4.1 Core/shell hybrids. 

Core/shell structure is a very common type of hybrid semiconductor nanocrystals. According 

to the alignment of band gap offset, core/shell structure of two different semiconductor 

nanoparticles could be classified into two typical types, namely type I and type II. A type I 

heterostructure has a straddling gap offset in which the valence of one semiconductor is lower 

than the other’s valence band while its conduction band is higher in energy than the other’s 

conduction band. For a type II structure, both valence band and conduction band of one 

semiconductor are lower or higher than those of the other semiconductor, which leads to a 

staggered gap offset. For core/shell structure zinc chalcogenide semiconductor nanoparticles, 

both type I and type II structure were synthesized for different applications.  

As ZnS has a large band gap, it is usually applied as the shell material for the synthesis of type 

I hybrid semiconductor nanoparticles. Because of the straddling valence band and conduction 

band alignment, the excited electrons and holes are confined in the core material which has a 

narrow bandgap than ZnS. For example, ZnSe/ZnS core/shell hybrid structure quantum dots 

synthesis was reported from Wang et al. 72 and Lee et al. 73 by using diethylzinc and Se–TOP 

as precursors. In these cases, bare ZnSe dots were synthesized firstly, then cleaned ZnSe 

quantum dots were transferred to HDA for ZnS overcoating. Typically, Et2Zn and (TMS)2S 

(hexamethyldisilathiane) in TOP slowly were dropped  into the HDA solution containing ZnSe 

quantum dots by a dropping funnel. Then the reaction was kept at 80°C for 24 h for growth. 

ZnS shell epitaxially grew onto ZnSe core due to the small lattice different between these two 

semiconductor materials. 

Another core/shell structure quantum dots composed of ZnTe and ZnSe semiconductor 

materials with type II bandgap offset was reported by Bang et al. 74
 The products  showed a 

broaden wavelength absorption band and the offset of ZnTe and ZnSe enables more efficient 

charge (electron and hole) separation, which enhanced the solar conversion efficiency by 11 

times compared to the bare ZnSe quantum dot–based device. Jang et al. 75 demonstrated a 

synthesis of double–shelled ZnSeTe/ZnSe/ZnS heterostructures which could be used as bright, 

colour–pure blue emitters. The growth of exquisite ZnSe and ZnS double shell greatly 

enhanced the optical properties as blue light emitter and this double–shelled ZnSeTe/ZnSe/ZnS 

heterostructures recorded the highest device performances to date among the non–Cd blue–

emitting QLEDs, as seen in Figure 2.11 (a–d). Compared with bare ZnSe nanodots, the 

obtained ZnSe/ZnS core/shell nanodots have stronger luminescence because of the passivation 
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of ZnS shell. This epitaxial growth of high–quality ZnSe/ZnS core/shell nanorods was further 

developed by Ji et al. 76 ZnS shell of manifold morphology, such as flat–shell, islands–shell 

and helical–shell could be grown onto core 1D ZnSe nanorods. And the transformation of shell 

morphology was a strain–controlled transformation which resulted from the changing of shell 

growth rates via tuning the precursors’ reactivity, as seen in Figure 2.11 (e–h).  

 

Figure 2.11 TEM images of (a) ZnSeTe/ZnS QDs with single ZnS shell, (b) ZnSeTe/ZnSe/ZnS QDs 

with thin double shells, and (c) ZnSeTe/ ZnSe/ZnS QDs with thick double shells. (d) Schematic 

illustration of ZnSeTe/ZnS or ZnSeTe/ZnSe/ZnS heterostructures with varied shell.75 (e) Schematic of 

the controlled shell growth of ZnS on a ZnSe nanorod. (f–h) TEM or STEM images of ZnSe/ZnS hybrid 

nanorods with flat–, islands– or helical–shells. 76 

 

2.3.4.2 Dot in rod hybrids by cation exchange. 

Li and Manna et al. 77 also reported a ZnSe/ZnS dot in rod core/shell structure synthesised by 

cation exchange from CdSe/CdS dot–in–rod core/shell nanocrystals. They synthesized 

CdSe/CdS core shell nanorods firstly, then exchanged Cd2+ to Cu+, followed by exchanged Cu+ 

to Zn2+. After two steps of cation exchange, blue–UV fluorescent ZnSe(core)/ZnS(shell) 

nanorods (NRs) with type I bandgap alignment were obtained, as shown in Figure 2.12. This 

cation exchange method fulfilled the bandgap tuning and the obtained ZnSe/ZnS nanorods 
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showed enhanced photoluminance efficiency and optical stability than bare ZnSe nanoparticles 

owing to more confined carrier in the core region. The drawback of the increased defects caused 

by multiple cation exchange in the ZnSe/ZnS dot in rod core/shell hybrid has limited this hybrid 

core/shell structure from high photo luminance efficiency. 

 

Figure 2.12 (a) Schematic illustration of ZnSe/ZnS dot–in–rod hybrid nanoparticle synthesized from 

two–step cation exchange reactions starting from CdSe/CdS dot–in–rods core–shell NRs.(b–d) TEM 

images of the starting CdSe/CdS NRs, later Cu2+ exchanged Cu2Se/Cu2S NRs and final Zn2+ exchanged 

ZnSe/ZnS NRs.77
 

 

2.3.4.3 Segmented hybrids. 

Another typical hybrid nanostructure is segmented hybrid in which the second nanomaterial 

grown onto the first one on specific directions and the original nanoparticle is not fully covered 

by the other one. For Zn–based chalcogenide, a unique dumbbell–like segmented ZnTe and 

ZnSe hybrid nanorods is reported by Ji and co–workers 78 where they selectively grew ZnSe 

tips onto the apexes of ZnTe rods, as seen in Figure 2.13. The hybrid nanostructures were 

obtained via a layer–by–layer growth method in which Zn and Se precursors were added to the 

pre–synthesized ZnTe nanorods. The small (6.4%) lattice mismatch between ZnTe and ZnSe 

is quite helpful for the epitaxial growth of ZnSe onto ZnTe. Changing the amount of Zn and 

Se precursor for ZnSe tip growth could manipulate the monolayers of ZnSe which resulted in 

the formation of ZnSe with different size. Compared with bare ZnTe nanorods, the fluorescence 

of the obtained type II ZnSe–ZnTe semiconductor nanodumbbells can be tuned between ∼500 

and 585 nm by changing the tip size of ZnSe.  
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Figure 2.13 (a) TEM images of ZnTe nanorods synthesized with TOP–Te–Superhydride; (b) 

ZnTe/ZnSe hybrid dumbbell–shaped nanorods formed by selectively growing ZnSe on the apexes of 

ZnTe rods; (c) Scheme of Type II band offset in ZnTe/ZnSe nanorods, indicating the spatially charge 

separation; (d) UV–vis absorption and photoluminescence spectra of ZnTe and ZnTe/ZnSe hybrid 

nanodumbbells.78  

 

2.4  Synthesis of noble–metal–semiconductor hybrid nanoparticles  

The integration of noble metal like Au and Pt onto semiconductor nanocrystals enables novel 

properties of nanoparticles such as enhanced electron and hole separation ability. The Femi 

energy level of Au and Pt is 5.1 eV and 5.7 eV respectively which is within the bandgap of 

semiconductors like CdSe and ZnSe. This energy alignment makes the light induced charge 

separation more efficient because the hot electron could be transferred to the metal part of the 

hybrid nanoparticles. In the past several decades, many noble metal–semiconductor 

nanoparticles were synthesised, and their applications were demonstrated.  

2.4.1 Synthesis of noble–metal–zinc based II–VI hybrid nanoparticles 

Although there are many effective methods for the synthesis of ZnSe, ZnS and ZnTe 

nanoparticles, the integration of noble metal and Zn based II–VI semiconductor nanoparticles 

are not fully developed. This could be as associated with the difficulty in Zn–based 

semiconductor nanocrystal synthesis, such as limited choice on ligand and precursor and harsh 

experimental conditions (precise precursor concentration and reaction temperature control and 

multiple procedures). Meanwhile, the large lattice mismatch of Au and ZnSe increased the 
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difficulty on hybrid interface formation. There are only a few reports on the synthesis of noble 

metal– zinc–based chalcogenide semiconductor hybrid nanoparticles. 

Pradhan et al. 79 reported the synthesis of  Au–ZnSe hybrid nanoparticles in which Au 

nanoparticles embedded in the long ZnSe nanowires constituted of giant ZnSe nanospheres. 

They found that Au has strong affinity of thiol which snatches the thiol promptly from the 

surface of ZnSe semiconductor nanocrystals and promoted the agglomeration of ZnSe 

nanocrystals. Later on, they 80 investigated an Au–ZnSe heterostructure with Au nanodots as 

the head and the snaky ZnSe nanorods as the tail. The formation of the hybrid structure was 

found to be a heteroepitaxial growth mechanism where large Au nanodots of 10 nm grew on 

zinc–blende ZnSe nanocrystals via coincidence site epitaxy. Specifically, snaky ZnSe nanorods 

were synthesized firstly, then Au nanoparticles and Se precursor were introduced into the pre–

synthesized ZnSe nanorod solution and annealed at an elevated temperature (~250°C ). The 

characterization of High–Resolution Transmission Electron Microscopy–Fast Fourier 

Transform (HRTEM–FFT) and Density functional theory (DFT) calculation indicated that the 

heterojunction at the interface of face–center cubic Au and zinc blende ZnSe nanoparticles is 

3 × 3 surface unit cells of ZnSe with 4 × 4 surface unit cells of Au (Figure 2.14 a–d) which 

could reduce the lattice mismatch from 35% to 6%. This research indicated the possibility of 

the formation of Au–ZnSe hybrid nanoparticles with fcc Au and zinc–blende ZnSe despite the 

large crystal lattice mismatch between them. 

Apart from the external interface junction of Au with ZnSe, Au–ZnTe core/shell nanodots are 

synthesized and applied in fluorescence imaging of cancer cell by Dunpall et.al. 81  The water–

soluble Au–ZnTe nanodots were synthesized under inert environment with citrate capped Au 

nanoparticles as the seeds and L–cysteine ethyl ester hydrochloride as the ligand. (Figure 2.14 

e–j), Scanning Transmission Electron Microscope–Energy Dispersive X–Ray (STEM–EDX) 

elements mapping data showed that Au element localised in the centre while Zn and Te were 

found to be mainly concentrated at the particle out surfaces which resulted in Au–ZnTe core–

shell structure. Fluorescence and phase–contrast light microscope characterizations 

demonstrated the potential use of such nanoparticles in bio–labelling wherein the blue light 

emissions within the PL45 cell line corresponded to the emission from ZnTe nanoparticles. 
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Figure 2.14 (a–c) Morphological characterization of the curly ZnSe nanorods and Au–ZnSe hybrid 

nanorods with 10 nm Au nanoparticle head obtained at 250 °C by annealing. (d) Simulated HRTEM 

images from the FFT corresponding to Au (111) and ZnSe (200) planes, which indicates that three unit 

cells of Au match with four unit cells of ZnSe periodically. 80
 (e) Schematic illustration of the synthesis 

procedure of Au–ZnTe core–shell hybrid nanodots. (f) TEM images of Au–ZnTe core–shell 

nanoparticles using TEM. (g–j) STEM–EDX mapping of Au–ZnTe core–shell nanoparticles, showing 

Au in the particle centre with Zn and Te on the surface.81  

 

In summary, there are limited research reports on noble metal–Zn chalcogenide hybrid 

nanoparticles synthesis and applications. One reason could be the synthesis of high–quality 

Zn–chalcogenide nanoparticles has not been achieved as Zn–chalcogenide nanoparticles were 

usually employed as original nanoparticles for the further noble metal growth. Meanwhile, the 

large lattice mismatch could also leads to the increased difficulty on the interface junction 

formation. The previous investigation, however, demonstrated the formation possibility of 

noble–metal–ZnSe or ZnTe hybrids despite the large lattice mismatch. The application of Au–

ZnTe core–shell nanoparticles as biolabel showed the potential of these hybrid Cd–free Zn–

based nanoparticles in biomedical applications.  

On the other side, owing to the fully developed synthetic routes of Cd–chalcogenide 

nanoparticles, noble metal–Cd chalcogenide heterostructures with exquisite morphology and 
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composition were extensively reported and applied in various fields. Considering that Zn 

chalcogenide quantum dots have some similar properties because Zn and Cd belong to the IIB 

class, the synthesis methods and applications for Cd–based chalcogenide quantum dots can be 

used as the reference and the guidance for Zn–based chalcogenide quantum dots. So we also 

summarized some research outputs of Cd–based chalcogenide quantum dots which could shed 

light on the study of Zn–based chalcogenide quantum dots. 

 

2.4.2 Synthesis of Cd–based noble–metal–II–VI hybrid nanoparticles 

2.4.2.1 Nobel metal nanoparticle growth onto low dimensional quantum dots. 

Noble metal growth onto Cd–chalcogenide nanoparticles. 

a) Au precursor concentration. 

Growth of noble metal onto Cd–base chalcogenide quantum dots is much more widely studied 

compared with Zn–based chalcogenide quantum dots. The first report of the selective growth 

of metal nanoparticle on quantum dots can be traced back to 2004 wherein Banin group 

developed a synthetic route for gold nanoparticle growth onto CdSe quantum rods and 

tetrapods .82 Au tips of tuneable size were found anisotropically deposited onto CdSe 

nanoparticles and the novel structure showed strong coupling between gold and semiconductor 

components (Figure 2.15 a–c). For this hybrid structure synthesis, CdSe nanorods or tetrapods 

were firstly synthesized and cleaned for later Au growth, with AuCl3 as the gold precursor. 

Didodecyldimethylammoniumbromide (DDAB) and DDA were employed as the ligand and 

reduction agent for Au3+. With a low Au precursor concentration, small Au tips were found to 

grow onto one or two ends of CdSe nanorods. With increased Au precursor concentration, 

larger Au tips were deposited on both two ends of CdSe nanorods. Further increasing Au 

precursor concentration led to the growth of both ends alongside the body growth of CdSe 

nanorods. Similar phenomenon can be found in the case of CdSe tetrapods where Au tips grew 

onto the four ends of tetrapods. This pioneer work opened an avenue for compositing noble 

metal–II–VI semiconductor hybrid structures.  

b) Ripening of the Au domains. 

 

Other than controlled deposition of Au nanoparticles on CdSe and/or CdS nanorods thourgh 

concentration mediation of the Au precursor, a ripening mechanism which resulted in the size 

increase of Au domains was studied. Banin et. al. reported a synthesis of asymmetric one–sided 

Au–tipped CdSe rods with precisely controlled large Au domains (Figure 2.15 d–f).83 
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Generally, with a low Au precursor concentration, Au prefers to grow onto one tip onto CdSe 

nanorods followed by double–tip growth and body growth. However, Banin et al. 83 observed 

a one–sided growth and formation of “nano–bell–tongues” when the Au concentration was 

increased remarkably. The experimental analysis and theoretical modelling by DFT indicated 

that one–side growth was formed after a ripening procedure as the magnitude of these density 

fluctuations increased from the increased Au concentration which provided the driving force 

for ripening. 

c) Defects under ambient atmosphere. 

Besides CdSe nanorods, Au nanoparticles can be also selectively grown onto CdS nanorods by 

manipulating reaction conditions such as the growth conditions. Saunders and co–workers 84
 

reported the synthesis of Au–CdS hybrid nanoparticles and they found that the growth 

atmosphere played an important role on the growth of Au. Within air atmosphere Au 

nanocrystal formed at both nanorod tips, then grew onto defect sites on the nanorod surface, 

and finally experienced a ripening process where one Au tip grew at the expense of the other 

Au tip on the nanorods. (Figure 2.15 g–l).  The characterization of HRTEM and measurement 

of angle between the (002) plane of the CdS nanorods and the (111) plane of the Au 

nanocrystals indicated that the angles varied among the statistic samples which indicated that 

the Au nanocrystals randomly grew onto CdS nanorods and the growth was non–epitaxial 

growth. These findings showed that the defect of semiconductor nanorods can also play an 

important part in Au nanoparticle deposition on semiconductor nanocrystals and the ripening 

process which was observed in the growth of Au onto CdSe nanorods, was commonly found 

in the growth process of Au–CdS hybrid nanorods. 

d) UV light irradiation. 

Being different from the ripening process for large Au nanocrystals growth on CdSe or CdS 

nanorods, a photoreduction strategy for large gold domains in hybrid nanoparticles (diameter 

up to 15 nm) was reported by Carbone et al. 85. They conducted the control experiments to 

investigate the effect of UV light on Au metal growth on CdS nanorods. Experiment results 

showed that without UV light irradiation, small size Au domains could be found on both ends 

of CdS nanorods. While with UV light irradiation, large Au domains can be found on one end 

of CdS nanorods and small size Au domains were found on the other end. The size of the Au 

domains was obviously larger than the diameter of CdS nanorods. This founding proved that 

not only largely increased Au precursor concentration and prolonged growth time but also UV 
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light irradiation can promote the deposition of large Au nanoparticles on the one side of CdS 

nanorods. 

 

Figure 2.15 (a–c) TEM images of the original CdSe nanorods and Au–CdSe hybrid nanorods showing 

the controlled growth of Au tips onto CdSe nanorods and tetrapods.82
 (d–f) TEM images of CdSe 

nanorods and Au–CdSe hybrid nanorods, indicating the large increase of Au/rod molar ratio leads to 

two–sided growth followed by one–sided ripening growth which finally formed a nano–bell–tongues 

Au–CdSe hybrid.83 (g–i) TEM images showing Au growth on CdS nanorods in air after 30 min, 150 

min and 3 days. At early stage of the growth, Au nanocrystals nucleated and grew preferentially at the 

nanorod apexes. Later, Au nanoparticles were found further grown at defect sites. With a longer growth 

time, a ripening process caused the large Au nanoparticles formation on the apex of CdS nanorods. (j–

l) Schematic diagram corresponding to g to i.84
  

 

e) Au/Pt selective growth on CdSe/CdS seeded rods. 

In addition to pure CdSe or CdS nanorod, Menagen and co–workers 86 reported selective 

growth of Au nanoparticles on CdSe seeded CdS hybrid nanorods. Specifically, firstly high 

quality dot–in–rod CdSe–CdS nanorods with adjustable optical properties were synthesized, 

then the synthesized rods were used as the starting materials for Au growth. As a result, Au 
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was selectively grown onto the location of CdSe seeds inside the CdS nanorods which showed 

a different habit from the previous reports wherein Au preferred growing on the end of pure 

CdSe or CdS nanorods. This phenomenon is caused by an electrochemical Ostwald ripening 

process where CdSe seed works as a sink for electrons, thereby the AuCl3 precursor could be 

reduced on the spot and Au nanoparticles growth is promoted in this area.  

The mechanism for the selective Au growth at one end or two ends or alongside the body of 

CdSe–seeded CdS nano–heterostructures was revealed by Chakrabortty and co–workers.87 

They proposed a hierarchical order of reactivity of the CdS nanorods end facets and the sides 

facets, to be special, the higher surface energy at the end facet than body side facets induced 

the prior Au deposition onto the apex of CdS nanorods and the growth habit could be expanded 

to Ag growth on the seeded CdSe/CdS nanorods in which similar morphology changes to that 

of Au–CdSe/CdS nanorods is observed despite some cation exchange from CdS to Ag2S was 

observed.  

Another typical noble metal platinum (Pt) was used to prepare noble metal–semiconductor 

hybrid nanoparticle synthesis to improve their electric property such as conductivity and 

electron transfer. The selective growth of Pt metal and PtNi– and PtCo– binary metal onto CdS 

nanorods with controllable metal size and composition was successfully synthesized by the 

reduction of Pt precursor.88 The face–centred cubic Pt tip size can be adjusted from 4.3 nm to 

5.7 nm and the growth location can be adjusted by controlling the relative concentration of 

metal precursor to CdS nanorods. Specifically, at a low Pt precursor concentration, Pt only 

grew on the S rich facet of the CdS nanorods while at a high Pt precursor concentration, Pt 

grew onto two end facets of the CdS nanorods which is similar to that of Au metal growth onto 

CdS nanorods. By adding Ni or Co acetate with Pt acetylacetonate as the multiple metal 

precursors to a solution containing CdS nanorods, binary metal like PtNi– and PtCo– combined 

CdS hybrid nanorods were synthesized. This research represented a new class of hybrid 

materials which are of great interest for further applications studies.  

The aforementioned studies presented multiple approaches to control the growth of Au and Pt 

onto Cd–chalcogenide nanoparticles, by manipulating the Au growth conditions like Au 

precursor ratio, growth temperature, growth time and growth atmosphere.   

 

Noble metal as seed for quantum dots growth. 

a) Sulphuration and cation exchange. 
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Other than depositing Au tips onto CdSe or CdS NCs to synthesize noble–metal–

semiconductor hybrid NCs, the use of noble metal as the core or seed for semiconductor NCs 

growth could also form hybrid NCs. For example, Au/CdS core/shell structure was fabricated 

by multiple steps of cation exchange reaction.89 The synthesis of Au/CdS core/shell structure 

involves 4 main steps: (1) Au nanodots were synthesized by reducing AuCl3 with OLA as 

reduction agent and ligand at 100°C ; (2) A silver shell was grown onto Au seeds by introducing 

AgNO3; (3) Sulphur powder was used as the S source for sulphuration of Ag to Ag2S; (4) After 

the formation of Au/Ag2S core/shell structure, Cd(NO3)2 was used to conduct cation exchange 

from Ag2S to CdS which led to the final Au/CdS core/shell structure. It’s concluded that less 

energy losses on defects were observed for this core/shell Au/CdS hybrids compared to metal–

semiconductor Au–CdS nanorods formed by reduction growth method because the hybrid 

nanoparticles synthesized using the cation exchange reaction had fewer interfacial defects and 

traps. But the potential barrier at the Au/CdS interface hindered the transfer of excitons from 

CdS to Au domains. This method opened an avenue to investigate noble metal–semiconductor 

nanoparticles core/shell structure like Au/CdS core/shell structure and provided a basis for their 

applications in photocatalysis and electronic devices.  

b) Sequential growth and core transformation. 

Other than synthesis by cation exchange reactions, a novel Au@CdS/Pt hybrid structure was 

reported by sequential growth approach from Ma and coworkers.90 For the sequential growth 

method, Au nanotriangle was firstly synthesized and used as the seed, then Pt tips were grown 

onto the vertex of Au triangle and a CdS layer was grown along the sides of Au triangle. Owing 

to the direct contact of each component in this special structure, it showed good photocatalytic 

performance for H2 generation. For Au/Pt seeded semiconductor hybrids, an interesting finding 

is that when employing Pt–Au heterodimer as seeds for metal sulfide like CuxSy or PdS hybrid 

growth, the metal sulfide nanoparticles domain grew exclusively on the exposed Au, not Pt 

which proved that Au may have stronger affinity to sulphide than Pt does.91 Because CdS 

nanoparticles were usually grown at a high temperature (>270°C), the Au–Pt heterodimer seeds 

was converted to Pt/Au core shell seeds, thus a (Pt@Au)–CdS heterostructure was obtained, as 

seen in Figure 2.16 (a–i). Another chemical transformation from Au–CdS tipped 

heteronanorods to AuS/Cd core/shell nanoparticles was reported by Huis et al. 92
   In this work, 

composition and morphology transformations from Au–CdS nanorods into AuS/Cd core/shell 

nanoparticles were induced by the electron irradiation. (Figure 2.16 j–n)    



 

 

31 

 

 

Figure 2.16 (a–c) Pt–Au heterodimers. (d–f) Pt–Au heterodimers transformed into Pt/Au core/shell 

structure after annealing at 270 °C. (g–i) (Pt@Au)–CdS heterostructures after CdS grown onto Pt@Au 

core/shell nanoparticles.91(j–m) TEM images showing the transformation of CdS–Au rod–tip 

nanoparticles into AuS/Cd core/shell nanostructures under high–intensity electron beam irradiation. (n) 

Schematic diagram of the radiation–induced chemical transformation.92  

 

c) Multiple Shapes. 

Noble metal–CdSe or CdS heterostructures of diverse shape have been obtained by employing 

Au or Pt as the seeds for semiconductor growth. The change of growth temperature, 

concentration of Cd and Se or S precursor could promote the formation of Au–CdSe hybrid 

with different shape. Haldar and coworkers reported the seeded synthesis of Au–CdSe hybrid 

nanoflowers, nanotetrapods and core/shell structure.93
 With Au nanoparticles as the seeds, 

CdSe nanocrystals of different shapes grew epitaxially onto the (001) facet of the Au seed. 

Here Au–CdSe hybrid nanostructure was used as an illustrative example. Au nanoparticles with 

a diameter of about 6 ± 2 nm had been synthesized using HAuCl4 and NaBH4 as precursor and 
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reducing agent, respectively. The obtained Au nanoparticles were then used as seed for the 

growth of CdSe with different shapes. The growth of CdSe with different shapes dependeded 

on the growth parameters like temperature and molar ratios and concentration of Cd and Se 

precursors. Flower–shaped hybrid Au–CdSe nanostructures were obtained at a reaction 

temperature of 240 °C while increasing the reaction temperature to 280°C led to tetrapod–

shaped nanostructures. Furthermore, conduction the synthesisat 240°C with decreased 

concentration of Cd and Se precursors produced half formed Au–CdSe core–shell structure 

instead, as seen in Figure.2.17 (a–d).  These results also illustrated the heteroepitaxy at the 

junction of the (111) facets of fcc Au and the (0001) of wurtzite CdSe. 

The seeded–growth approach could also be employed to integrate magnetic, metal and 

semiconductor components into a one–particle system to obtain Fe3O4–Au–CdS heterotrimers, 

as seen in Figure.2.17 (e–k), 94 Au–CdSe nanoflowers as shown in Figure.2.15 (l–o) were 

obtained by controlling the growth time 95 while AuxCdy–CdSe crooked hybrid nanowires were 

produced by the diffusion of Cd into Au nanoparticle at a high temperature. 

 

 

Figure 2.17 (a) Stepwise schematic illustration of the formation of flower–, tetrapod–, and core/shell–

shaped Au–CdSe hybrid nanoparticles, starting with Au core. (b–d) TEM images of three different 

shapes of Au–CdSe hybrid nanostructures.93 (e) Schematic diagram presenting the formation of Fe3O4–
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Au–CdS trimer at 260 °C after the injection of Fe3O4−Au seed (f, i) 3 min (g, j) and 6 min (h, k)  

respectively.94 (L) Scheme of the formation of Au–CdSe nanoflowers. (m–o) TEM images of hybrid 

Au–CdSe nanocrystals obtained at 150 °C for 5 min, 25 min, and 40 min. (m) Au nanoparticles 

surrounded by small CdSe cluster. (n) Au nanoparticles covered by rodlike CdSe. (o) Au−CdSe 

nanoflowers. 95 (p) Growth protocol of Au−CdSe hybrid nanocrystals. (q–s) TEM and HRTEM images 

showing the obtained Au−CdSe (q,r) hybrid nanocrystals at 250 °C in dibenzyl ether after 5 min, 1 h 

and AuxCdy–CdSe (s) hybrid nanocrystals in ODE at 300 °C for 2 h.96  

 

2.4.2.2 Nobel metal growth onto two–dimensional quantum dots. 

For two–dimensional quantum dots like nanosheets or nanoplatelets, the photo–generated 

excitons are confined along the thickness direction while the length and width direction exhibit 

no or weak quantum confinement properties. The growth of noble metal onto two–dimensional 

quantum dots provides new types of hybrid nanoparticles with different morphology and 

optoelectronic properties. 

Naskar and co–workers24 reported a synthesis of two–dimensional noble metal–CdSe hybrid 

nanoplatelets. A series of noble metal like Au, Pt and Pd were site–selectively grown onto 

CdSe nanoplatelets, seen in Figure 2.18. Typically, CdSe nanoplatelets of 5 monolayer 

thickness were firstly synthesized by a method described by Tessier et.al, 97 then the purified 

nanoplatelets were placed together with noble metal precursor stock solution and ligand like 

OLA and ODE for metal growth at the room temperature or enhanced temperature depending 

on the metal species. It is found that Au and Pt tend to grow into spherical shape while quasi 

rectangular and flat Pd domains tend to grow onto CdSe nanoplatelets. Au domains were easier 

to grow onto CdSe nanoplates compared with Pt or Pd since Au domains could grow at the 

room temperature while Pt and Pd can only grow at elevated temperatures (~130 °C). This 

research expanded types of low dimensional nanoparticles like tips–on–rod Au–CdS nanorods 

to two–dimensional Cd–based noble metal–hybrid nanoplatelets with novel morphologies and 

could be used as advanced materials for photocatalysis or sensing and other applications.  
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Figure 2.18 (a–f) TEM images indicating the growth of Au, Pd, and Pt noble metal onto 2D CdSe 

nanoplatelets. Au growth at the room temperature while Pd and Pt growth at an elevated temperature of 

130 °C.24  

 

In summary, Au/Pt–CdSe/CdS hybrid nanoparticles were massively studied and successfully 

synthesized with different morphologies and compositions. The most commonly used synthesis 

route can be described as two main steps. Firstly, semiconductor nanoparticles like CdS 

nanorods were synthesized with ligand like TOP at high temperatures, and secondly Au or Pt 

nanoparticles were grown onto clean CdS nanorods in a subsequent low– temperature by 

reducing Au or Pt precursors like HAuCl4 or Pt(acac)2. The growth of later noble metal can be 

controlled in the aspect of size and location by controlling the concentration of noble metal 

precursors, growth time and temperature and so on. Besides the most commonly used method, 

noble–metal–semiconductor hybrid nanoparticles can also be obtained by using Au 

nanoparticles as seeds, followed by sulfuration and cation exchange. The combination of noble 

metal and semiconductor nanoparticles in nanoscale makes these hybrid nanoparticles display 

interesting properties, such as enhanced charge separation, tunable absorption and 

photoluminance, which relevance to potential application in photocatalysis and optoelectornics. 
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2.5  The application of noble metal–II–VI semiconductor heterostructures  

2.5.1 Photocatalytic application of noble–metal–II–VI hybrid nanoparticles  

The photocatalytic application of transferring solar energy into chemical energy is regarded as 

a promising approach to relieve the fossil energy crisis. Noble metal–semiconductor hybrid 

nanoparticles are promising candidates for photocatalytic applications based on the internal 

electric energy offset between semiconductor and noble metal. Specifically, the Femi energy 

level of noble metal Au and Pt is within the bandgap of semiconductor materials like CdSe, 

CdS, ZnSe and ZnS which can strengthen the photo–induced electron–hole pair separation and 

suppress the charge recombination spatially. The hybrid nanocomposites were used as 

photocatalysts which displayed catalyst activities using energy from light. For example, CdSe, 

CdS and ZnSe have a bandgap of 1.8 eV, 2.4 eV and 2.7 eV (for bulk materials), and can absorb 

the light with a wavelength shorter than 689 nm, 517 nm, 459 nm respectively. As most of the 

solar radiation that arrives Earth surface is consisted of visible and infrared light and a small 

portion (~5%) of ultraviolet light, the absorption of visible light (400–700 nm) for 

photocatalysis is more meaningful. Thus, II–VI nanomaterials like CdSe, CdS and ZnSe 

semiconductor nanoparticles have size–dependent bandgap in the visible spectral range and 

have been widely studied on the photocatalysis applications. 

2.5.1.1 Pollutant degradation 

The early research on photocatalysis by semiconductor hybrid nanoparticles showing that 

photogenerated electron could be used to degrade pollutant like methylene blue in industry 

wastewater. Rich in electrons (–) on the noble metal domain, the hybrid Au–CdSe– 

nanodumbbells was employed as photocatalysts for the reduction of methylene blue to 

leucomethylene blue, as seen in Figure 2.19(a).98 A series of parallel experiments by using 

gold nanoparticle, CdSe nanorods or CdSe–Au nanodumbbells separately as photocatalysts at 

473 nm for methylene blue reduction showed that 61% of the dye was reduced by using Au–

CdSe– nanodumbbells as the catalysts, which was much higher than that of 15% of the dye 

reduced by individual CdSe nanorods and negligible reduction efficiency of Au particles alone. 

This founding indicated that with Au growth onto CdSe nanorods, the efficiency of free 

electron generation which promoted the reduction of methylene blue was obviously enhanced. 

Pt–CdSe hybrid, as another example of noble metal–semiconductor hybrid nanocomposite was 

employed to reduce methylene blue to study its photocatalytic application.99 Figure 2.19(b) 

suggested the scheme of the electron–hole separation and the redox reaction in Pt–CdSe 

nanorods where methylene blue accepted electrons and methanol accepted holes. Being same 
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as above mentioned Au–CdSe nanorods, the time trace of the normalized concentration of 

methylene as shown in Figure 2.19 (b) displayed that the nanoscale combined Pt–CdSe 

nanonets and isolated Pt–CdSe– nanorods showed a reduction reactivity of 46% and 25% 

respectively which were much higher than that of mechanically mixed CdSe nanorods and Pt 

dots (2 nm diameter) as catalyst (5%). The underlying catalytic mechanism suggested that the 

improved performance of Pt–CdSe nanonets compared with Pt–CdSe nanorods can be 

attributed to the smaller size of the Pt dots and the acidic conditions in which the CdSe was 

more densely covered by Pt compared with base conditions.  

 

Figure 2.19 (a) The photocatalytic dye degradation rate by using Au nanoparticles, CdSe nanorods and 

Au–CdSe hybrid nanodumbell separately as catalysts.98
 (b) Time trace of the normalized concentration 

of methylene dye by employing CdSe–Pt nanonets, CdSe–Pt nanorods and mixture of Pt and CdSe 

nanoparticles as catalyst. The inset shows the energy band alignment of CdSe and Pt. 99
 

 

2.5.1.2 H2 evolution reaction. (HER) 

Photocatalytic reaction for clean and renewable H2 energy generation is a hot research topic 

that could be meet increased energy need of modern society. The study on potential 

nanomaterials, especially hybrid nanoparticles as catalysts for H2 generation by water splitting 

have gained tremendous attention and have achieved great progress. For semiconductors that 

work as photocatalysts in water splitting, a necessary condition is that the bottom of the 

conduction band of semiconductor should be positioned more negative than the H+ to H2 

reduction potential (0 V relative to standard hydrogen electrode at pH=0). Among the various 

hybrid nanomaterials, Cd–based chalcogenide semiconductors for photocatalytic H2 generation 

have been widely studied owing to their suitable band gap for visible light absorption and well–

defined synthetic protocols.  
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The overall water splitting reaction is: 

H2O → H2+O2        (1) 

which involves two half reactions, O2 evolution reaction (OER) (Reaction 2) and hydrogen 

evolution reaction (HER) (Reaction 3) 

H2O → 2H++ 1/2O2+ 2e–    (2) 

2H+ + 2e– → H2    (3) 

Systematic investigation of the noble metal species, size, site and the photocatalytic reaction 

regime conditions like the hydrophilic ligand used for phase transfer, and the hole removal 

chemical for the H2 generation reaction were reported on noble metal–Cd–based II–VI hybrid 

nanoparticles. 

The role of metal species: Au, Pt and bimetal. 

The Femi energy of Au and Pt is 5.1 eV and 5.6 eV respectively which is within the conduction 

band and valence band of II–VI semiconductor like CdSe, CdS and ZnSe and ZnS. The energy 

band alignment makes them good candidates for hot electrons capture from semiconductor 

nanoparticles. The photoinduced charge separation and hot electron transferring behaviours of 

Au or Pt–Cd chalcogenide hybrid nanoparticles have been extensively studied. For example, 

Bang and co–workers100 investigated the effect of metal composition on photocatalytic 

hydrogen production efficiency, as shown in Figure 2.20 (a–e). By employing Au–CdSe and 

Pt–CdSe hybrid nanorods as photocatalysts separately for H2 generation in water splitting, they 

observed a rate with 145 μmol/h of single Pt–tipped CdSe nanorods and a rate with only 3.3 

μmol/h of double Au–tipped CdSe nanorods. The finding indicated a more satisfied 

performance of Pt than Au for hybrid nanorods in the application of photocatalytic H2 evolution. 

The reason contributing to the higher H2 generation rate of Pt than Au is further revealed by 

Yu et.al101 who employed single tipped Au–CdSe and Pt–CdSe hybrid nanorods to study the 

dynamics of photoexcited charge carriers by ultrafast spectroscopy, as seen in Figure 2.20 (e–

h). The ultrafast spectroscopy results suggested that both hot and cold electrons could transfer 

from CdSe to Au or Pt tips, and Au tips showed faster absorption of photoinduced electrons 

than Pt tips, but the major difference is that only Pt can completely extract the excited electrons 

from the CdSe nanorod. This founding indicated that the ability to absorb hot electrons from 

semiconductor is vital for electron transfer. Because of the better ability of Pt in atAtracting 

electrons from CdSe nanorods, Pt–CdSe hybrid nanorods showed a better performance than 

Au–CdSe nanorods which was in agreement with the photocatalytic experimental results 

reported by Bang and co–workers.100 
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Figure 2.20 (a–d) TEM and HRTEM images of single or double Au–tipped or Pt–tipped CdSe nanorods 

photocatalysts. (e) H2 evolution rate of noble metal with varied metal species in (a–d);100 (e) Normalized 

transient absorption (TA) time traces of CdSe, CdSe/Au, and CdSe/Pt nanorods (g). (h)Schematic 

representation of the band alignment of CdSe/Au and CdSe/Pt nanorods and the electrons transfer 

efficiency.101  

 

Except for using the single noble metal hybrid nanoparticles as photocatalyst, bimetal hybrid 

nanoparticles have also been reported to investigate the photocatalytic H2 evolution reaction 

(HER). An interesting report from Kalisman and coworkers102 indicated that Au–Pt bimetallic 

cocatalysts showed better performance for water splitting than single metal hybrids. They 

employed different types of noble metal–semiconductor hybrid for HER. Specifically, Au 

tiped–CdSe@CdS nanorods, Pt tiped–CdSe@CdS nanorods, Au–Pt core–shell tiped–

CdSe@CdS nanorods, and Au core decorated with Pt islands tipped–CdSe@CdS nanorods 

were used as catalysts for H2 generation, as seen in Figure 2.21(a–g). The experimental results 

indicated that Au core decorated with Pt islands tipped–CdSe@CdS nanorods had the highest 

H2 generation efficiency. This can be attributed to the combination of Au and Pt metals that 

have the advantage of fast absorption of hot electrons for Au metal and the complete absorption 

of hot electrons for Pt metal, enabling both fast and efficient charge transfer and thus efficient 

hydrogen production.  A similar finding was demonstrated by Choi and Song et al.103
 who 

proposed that Pt deposited Au–CdSe–Au nanorods could suppress the electron recombination 

process. This optimal structure recorded a highest quantum yield of 4.84% which was superior 

to Au–CdSe–Au nanodumbells with comparable photocurrent as Au–CdSe–Au nanorods, as 

seen in Figure 2.21(h–j). 
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The above studies suggested that for single noble metal–semiconductor hybrid nanoparticles, 

Pt tipped Cd–based heterostructures showed better photocatalytic activity than that of Au 

tipped ones, and the combination of two species of noble metal in hybrid nanoparticles worked 

more efficiently than single metal hybrid nanoparticles in the photocatalytic H2 generation by 

splitting water. 

 

Figure 2.21 (a–d). TEM and STEM images of CdSe@CdS nanorod with Au–Pt bimetallic tips as 

photocatalysts. (f) H2 generation efficiency of CdSe@CdS nanorods decorated with Au, Pt, Au@Pt 

core–shell and Au core–Pt tips as photocatalysts102 (g). EDS mapping of the Pt islands decorated Au–Pt 

bimetallic structure.102 (h) TEM and STEM figures of Pt–coated Au–CdSe–Au nanodumbbells. (i) H2 

generation efficiency and (j) Current–time response curve of Au–CdSe–Au and Pt–coated Au–CdSe–

Au nanorods.103
  

 

The role of metal size. 

The size of noble metal plays a critical roles in the photocatalytic reaction as it influence the 

photo–induced charge separation and recombination. Meyns et al.104
 studied the size influence 



 

 

40 

 

on the electric transport in Pt–CdSe nanodots. The photocurrent measurement under lase 

illumination of Pt precisely decorated CdSe nanoparticles with varied Pt domain sizes showed 

that for CdSe nanodots with a diameter of 10 nm, Pt–CdSe with 3 nm Pt domains exhibited the 

highest photocurrent among Pt–CdSe with Pt–domains of 1 nm, 2 nm and 3 nm, as seen in 

Figure 2.22(a–h). 

Another study on noble metal size effect is reported by Shahar and Banin et al.105 who 

investigated the influence of the size of Au tip on the photocatalytic performance based on 

well–defined Au–CdS nanorods by studying the charge transfer dynamics and HER efficiency 

in the hybrid nanorods. With the diameter of CdS nanorods as 3.9 nm, the optimal Au domain 

size is found to be 3 nm while the Au tips with a diameter of 1.6 nm, 4.8 nm and 6.2 nm showed 

lower H2 generation rate and quantum efficiency because the optimal domain size is the 

combined result of competing process of electron injection and water reduction on the Au 

surface. These research founding showed that the optimal diameter of noble metal domains 

depended on the corresponding the size of CdS or CdSe nanoparticles.  

On the other hand, a study reported by Shi and Zhang et al. on large Au/CdSe clusters wherein 

Au nanoparticles were embedded in spherical CdSe nanoparticles suggested a different size 

dependence of photocatalytic hydrogen evolution rate.106 As reported, when Au nanoparticles 

with the size of 2.8, 4.6, 7.2, or 9.0 nm and 3.3 nm CdSe QDs were successfully assembled 

into large nanocrystal clusters with a diameter of ~100 nm, the plasmonic property of Au 

nanoparticles played an important role in the H2 generation reaction, as shown in Figure 2.22 

(i–k). As for the Au nanocrystals with a diameter of 7.2 nm, the strong absorption at 575 nm 

indicated the strong plasmonic absorption of Au NCs which contributed to the formation of 

more plasmon–induced electron–hole pairs in the cluster. This study demonstrated that the 

plasmonic generated electron–hole pairs from Au metal nanoparticles could also increase the 

photocatalytic activity and the H2 generation efficiency at the interface between plasmonic Au 

metal nanostructures and CdSe semiconductors. 
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Figure 2.22 (a–f) TEM and STEM images of CdSe NPs and Pt–CdSe hybrid NPs with varied Pt 

domains size. (g–h) Photocurrent of CdSe NPs and Pt–decorated CdSe NPs.104(i) Scheme demonstrating 

the formation of Au/CdSe NCs by self–assembly process. (j) TEM, STEM and EDS images of Au/CdSe 

NCs. (k) Photocatalytic H2 evolution rates of Au/CdSe NCs with varied Au NP size. 106 

 

The role of metal site and quantity. 

Several studies reported the geometrical/site and quantity effect of noble metal cocatalyst on 

the photocatalytic reaction performance. For example, Bang et al.100 compared the H2 

generation rate of single or double Pt–tipped CdSe nanorods. Results showed that the site of Pt 

growth was very important to HER and the H2 generation efficiency of single Pt–tipped CdSe 

nanorods is ∼50% higher than that of the double Pt–tipped hybrid nanorods, even with half 

mass of Pt loading. The improved performance could be attributed to the more effective hole 

transfer because the unoccupied CdSe nanorods tips were directly exposed to the hole 

scavenger reagent. The findings were further confirmed by Nakibli and Amirav et al. who 

proposed a “less is more” trend in the case of noble metal as cocatalyst.107 The hybrid nanorods 

exhibited a H2 quantum efficiency of 27% for one Pt tipped nanorods and 18% for two Pt tipped 

nanorods, while for nanorods with multiple Pt tips, the quantum efficiency is below 1%, as 

seen in Figure 2.23(a–e).107 The underlying reasons of this phenomenon could be the 

concentrated electrons amount in one Pt tip than that of departed into two tips as two electrons 

were needed for one H2 molecule to be released. The sufficient spatial separation also depressed 

the recombination of the electron hole pairs. 
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Beside the hybrid nanorods with tiny noble metal tips, another research on metal site and 

morphology was reported by Liu and coworkers108 in relation to the varied conjunction 

structures between Au and CdSe nanoparticles. Au nanoparticles were synthesized as seeds for 

later selenization and cation exchange. As pH value for the reaction was controlled at different 

values, they obtained several different types of Au/CdSe hybrid nanoparticles with varied Au 

metal sites including Janus nanospheres, heterodimers, symmetric double–headed 

nanoparticles and multi–headed nanoparticles, as seen in Figure 2.23(f–j). The photocatalytic 

H2 generation experimental results showed that among these four types of different Au sited 

hybrid Au/CdSe nanoparticles, the Janus–like nanospheres is proven to be the most active one 

for photocatalytic H2 generation, and the Au sites half–shelled CdSe showed the lowest 

efficiency. These findings were in consistent with the results reported by Nakibli and Amirav107 

who found one side tipped Pt–CdS was more effective than multiple tipped Pt–CdS nanorods 

for H2 generation.  

In summary, the previous research findings indicate that a high–quality interface between noble 

metal and semiconductor benefit the photocatalytic H2 generation and single noble metal tipped 

nanorods usually work more efficiently than double or multiple tipped nanoparticles as the 

former provides more efficient spatial charge separation, unoccupied nanorods tip facet for 

hole removal and more concentrated electrons for H2 formation and release. 

 

Figure 2.23 (a–c) TEM images CdSe@CdS nanorod with single, double or multiple Pt tips as 

photocatalysts. (d) Photocatalytic quantum efficiency for H2 reduction by using the corresponding 

hybrid nanorods as photocatalysts. (e) Schematic illustration of the formation of H2 on CdSe@CdS 

nanorod with a single (top) or a double (down) Au tips catalyst.107 (f–i) TEM images of Janus 

nanospheres, heterodimers, symmetric double–headed and multi–headed Au/CdSe hybrid nanoparticles 

(j) Photocatalytic activity of four different types of Au/CdSe hybrid nanoparticles for hydrogen 

evolution reactions.108 
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The role of surface coating/phase transfer. 

Hybrid nanoparticles are usually synthesized within hydrophobic organic solvent and ligand, 

surface coating or ligand exchange process is necessary which enable applying the synthesized 

colloidal nanoparticles for photocatalytic H2 generation by water splitting. The hydrophilic 

ligand used for surface coating should help to stabilize the particles in water and maintain good 

dispensability and accessibility to the active surface site for charge transfer for water splitting. 

Hydrophilic thiolated–alkyl ligands such as mercaptoundecanoic acid (MUA), 

mercaptopropionic acid (MPA), 2–mercaptoethanesulfonic acid (MSA), and L–glutathione 

(GSH) and polymer coatings like Polyethylenimine (PEI) and Poly(styrene–co–maleic 

anhydride) (PSMA) are usually employed as surface coating ligand before photocatalysis 

measurement.  

Shahar and Banin et al.109
 studied the influence of surface coating on the photocatalytic 

efficiency of Au–CdS nanorods for H2 generation. Different thiolated–alkyl ligands and 

polymers were used to transfer Au–CdS nanorods into water phase by surface coatings (Figure 

2.24 a,b). They found that PEI exhibited the highest H2 generation rate of 35 ug H2/h and the 

highest quantum efficiency of 6.3%. The TA spectra (Figure 2.24 c) of MUA, GSH and PEI 

coated hybrid Au–CdS nanorods all showed a feature of bleach formation at 450 nm from the 

electron excitation of CdS nanorods and a broad bleach feature at 540 nm from the plasmon 

response of the Au tip. The normalized TA kinetics (Figure 2.24d) of three different surface 

coated Au–CdS nanorods showed that PEI coated Au–CdS nanorods had the fastest charge 

transfer dynamics (half–lives of 100 ps), slower for GSH (half–lives of 160 ps) coated samples, 

and the slowest for MUA (half–lives of 330 ps) passivated particles, respectively. The kinetic 

measurement suggested that PEI coated Au–CdS nanorods showed the highest efficiency for 

photocatalystic water splitting, which was consistent with their highest H2 generation rate and 

quantum yield. 
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Figure 2.24 (a) Kinetic measurement of H2 evolution, (b) Apparent photocatalytic quantum yield, (c) 

Transient absorption spectra at 450nm excitation and (d) Normalized transient absorption kinetics of 

CdS–Au HNPs with different surface coatings.109   

 

The role of holes removal.  

H2 generation is a process that competes with the charge recombination procedure in noble 

metal semiconductor hybrid nanoparticles. An approach to inhibit photo–generated charge 

recombination is to irreversibly eliminate the hole by using holes acceptors which can rapidly 

undergo oxidation reaction. According to the relative energetics of CdSe and CdS 

semiconductor nanoparticles and noble metal like Au and Pt, photo excited hot electron and 

hole in the hybrid nanocomposites are separated to different parts of the hybrid nanoparticles. 

In principle, the long–lived hot electron is transferred to Au or Pt while the hole is kept in the 

conduction band of semiconductors. As the hole scavenger helps to accumulate the electrons 

in the Pt tip to reduce two protons for formation of H2 and compete with the recombination of 

hole and electron, therefore effective removal of holes is needed to enhance the photocatalytic 

productivity.  

The most common used hole removal or scavenger/sacrificial donor for photocatalysis is 

methanol or sodium sulphide (Na2S)/sodium sulfate (Na2SO3). These hole removal donates 
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electrons to the semiconductors to neutralize the photo induced holes. Wu and Lian et al.110
 

reported that the hole removal to improve the photocatalytic H2 generation efficiency by using 

Pt–tipped CdSe/CdS and CdS hybrid nanorods as catalysts. The results showed that compared 

to methanol, the use of sulfite as the hole removal increased the H2 generation quantum 

efficiency and rate for both MUA–capped CdSe/CdS–Pt and CdS–Pt nanorods (Figure 2.25 

a,b). Besides, the time–resolved fluorescence decay curves (Figure 2.25 c,d) showed that in 

sulphite solution, the CdS and CdSe/CdS nanorods had the shortest average decay lifetime 

which meant that the fluorescence was heavily quenched. The positive match of the time–

resolved fluorescence decay curves with the steady–state H2 generation quantum efficiency 

indicated that the hole transfer step might be a key efficiency–limiting step for H2 generation.  

Another factor that affects hole removal is the pH of the solution. Taking the result of Pt 

decorated two–dimensional Pt–CdS hybrid nanoplateletes (NPLs) for H2 generation in 

ethanol/KOH aqueous solution as a samples, as the pH of solution increased between 8.8–14.7, 

the internal quantum efficiency (IQE) exceeded 40% and increased remarkably with the highest 

value at pH 14.7, as seen in Figure 2.25 (e,f).111 It’s also worth noting that the pH has no 

influence on H2 generation on CdSe based hybrid nanoparticles because the valence band of 

CdSe is not energetic enough to oxidize OH–. The detailed studies indicated that at high pH of 

14.7, OH– is the main hole acceptor, which could react fast and irreversibly with ethanol to 

suppress charge recombination and enable efficient H2 generation.  
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Figure 2.25 (a,b) Photocatalytic H2 generation rate and quantum efficiency of MUA–capped 

CdSe/CdS–Pt and CdS–Pt nanorods in methanol or sulphite solution. (c,d) Time–resolved fluorescence 

decay curves of CdS and CdSe/CdS in different solution, e.g. methanol and sulphide solution.110  (e) H2 

generation efficiency of Pt–CdS NPLs with pH values from 8.8 to 14.7. (f) pH dependent H2 generation 

internal quantum efficiency of Pt–CdS NPLs and Pt–CdSe NPLs.111 

 

2.5.2 Other applications of noble metal–II–VI semiconductor nanoparticles 

Biomedical applications. 

Apart from the widely studied application such as photocatalysts for pollution degradation and 

clean energy production, noble metal–semiconductor hybrids were also studied in biomedical 

field owing to its ability to generate reactive oxygen species (ROS), for example photodynamic 

therapy (PDT). Bare CdSe/CdS nanorods and Au–tipped CdSe/CdS hybrid nanocrystals 

(HNCs) were used as the photosensitizer for photodynamic tumor therapy reported (Figure 

2.26).112 A report on  the in vitro detection of ROS generation under visible light irradiation 

showed that no matter what the surrounding was hypoxic (1% O2) or not (21% O2), the ROS 

generation produced by the Au tipped CdSe/CdS nanorods was more than that of bare 

CdSe/CdS nanorods (Figure 2.26c). The higher amount of ROS led to more effective inhibition 

during tumor growth as shown in Figure 2.26 (d, e) in which a smaller relative tumor volume 

was observed while the mouse was treated with hybrid nanoparticles–PDT under irradiation. 

This finding indicated that Au tipped CdSe/CdS nanorods showed a higher efficiency in ROS 

(singlet oxygen (1O2) and hydroxyl radicals (OH) generation than bare CdSe/CdS nanorods in 

vitro under the visible light irradiation and exhibited good potential as photosensitizer for 
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oxygen–independent photodynamic tumor therapy.112 Another interesting research about 

biological processes application of semiconductor–metal hybrid nanoparticles was reported by 

Waiskopf and Banin et al. 113 where they employed Au–CdS nanorods as efficient 

photocatalysts to generate ROS like hydrogen peroxide, superoxide, and hydroxyl radicals for 

controlling biological processes through illumination. In summary, the enhanced capability of 

producing ROS by illuminating noble metal–semiconductor hybrid nanoparticles provides new 

ROS–based tools for biological research and lays the foundation for developing novel 

therapeutic approaches. 

 

Figure 2.26 (a) Scheme of the HNCs structure growth procedure; (b) Schematic illustration of 

photocatalytic water splitting to generate ROS for PDT treatment. (c) In vitro evaluation of ROS 

generation. Absorbance spectra of RNO solution containing HNCs and NRs treated under hypoxia and 

normoxia; (d) Relative tumor volumes from the different treatment groups; (e) Representative tumor 

digital photos after various 16 days’ treatment. RGD refers to Arg–Gly–Asp. 112 

 

Photoinitiator in 3D printing. 

Besides photocatalytic biomedical applications, semiconductor–metal hybrid nanoparticles 

were also studied as photoinitiators in 3D printing photopolymerization technique. Pawar and 

Magdassi et al. 114 studied the potential of Au–CdS hybrid nanorods as photoinitiators for 3D 

printing. They found that the mechanism that was responsible for the formation of radicals 
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from these hybrid nanoparticles was that Au–CdS hybrid nanorods could generate radicals by 

a photocatalytic process while traditional photoinitiators were consumed upon irradiation. A 

scheme of the possible photocatalytic polymerization mechanism of HNPs as photoinitiators 

was shown in Figure 2.27a. Upon light excitation, photocatalytic radicals were formed by 

HNPs in water, then the hydroxyl radicals generated from hole can work as catalyst for the 

radical polymerization reaction of acrylamide. 114 The inhibition reaction by oxygen was also 

presented. As shown in Figure 2.27 (b,c), the polymerization rate could be controlled by 

introduction of hole scavengers or changing the initial HNPs photoinitiators concentration. By 

employing the Au–CdS nanorods as the photoinitiator, they successfully printed out a spherical 

hydrogel C180 ball object containing 73% water and found that this structure cannot be 

produced by commercial PI (Irgacure 2959) or CdS nanorods without Au tips, which confirmed 

the essential role of the synergistic effects owing to the hybridization of noble metal onto CdS 

semiconductors. 

 

Figure 2.27 (a) Mechanism of using HNPs as photoinitiators for 3D printing. (b) Polymerization 

dynamic of acrylamide using HNPs as photoinitiators in water, sulfide/sulfite solution, or ethanol. (c) 

Polymerization dynamic using HNPs with varied concentrations as photoinitiators. (d–f) Pictures of a 

3D printed hydrogel ball using CdS–Au HNPs as the photoinitiators, under ambient light and 365 nm 

excitation respectively. (F) Scanning electron microscopy image of the dried 3D printed ball.114 
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2.6  Conclusions and outlook 

In summary, in the past decades, controlled synthesis of Zn–based chalcogenide nanoparticles 

in terms of size, structure and morphology –have been studied. More progress has been 

achieved in the synthesis of 0D ZnS, ZnSe and ZnTe nanodots compared with that in the 

synthesis of 1D and 2D ZnS, ZnSe and ZnTe nanosheets and nanoplatelets. Growth 

mechanisms including oriented attachment, ligand template growth, cation exchange by using 

hot–injection or heat–up method were widely reported. As an important type of hybrid 

nanoparticles, noble metal like Au and Pt were successfully grown onto Cd–based 

chalcogenide semiconductor nanoparticles which were further employed as photocatalyst for 

H2 generation and more. The metal growth mechanisms, influence factors for photocatalytic 

efficiency were well elucidated. However, compared with Cd–chalcogenide nanoparticles, Zn–

chalcogenide nanoparticles produced from synthetic approaches showed low quality, such as 

low uniformity, poor ligand coverage and abundant surface defects, which affected the 

performance for application. In addition, Cd–free heterostructure such as noble metal–Zn–

chalcogenide were less investigated. Thus, the development of facile approaches for Zn–

chalcogenide quantum dots with comparable quality as that of Cd–chalcogenide quantum dots 

and the expansion of Cd–free Zn–chalcogenide quantum dots to hybrid quantum dots is still a 

challenge and a worthy project.  
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Chapter 3. Experimental and Characterization Details 

3.1  Experimental facilities 

3.1.1 Nanoparticles synthesis. 

The synthetic experiments were performed using Schleck line techniques, as seen in Figure 

3.1. With two valves of vacuum and N2 connection, the surrounding of the reaction system in 

the flask can be ensured as inert gas protection. The heating mantles were controlled by a 

thermal controller which determines the reaction temperature. Precursor, ligand and solvent 

were put into a three–neck flask, evacuated and then filled with N2 for three times before 

heating to a pre–determined temperature. A vacuum pump was used to evacuate gas inside the 

reaction system. The reaction temperature was monitored timely by a thermalcouple which was 

immersed into the reaction solution. More detailed experimental information could be found in 

the experimental section of each chapter. 

 

Figure 3.1 A Schleck line set–up for colloidal nanoparticles synthesis. 

 

3.1.2 Nanoparticles purification and storage. 

For active precursor preparation, such as the superhydride (air sensitive) reduced Se–

oleylamine precursor, a glovebox (Figure 3.2) filled with Ar gas was used to for the preparation 

of the precursor. Typically, Se powder was dissolved in oleylamine by heating in the Schleck 

line firstly, then the prepared Se–oleylamine solution was cooled down to the room temperature 
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(~25ºC) and transferred to the Ar-filled glovebox followed by adding superhydride that 

produced reduced Se–oleylamine precursor. 

 

Figure 3.2 A glovebox with Ar protection for reactive chemicals like superhydride addition and purified 

nanoparticles storage. 

 

The synthesized nanoparticles were purified with toluene/chloroform and ethanol/methanol. 

Specifically, the nanoparticle synthesized in an organic solvent like oleylamine were 

transferred to a centrifuge tube and a polar solvent such as ethanol/methanol was added to 

facilitate the precipitation of the nanopartilces. The purification procedure was repeated for 

three times by using toluene/chloroform for dispersion and ethanol/methanol for precipitation. 

A centrifuge was used as shown in Figure 3.3 and the typical centrifugation speed is set as 

5000 round per minute. 
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Figure 3.3 A photo of centrifuge used for centrifugation and purification of the nanoparticle samples.  

 

3.2  Characterization. 

Ultraviolet–visible spectroscopy (UV–Vis), photoluminescent (PL) spectrograph, transmission 

electron microscope (TEM), X–ray diffraction (XRD), X–ray photoelectron Sspectroscopy 

(XPS), inductively coupled plasma source mass spectrometer (ICP–MS) and 

thermogravimetric analyzer (TGA) were used for nanoparticles characterization in the study. 

The characterization was performed in School of Molecular and Life Sciences, John de Laeter 

Centre, Characterization & Analysis Curtin University, Australia, Centre for Microscopy, 

Characterization & Analysis, The University of Western Australia, a facility funded by the 

University, State, and Commonwealth Governments, and Chem Centre, Perth Australia. 

Detailed information about the equipment and operating conditions can be found in Figure 

3.4–3.10.  

3.2.1 Optical measurement (UV–Vis and fluorescence spectrophotometer) 

The UV–Vis optical absorption was measured by a Cary 4000 UV–Vis Spectrophotometer 

equipped with a Xenon light source. Briefly, a proper amount of the synthesized nanoparticles 

was dispersed in toluene or chloroform in a quartz cuvette for testing. The scanning scale was 

set between 250nm~800nm depending on the nanomaterial components and size. 
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Figure 3.4 A photo of a UV–Vis Spectrophotometer, model Cary series, used for the optical absorption 

measurement.  

 

The photoluminescence analysis was conducted on a Cary Edipse Photoluminescent (PL) 

Spectrophotometer where the samples preparation was the same as samples used for above–

mentioned UV–Vis optical absorption test. The emission spectra were obtained by exciting the 

samples at the peak wavelength of the absorption. 

 

Figure 3.5 Photography of a photoluminescent (PL) spectroscopy. 

 

3.2.2 Transmission electron microscope (TEM) 

TEM samples were prepared on carbon-supported copper grids by droping one drop of the 

solution (e.g. toluene, hexance) which contains dispersed purified nanoparticles. TEM and 

high–resolution TEM (HRTEM) were performed using a FEI Talos Fs200x G2 FEG 

transmission electron microscope with a tungsten filament running at an accelerating voltage 

of 200 kV. 
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Figure 3.6 FEI Talos Fs200x G2 Feg transmission electron microscope (TEM). 

 

3.2.3 X–ray diffraction (XRD) 

The crystal structure analysis was conducted on a Powder X–ray diffraction (XRD) with Cu 

Kα photons from Bruker AXS D8 Advance operated at 40 kV and 30 mA. Each nanoparticle 

sample was dispersed in hexane/chloroform to get a condensed solution and then deposited as 

a thin layer on a low background–scattering silicon substrate. Then the samples were run using 

a typical scan range from 20° to 70° (2θ) in steps of 0.1° (2θ) with an intergration time of 6 

seconds per step, which takes approximately 50 mins each sample. 

 

Figure 3.7 Powder X–ray diffraction (XRD) for crystal structure characterization. 

 

3.2.4 X–ray photoelectron spectroscopy (XPS) 

XPS measurements were performed on a Kratos Axis Ultra DLD spectrometer equipped with 

a high intensity monochromated X–ray source Al Kα (1486.6 eV) at 225 W. The electron 

binding energy scale was calibrated by setting the main line of the C 1s spectrum to 284.8 eV 
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with the Casa XPS software. For the survey spectra, the pass energy was160 eV and for the 

high–resolution spectra, the pass energy was 40 eV. For XPS peaks splitting and fitting, each 

high–resolution spectrum was fitted with a Gaussian shape line in Origin 9.0, the binding 

energy of each element and the split spin-orbit components were compared with reported 

research. 

 

Figure 3.8 X–ray photoelectron spectroscopy (XPS), Kratos Axis Ultra DLD spectrometer, used for 

elemental composition, chemical state and electronic state analysis of nanoparticles. 

 

3.2.5 Inductively coupled plasma optical emission spectrometry (ICP–OES) 

The ion by mass in nanoparticles was measured by ICP–OES on an Agilent 7700 spectrometer 

with an integrated sample introduction system. For each measurement, taking the measurement 

range of concentration into account, ~5 mg sample was digested in 2 ml concentrated 

hydrochloric acid and nitric acid (3:1) at 98°C, then 3% diluted hydrochloric acid and nitric 

acid in deionized water were added to the above solution to make 25 ml solution for testing. 
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Figure 3.9 Inductively coupled plasma optical emission spectrometry for elements mass concentration 

analysis. 

 

3.2.6 Thermogravimetric analyzer (TGA) 

A TA Instruments (Model: SDT Q600 simultaneous DTA–TGA) was used for TGA 

measurement.  Typically, around 8 mg of purified and dry nanoparticles sample was weighed 

into a 110 µL platinum (Pt) crucible with a matched empty crucible as a reference.  The sample 

was heated from 25°C to 500°C with a heating speed of 10°C/min in N2 flowing at 100 ml/min, 

after reaching 500°C, it was cooled down to room temperature.  The temperature scale of the 

instrument was calibrated using the melting points of 99.999% indium (156.5985°C), 99.99+% 

tin (231.93°C), 99.99+% zinc (419.53°C), 99.99% silver (961.78°C), and 99.999% gold 

(1064.18°C).  The balance was calibrated over the temperature range used with alumina mass 

standards provided by the instrument manufacturer.  The heat flow between the pans was 

calibrated using a sapphire disk provided by the instrument manufacturer.  The cell constant 

was fine–tuned using the heat of fusion of zinc (113 J/g). 

 

Figure 3.10 Thermogravimetric analyzer (TGA), used for surface ligand mass percentage analysis. 
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3.2.7 Photocatalytic H2 evolution reaction (HER). 

The equipment for photocatalytic water–splitting experiments is shown in Figure 3.11, in 

which the experiment was conducted in a customized airtight stainless-steel reactor at room 

temperature. A 300W Xeon lamp (Newport) was employed as a light source (200~2500 nm) 

and the irradiation intensity of was 120 mW/cm2. Before irradiation for H2 generation, the 

samples (e.g. nanoparticles dispersed in methanol/water) were vigorously stirred for 30 min in 

dark and the reactor was degassed by purging with N2 for 30 mins to remove ambient gas. The 

generated H2 was in situ measured by a gas chromatography (Agilent 490 Micro GC) using a 

thermal conductivity detector. 

 

 

Figure 3.11 Photocatalysis set–up for H2 evolution reaction measurement.  
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Summary of Chapter. 

In this chapter, we reported the successful and facile shape and size control of ZnSe nanocrystals 

in a phosphine–free system. By simply tailoring the added ratio of super hydride to selenium 

precursor, uniform ZnSe nanodots or nanorods with tunable diameter were obtained. We also 

presented a detailed investigation of the special role of super hydride in the phosphine–free 

synthesis of ZnSe nanocrystals and proposed a mechanism that was responsible for the formation 

of ZnSe nanodots and nanorods. By combing the calculated Gibbs free energies of reaction 

between Se and super hydride and the experiment results, we presented that the selenium precursor 

in oleylamine can be reduced to Se2
2– or Se2– depending on the amount of super hydride added. 

With the increase of super hydride, Se0 was reduced to Se2
2– then Se2–, and the reaction activity 

of different Se species was determined as Se2– > Se2
2–> Se0. ZnSe nanodots of zinc blende phase 

were obtained when active Se2– was employed as the Se precursor, ZnSe nanorods of wurtzite 

phase were obtained when less active Se2
2– was employed as the Se precursor. 

The impact and outcomes of the work include a novel synthetic method of shape and phase 

control of ZnSe nanorods and ZnSe nanodots in a phosphine–free system. A detailed 

calculation of Se reduction and growth mechanism for the formation of ZnSe nanorods and 

nanorods were also presented. This method for synthesis of ZnSe nanorods and nanodots was 

firstly presented and will give insights into the controlled synthesis of other nanomaterials. 

 

Figure 4.1 A summarized figure of the contents in this chapter. (a, left panel) A photo showing the 

color change after additon of super hydrid into Se–oleylamine solution. (b, right panel) TEM images 

and schematic diagtam of ZnSe nanodots and nanorods synthesized using two different precursors, 

respectively. 
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Abstract  

Herein we demonstrated the shape and phase of colloidal ZnSe nanocrystals can be 

spontaneously tuned through tailoring the selenium precursor reactivity in a phosphine–free 

reaction system. Selenium species with diverse reaction activities, i.e. Se2
2– or Se2–, were 

produced by the addition of difference volume of reductant superhydride (Lithium 

triethylborohydride). Theoretical calculation of ∆Gr indicated that superhydride–reduced Se2
2– 

is less active than Se2– for the reaction with Zn precursor. Nanoparticle growth using Se2
2– 

produces wurtzite ZnSe nanorods whereas the reaction of more reactive Se2– with zinc 

precursor leads to the formation of spherical zinc blende ZnSe nanodots. This work not only 

provides a facile synthetic approach for the preparation of high quality ZnSe nanocrystals but 

also gives insights into the shape and phase control of other colloidal nanocrystals. 

4.1  Introduction 

      Zinc selenide (ZnSe) semiconductor nanocrystal (NC) is regarded as a green 

material due to its environmental benignity compared with the highly toxic cadmium–

based semiconductor NCs1–7. With a band gap of 2.82eV of the bulk material, ZnSe NCs 

or their hybrid nanocrystals can be potentially applied in many applications, such as 

photodetectors8, light–emitting diodes (LEDs)9,10, bio–labelling11 and solar cells12–13.  

When the smallest dimension of semiconductor NCs is close to or smaller than their 

Bohr exciton radius, excitons are squeezed and confined in a small space closely, 

leading to size– and shape dependent properties. This enables the electronic and optical 

properties of semiconductor NCs being different from their counterparts such as bulk 

materials14. For one dimensional (1D) semiconductor NCs, excitons are quantum 

confined in two dimensions, and thus they manifest the similar properties as those of 

bulk material on the length direction. This confinement enables them to have different 

properties than 0–dimensional spherical nanodots, in terms of electronic structure, linear 

polarization of photoluminescence and carrier dynamics15. 

      A lot of research effort was devoted into the size and shape control of semiconductor 

NCs, including II–VI16–20 and III–V21–22 semiconductors. Effective shape and size 

control are fulfilled in Cd chalcogenide NCs. Uniform CdX (X=S, Se and Te) nanodots 

and nanorods or their heterostructures with tunable size have been successfully 

synthesized by hot injection methods or heat up methods23–28. Typically, one 

dimensional (1D) NCs can be synthesized by oriented attachment29–31, epitaxial 
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growth30, 32, template directed growth33–34 and cation exchange35 method. For the shape 

and size control of 1D zinc based semiconductor NCs, there are some reports on the 

successful synthesis of neat ZnSe and Mn2+ doped ZnSe spherical dots with a diameter 

range of 2~5 nm by using a hot injection method in which the high reactive zinc 

precursor or selenium precursor were employed36–42. However, the size distribution is 

much worse than Cd based NCs. Jia3 et al. demonstrated the aspect ratio of ZnSe 

nanorods can be tuned by a thermodynamically driven  ripening process using ZnSe 

nanowires as the starting material.2 They also showed that ZnSe nanorod couples, can 

be produced by the growth of twinning structure on both ends of two parallelly aligned 

ZnSe nanorods by self–limited assembly mechanism. Most recently, Ning et al.1 

synthesized ZnSe nanorods with controlled length by introduction of 

[Zn4(SPh)10](Me4N)2 molecular clusters which interrupt the template formed by 

inorganic–organic magic size clusters. Among these reports, the synthetic procedures 

involve tedious steps and are not easy to control. Some of them used toxic organic 

phosphines such as trioctylphosphine (TOP), trioctylphosphine oxide (TOPO), DPP 

(diphenylphosphine), SPh (thiophenol) which are not “green” and not convenient to 

handle during syntheses1.  

In this work, we reported the successful and facile shape and phase control of ZnSe 

nanocrystals in a phosphine–free system, by simply changing the ratio of super hydride 

to selenium precursor, wherein uniform ZnSe nanodots or nanorods with tunable 

diameter were obtained. We also presented a detailed investigation of the specific role 

of super hydride in the synthesis of ZnSe nanocrystals and propose a growth mechanism 

that is responsible for the formation of ZnSe nanodots and nanorods. 

4.2  Experimental section 

4.2.1 Chemicals.  

Zn(NO3)2•6H2O (99%), 1–octadecene (ODE, 90%), selenium powder (Se, 99%), lithium 

trithyborohydride (LiBH(CH2CH3)3, super hydride, SHR,) solution in THF (1 M), chloroform 

(99% anhydrous), and ethanol (99.8% anhydrous) were purchased from Sigma–Aldrich. 

Oleylamine (OLA, 90%) was purchased from FujiFilm Wako Pure Chemicals Corporation. All 

chemicals were used as received without further purification. 
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4.2.2 Synthesis of ZnSe nanoparticles. 

All experiments were carried out using standard Schlenk–line techniques under dry nitrogen. 

Aliquots were taken using an injector with needle through the rubber plug on the three–neck 

flask.  

Preparation of Se stock solution. 

A 0.1 M Se stock solution was prepared by dissolve 3 mmol (237 mg) Se powder in 30 ml 

oleylamine in a three–neck flask. The mixture was degassed and refilled with N2 three times 

at room temperature and then heated to 110 °C and kept at this temperature for 0.5 h to remove 

air and water. Then the solution was heated to 220°C and kept at this temperature for 2 h. After 

cooling down to room temperature, a brown Se stock solution was obtained and then transferred 

into a glovebox for further use. 

Preparation of Se precursor by reducing Se–oleylamine using superhydride. 

Superhydride solution and Se oleylamine solution were kept in a glove box. Then a certain 

volume of superhydride was injected it into the Se stock solution in a 10–mL vial in the glove 

box. Color change of the Se–oleylamine solution was observed immediately after the 

superhydride was added. The mixture kept in a vial with a septum was removed from the glove 

box and injected into the flask for the particle growth.  

Synthesis of ZnSe Nanodots. 

In a typical synthesis, 0.2 mmol (59.5 mg) Zn(NO3)2•6H2O, 5 mL 1–octadecene and 1 ml 

oleylamine were mixed in a three–neck flask. The mixture was degassed and refilled with N2 

three times at room temperature and then heated to 110 °C and kept for 0.5 h. At 160 °C, a 

mixture of 3 mL of Se stock solution and 0.4 ml superhydride solution was injected into the 

flask. After the injection, the solution was heated up to 200°C and kept for 10 mins, then was 

further heated up to 260°C and kept at this temperature for 10–120 mins to obtain nanodots. 

Synthesis of ZnSe Nanorods. 

In a typical synthesis, 0.2 mmol (59.5 mg) Zn(NO3)2•6H2O, 5 mL 1–octadecene and 1 ml 

oleylamine were mixed in a three–neck flask. The mixture was degassed and refilled with N2 

three times at room temperature and then heated to110 °C and kept at this temperature for 0.5 

h. At 160 °C, a mixture of 3 mL (0.3mmol) of Se stock solution and 0.1 ml (0.1 mmol) super 

hydride solution was injected into the flask. After the injection, the solution was heated up to 

200°C and kept at this temperature for 10 mins. The reaction solution was further heated up to 

260°C and kept at this temperature for 10–120 mins to obtain nanorods with varied diameter. 

Synthesis of ZnSe Nanorods from magic small ZnSe dots. 



 

 

72 

 

The magic small ZnSe dots were synthesized at 200°C and kept at this temperature for 10 mins 

as described above, then the reaction was terminated by removing the heating mantle. The 

magic small ZnSe dots was cleaned out from the remaining precursor by addition of ethanol 

and centrifugation for 5 mins at 5000 rpm. The cleaned magic small ZnSe dots were dissolved 

in the mixture of 5ml ODE and 1 ml oleylamine again followed by degas and refill with N2 at 

110°C, then heated up to 260°C for 120 mins to obtain ZnSe nanorods. 

4.3 Results and Discussions 

In this work, the shape and phase control of ZnSe nanocrystals were achieved by 

tailoring the reaction activity of selenium precursors. Se precursor with different 

reactivity was obtained by adding super hydride as reducing agent. To study the effect 

of super hydride on the crystalline phase and the shape control of ZnSe nanocrystals, 

detailed investigations on the Se precursor with or without the addition of super hydride 

were conducted.  

4.3.1 Se Precursor Characterization. 

The activity of selenium precursor has an important effect on the semiconductor 

nanocrystal growth43. Figure. 4.2a shows a photograph of the original Se stock solution 

and those solutions after different volume of super hydride added. After the addition of 

super hydride, the colour of Se–oleylamine stock solution gradually changed from 

brown to orange (M[super hydride: Se] = 1:3), luminous yellow (M[super hydride: Se] 

= 2:3) and pale yellow(M[super hydride: Se] = 1:1, 3:2, 2:1). Normalized UV–Vis 

optical absorption spectra for the Se–oleylamine solutions with the addition of different 

volume of superhydride in Figure. 4.2b indicated that the absorbance intensity between 

300 and 450 nm systematically decreased with the increased dosage of super hydride 

added, which is consistent with the colour change observed in Figure. 4–2a. The obvious 

colour change in the Se–superhydride–oleylamine precursor solution could be related to 

the formation of different selenium species, which is similar to that being observed in 

treatment of Te–(TOP)–oleylamine precursor by super hydride.33 It is noted that Te2– , 

Te2
2–, Te3

2– species obtained from the reduction of Te–TOP oleylamine solution by 

adding different volume of superhydride also display distinctive colours such as white 

precipitate, blue/violet solution and red solution, respectively44.  

Reducing reagents including superhydride, NaBH4, SmI2, and NaH, are mainly used to 

tune the reactivity of Se and Te precursors20, 45. De Mello and co–workers45 observed 

that elemental selenium (Se0) was reduced to diselenide (Se2
2–) or seleniude (Se2–) anion 
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or their mixed species depending on the NaBH4 stoichiometry used. Similar results were 

also reported by Raibaut46. Like NaBH4, we hypothesize that superhydride can gradually 

reduce Se to Se2
2– or Se2– , which presents different colours in the Se–super hydride–

oleylamine stock precursor solution due to the difference valence states of Se.  When 

excess volume of super hydride was added to the Se–oleylamine stock solution, Se is 

more likely to be reduced into Se2– species.  

 

Figure 4.2 A photography (a, top panel) and UV–Vis absorption spectra (b, bottom panel) of 

Se–oleylamine solution added with different amount of super hydride. (1) M(Super hydride : 

Se)=0:1; (2) M(Super hydride : Se)=1:3; (3) M(Super hydride : Se)=2:3; (4) M(Super hydride : 

Se)=1:1; (5) M(Super hydride : Se)=3:2; (6) M(Super hydride : Se)=2:1. 

 

4.3.2 Ab Initio Calculations 

Table 4.1 gives the Gibbs free reaction energies for one–electron reduction of Se0 to 

Se2– and Se2
2–. As seen from Table 1, the reduction of Se0 to Se2

2– is highly exergonic 

with ∆G298 = –429.2 kJ/mol (reaction 1), indicating that Se2
2– would form when limited 

super hydride is available. With the addition of reductant, Se2
2– would be further reduced 

to Se2– with ∆G298 = –145.2 kJ/mol (reaction 2). Overall, the two–electron reduction of 

Se0 to Se2
2– is associated with an overall Gibbs free reaction energy of ∆G298 = –574.4 
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kJ/mol (reaction 3). These results indicate that Se is firstly reduced to Se2
2–, then to Se2– 

with the addition of super hydride.  

 

 

Table 4.2 Gibbs free reaction energies calculated at the SMD–DSD–PBEP86/Def2–QZVPP 

level of theory for the reduction of Se0 to Se2– and Se2
2– (in kJ/mol). 

 

Reaction ∆G298 kJ/mol 

(1) Se0 + e– →1/2 Se2
2– –429.2 

(2) 1/2 Se2
2– + e– → Se2– –145.2 

(3) Se0 + 2e– → Se2– –574.4 

 

To find out the possible products by employing polyselenide like Se2
2– as precursor, we 

calculated Gibbs free–reaction energies at 298 K (∆G298) for the formation of ZnSe, 

ZnSe2, and ZnSe3 from Zn2+ and Se2–, Se2
2–, and Se3

2–, respectively, as seen in Table 

4.2.  

 

Table 4.3 Gibbs free reaction energies calculated at the SMD–DSD–PBEP86/Def2–QZVPP 

level of theory for the three possible reactions between Zn2+ and the selenium dianions (Se2–, 

Se2
2–, and Se3

2–) (in kJ/mol). 

Reaction ∆G298 kJ/mol 

Zn2+ +Se2–→ ZnSe –762.8 

Zn2+ + Se2
2–→ ZnSe2 –679.9 

Zn2+ + Se3
2–→ ZnSe3 –696.4 

As expected, the reactions between Zn2+ and the selenium dianions are highly exergonic. 

The exergonicity of these reactions increases in the order: Se2
2– < Se3

2– << Se2–. In 

particular, the reactions with diatomic and triatomic selenium anions are associated with 

∆G298 values of –679.9 and –696.4 kJ mol–1, respectively. Fig. 2 shows the clusters 

formed between the Zn and Se atoms along with the Zn–Se bond distances. The 

difference of 16.5 kJ mol–1 between the two Gibbs free–reaction energies is reflected in 

a slightly shorter Zn–Se bond distance in the ZnSe2 cluster relative to the ZnSe3 cluster. 

Namely, the Zn–Se bond distances are 2.376 (ZnSe2) and 2.364 (ZnSe3) Å. On the other 

hand, the reaction between Zn2+ and Se2– is associated with a higher exergonicity of 



 

 

75 

 

∆G298 = –762.8 kJ mol–1. This significantly higher Gibbs free–reaction energy is also 

reflected in a significantly shorter Zn–Se bond distance of 2.219 Å (Figure. 4.3). 

 

Figure 4.3 SMD–DSD–PBEP86/Def2–QZVPP optimized structures for ZnSen clusters (n = 1–

3). The Zn–Se bond distances are given in Å. Atomic color scheme: Se, yellow; Zn, purple 

 

4.3.3 Morphological and Structural Characterization. 

Based on the results of theoretical calculation and the characterization of Se precursor, 

we proposed that different Se species might have different effects on the formation of 

ZnSe nanoparticles since the reactivity of Se precursor plays an important role on the 

shape control of ZnSe nanoparticles47. To this end, we conducted several parallel 

experiments to synthesize ZnSe nanocrystals using Se stock solution with different ratio 

of super hydride to Se. UV–Vis absorption, morphological and structural 

characterization were performed to analyse the growth process while employing 

different species of Se precursor.  

As a result, ZnSe nanodots were obtained with a high molar ratio of super hydride to 

selenium whereas nanorods were synthesized with a low molar ratio of super hydride to 

Se. 

 

(a) ZnSe Nanodots. 

ZnSe nanodots with good size distribution were obtained by employing a high molar 

ratio of super hydride to Se (M [Super hydride: Se] = 3:1). 

As shown in Figure 4.4a, the nanodots with absorption of 340 nm were obtained after 

the reaction evolved for 10 mins at 200°C. The absorption spectrum of this aliquot 

shows two distinct peaks at 323 nm and 340 nm, which are typical characteristics of 

magic size ZnSe nanoclusters.1, 39 TEM image of this sample shows they are tiny 

spherical nanoparticles (Appendix C Figure C4–1). As the reaction proceeded for 10 

mins at 260°C, the first exciton peak of the UV–Vis spectra of nanodots red–shifted to 

361 nm. Further reaction at this temperature for 30 mins, 60 mins and 90 mins led to the 

absorption exciton peak shifted to 375 nm, 388 nm and 392 nm, respectively, which 
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indicate the increase of the size of the nanoparticles. X–ray diffraction (XRD) confirmed 

the obtained ZnSe nanodots are zinc blende phase with diffraction peaks indexed to a 

cubic zinc–blende structure (Figure. 4.4b). The TEM and HRTEM images (Figure. 

4.4c, 4.4d) shows that the nanodots are single–crystalline, and the lattice plane spacing 

extracted from the fast Fourier transform (FFT) analysis of selected areas are 0.327 nm 

for (hkl) = (111), 0.200 nm for (hkl) = (220), which are of a typical zinc blende ZnSe 

structure.  

 

Figure 4.4 Synthesized ZnSe nanodots and structural characterizations. (a) UV–Vis spectra of 

ZnSe nanodots synthesized at 200ºC, 10min(1), 260ºC,10min(2), 260ºC,30 min(3), 260ºC, 60 

min(4); 260ºC, 120 min(5); (b) XRD pattern of ZnSe nanodots synthesized at 260 °C for 60 

min; (c) TEM image of ZnSe nanodots synthesized at 260 °C for 60 min. Inset is Zinc blende 

structure of ZnSe nanodots;  (d) HRTEM image of ZnSe nanodots. Inset show the FFT image 

of a selected area in (d) marked by a red rectangle; 
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The UV–Vis absorption peaks at 361 nm, 375 nm, 388 nm and 392 nm correspond to 

ZnSe nanodots with a diameter of 2.62±0.32 nm, 2.77nm±0.31 nm, 2.82±0.34 nm, 

2.91±0.34 nm, respectively (Figure 4.5). 

 

Figure 4.5 TEM images (a–d) and size distribution (e–g) of ZnSe dots. 

 

The above experiment results clearly demonstrate that uniform ZnSe nanodots with a 

zinc blende phase were obtained when super hydride reduced Se–oleylamine as Se 

precursor with a M(super hydride : Se) of 3:2 was used. The nucleation of ZnSe 

nanoparticles occurred immediately after the injection of Se2– precursor with a high 

reaction activity at 160°C, and the fast growth led to the formation of ZnSe spherical 

nanodots with a zinc blende structure. 

 

(b) ZnSe Nanorods. 
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ZnSe nanorods with different length and diameter were obtained by employing a low 

molar ratio of super hydride to Se (M[Super hydride : Se] = 1:3). In this synthesis, the 

absorption spectrum (a in Figure 4.6a) and TEM image (Appendix C Figure C4–2) of 

the aliquot obtained after 10 min at 200 oC shows similar features as those of the aliquot 

taken after the reaction evolved for 10 min at 200 oC for the synthesis of nanodots. As 

the reaction proceeded from 200°C for 10 mins to 260°C for 10 mins, the UV–Vis of 

nanorods red shifted from 340 nm to 373 nm. After the reaction evolved at this 

temperature for 40 mins, 120 mins, and 200 mins, the exciton peak of absorption 

spectrum shifted to 381 nm, 387 nm and 396 nm, respectively (Figure 4.6a). The broad 

exciton peak implies that the obtained ZnSe nanorods are not very uniform. The XRD pattern 

(Figure. 4.6b) matches that of wurtzite ZnSe, indicating that the synthesized ZnSe is wurtzite 

phase. The TEM and HRTEM measurement (Figure 4.6c, 4.6d) shows that the nanorods are 

single–crystalline, and the lattice plane spacing extracted from the fast Fourier transform (FFT) 

analysis of selected areas are 0.325 nm for (hkl) = (002), 0.343 nm for (hkl) = (100). 

 

Figure 4.6 Synthesized ZnSe nanorods. (a) UV–Vis spectra of ZnSe nanorods synthesized at 200°C, 

10min(1),260°C, 10min(2), 260°C, 30 min(3), 260°C, 60 min(4); 260°C, 120 min(5); (b) XRD pattern 

of ZnSe nanorods. (c) TEM image of ZnSe nanorods synthesized at 260 °C for 60 min. Inset is the 

Wurtzite structure of ZnSe nanorods; (d) HRTEM image of ZnSe nanorods. FFT image of a selected 

area in (d) marked by a red rectangle; 
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Figure 4.7 TEM images of ZnSe nanorods obtained as the reaction proceeds at 260°C for 10 mins (a); 

40 mins (b);120 mins (c); 200 mins (d); length distribution (e1–g1) and diameter distribution (e2–g2) 

of nanorods corresponding to (a–d), respectively. 

 

As the reaction evolves, the length of nanorods shrinks from 21.7±6.83 nm (260°C, 10 mins) 

to 19.2±6.60 nm (260°C, 40 mins), 18.8±6.28  nm (260°C, 120 mins), 13.9±5.64  nm (260°C, 

200 mins), while the diameter increased from 2.57±0.48 nm to 2.65±0.47  nm, 2.84±0.44 nm 

to 4.07±0.85 nm, respectively (Figure 4.7). A ripening process was observed as the reaction 

was proceeded at 260°C for a longer time from 120 mins to 200 mins.  As the reaction 

monomers are almost consumed after the reaction evolved for 40 mins at 260°C, the low 

concentration of the reaction monomers cannot support the kinetics–controlled growth of ZnSe 

and the reaction will enter a thermodynamic–controlled process.2 Due to the high surface 

energy of elongated nanocrystals, long and thin nanowires will thermodynamically shrink to 

short and thick nanorods at elevated temperatures to minimize the energy of the system. 
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4.3.4 Growth mechanism of ZnSe nanodots and nanorods using different Se species 

Based on the afore–mentioned calculations and characterizations, growth mechanisms 

that are responsible for the formation of ZnSe nanodots and nanorods were proposed. 

Selenium precursor in oleylamine can be reduced to Se2
2– or Se2– depending on the 

amount of super hydride added. With the increase of the addition of super hydride, Se0 

was reduced to Se2
2– then Se2–. The reaction activities of different Se species are in an 

ascending order of Se2– > Se2
2–> Se0 and energy potentials for reaction of these Se 

species are in a descending order of Se2– > Se2
2–> Se0. It’s worth noting that The 

reactivity of the anions of Se2
2– and Se2– show different trend for reactivity as that for 

sulphur species prepared in ODE under non–reducing conditions48. 

When the highly reactive Se2– is added into the reaction system, the reaction that leads 

the production of ZnSe nanocrystals are too fast for the nucleus to adopt anisotropic 

growth, leading to the formation of zinc blende ZnSe nanodots. On the other hand, as 

the less reactive Se2
2– has a high chemical potential, the reaction between Se2

2– and Zn2+ 

may produce the stable phase wurtzite ZnSe nucleus, which then form 1D NCs through 

oriented attachment 3 (Figure 4.8).  

A control experimental using purified magic size ZnSe nanoclusters to grow ZnSe 

nanorods was conducted to further elucidate growth mechanism of ZnSe nanorods (See 

details and Appendix C Figure C4–3 in the Experimental Section of Appendix C). In a 

typical synthesis, magic size ZnSe nanoclusters were firstly obtained and separated from 

the crude solution to effectively remove the unreactive precursors (Appendix C Figure 

C4–3b). Then the cleaned magic size ZnSe nanoclusters were dissolved in the mixture 

of ODE and oleylamine again and were heat up to 260°C. After the reaction evolved for 

120 mins, wurtzite ZnSe nanorods were produced (Appendix C Figure C4–3c). This 

suggests that ZnSe nanorods are formed from the magic size ZnSe nanoclusters based 

on the oriented attachment mechanism. The red shift of the exciton peak in the 

absorption spectrum in the obtained ZnSe nanorods is associated with the increase of 

the diameter of ZnSe nanorods (Appendix C Figure C4–3a), which may be attributed to 

by a ripening process at high temperature. 
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Figure 4.8 Schematic of the growth mechanism of zinc blende ZnSe nanodots employing Se2– 

as precursor (a); wurtzite ZnSe nanorods employing Se2
2– as precursor (b). 

 

4.4  Conclusions 

In summary, uniform ZnSe nanodots and nanorods with controlled morphology and crystal 

phase were synthesized in a phosphine–free colloidal solution. Shape and phase control of 

ZnSe nanocrystals can be achieved through directly tailoring the reactivity of Se precursor via 

the addition of a reducing reagent of super hydride.  This new method enables to control the 

shape and size of ZnSe nanocrystals within the same precursor and ligands by just changing 

the added ratio of super hydride to Se oleylamine precursor, which also sheds light on the size 

and shape control of other nanocrystals with high quality. 
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Summary of Chapter. 

In the previous chapter, Chapter 4, we developed a method for ZnSe nanodots and nanorods 

synthesis by tuning the activity of Se precursor with addition of reductant superhydride by a 

hot injection method. This method has a drawback that only a small amount of final products 

could be obtained (less than 100 mg) because of the limited volume of the injected Se–

precursor for the synthesis. Simply increasing the volume of injection precursor would result 

in the vast decrease of the temperature of the reaction system, thus would affect the nucleation 

and growth of nanoparticles in a hot–injection method.  

Therefore, in this chapter, we tried to develop facile one–pot heat–up method for large–scale 

production of ZnSe, ZnS and ZnSxSe1–x nanorods synthesized in a phosphine–free system. By 

employing different ligands, we successfully synthesized 0D nanodots and 1D nanorods by 

employing oleylamine (OLA) or oleylamine and dodecanethiol (DDT) as ligand, respectively. 

The experimental results indicated that DDT played an important role in the formation of 1D 

Zn–chalcogenide nanorods by the heat–up method. The control experiments showed that 

without DDT as the co–ligand, only nanodots of zinc blende structured nanoparticles can be 

obtained. When OLA and DDT were used as the co–ligand, wurtzite 1D nanorods were 

obtained. Therefore, we proposed a mechanism to explain the formation of Zn–chalcogenide 

nanorods while using OLA and DDT as ligand for the synthesis. On the one hand, The binding 

of the DDT on the surfaces of Zn–chalcogenide nucleus is diverse. Typically, these ligands 

bind less tightly on the (002) surface of the wurtzite structure which leads to the anisotropic 

growth of nanowires. On the other hand, DDT could activate S precursor in oleylamine solvent 

and promote the formation of ZnS monomors along with the heating up procedure, which can 

gradually increase monomer concentration and result in growth of diameter of nanowires and 

finally produce thicker nanorods. 

This work provided a heat–up method for tailoring the phase and morphology of colloidal ZnS, 

ZnSe and ZnSxSe1–x nanoparticles. The synthesized nanorods could be used as the materials for 

the synthesis of hybrid nanoparticles, such as Au–ZnS or ZnS–Ag2S, which have potential 

applications in photocatalytic H2 generation, UV detector and near–infrared fluorescence 

imaging. 
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Figure 5.1 Scheme of 1D nanorods synthesis by one–pot heat–up method. (a) Nucleation and ligand-

controlled growth (oriented attachment) at low Temperature (<240ºC), thin nanowires obtained. (b) 

Growth in diameter direction resulted from increased monomers concentration at high Temperature 

(>240ºC), thicker nanorods obtained from nanowires. ZnS nanorods were used as an illustrative 

example. 
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Abstract 

Herein we reported a heat–up method for synthesis of ZnSe, ZnS and ZnSxSe1–x nanorods and 

nanodots. The studies of the effect of 1–dodecanethiol (DDT)’s on the synthesis of ZnSe, ZnS 

and ZnSxSe1–x nanorods indicated that DDT could improve the reaction activity of Se or S 

powder precursor in oleylamine which is responsible for the formation of one–dimensional 

nanorods. Without using DDT as ligand, only nanodots can be obtained by the heat–up 

synthesis of ZnSe, ZnS and ZnSxSe1–x nanodots in oleylamine. This heat–up method could be 

used as general approach for ZnSe, ZnS and ZnSxSe1–x nanorods, and can be used for the scale–

up synthesis of spherical dots. A brief demonstration of synthesis of Au–ZnS and Ag2S–ZnS 

hybrid nanostructure showed that the synthesized nanorods could be applied as raw materials 

for compositing heterostructures such as noble–metal–semiconductor hybrids which might find 

applications in UV detectors and photocatalysis.   

5.1 Introduction 

As one of the most important types of II–VI semiconductors1, Zinc chalcogenides (ZnS, ZnSe 

and ZnTe) nanocrystals have excellent electronic and optoelectronic properties and were 

regarded as good candidates in a wide range of application such as LED2, 3, photocatalysis4, 5, 

solar cells,6 bioimaging7 and light detectors8. For example, CdS–CdSe/ZnSe core shell 

nanorods were assembled to highly photoluminescent LEDs with a type I straddling band offset 

in the core. 9 It is well known that the size and shape of nanoparticles have significant influence 

on their electronic and optical properties10. For example, CdSe nanocrystals can be simply 

classified to 0–dimensional, 1–dimensional and 2–dimensional nanoparticles based on the 

quantum confinement effects. For 0–dimensional nanocrystals, such as nanodots, nanotriangles, 

nano–peanuts, since the size of all dimension of CdSe nanoparticles is smaller than  its Bohr 

radius 11, electrons and holes are confined in three dimensions. For 1–dimensional 

nanoparticles, such as nanorods, nanowire and nanobelts, since only the diameter of the 

nanoparitcles is smaller than the Bohr radius of these materials, the electrons and holes are 

confined in two dimensions except for the length direction12. For 2–dimensional 

nanoparticles13, such as nanosheets, nanoplates and quantum wells, only the thickness of the 

nanoparticles is smaller than the Bohr radius of these materials, thus the electrons and holes 

are confined only in one dimension. Therefore, these distinct features of the confinement of the 

electrons and holes lead to their specific properties, for example, one dimensional nanorods 
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have linearly polarized emission and absorption, which makes them ideal materials for the 

application in LEDs. 

The morphology control of Cd–based nanoparticles has been extensively studied. For example, 

the successful size and morphology control of CdSe14–16, CdS17 nanocrystals were reported by 

many groups and the growth mechanisms were thoroughly investigated. Uniform nanodots, 

nanorods and nanoplates of CdSe and CdS were synthesized by hot–injection methods 

separately, the control of the size and morphology were fulfilled by using different ligands in 

combination with  the reaction temperature16. On the other hand, however, less progress has 

been achieved in the size and morphology control ofZn–based chalcogenide nanocrystals.1 

Some synthetic approaches for the controlled synthesis of zinc chalcogenide nanocrystals have 

been  reported18, such as employing strong reducing agent to enhance the reaction activity of 

Se or Te precursor2, 19, 20, a ripening process to gain shorted and thick ZnSe nanorods from long 

and thin ZnSe nanowires21, introducing a molecular cluster for ZnSe nanorods growth22, and 

synthesize ZnSe/ZnS dot–in–rods by cation exchange from CdSe/CdS nanorods23. However, 

most of these methods were based on hot–injection methods and required tedious experimental 

procedures. Although there were some reports on the synthesis of ZnSe and ZnSe nanocrystals 

using the hot injection method5, 8, 19, 21, toxic and dangerous chemicals such as DPP22 and 

superhydride2, 20 were used and the experiments need to be conducted very cautiously. The 

injection speed, injection temperature and amount of injection solution should be precisely 

controlled to produce uniform nanoparticles and the yield of final product from one synthesis 

is usually less than 50 mg. This hinders the further study and application of such materials. In 

this regard, the previous studied hot injection methods are not suitable for scale–up 

manufacture24.  

There are some reports on ZnS nanodots and nanorods based on heat–up methods25 by 

changing S precursor species. However, the synthesized nanoparticles were not very uniform, 

which may deteriorate their optical or electric performance. Thus, the synthesis of ZnSe, ZnS 

nanocrystals with controlled morphology using by a heat–up method is still challenging. It is 

known that the precursor reactivity has important influence on nanoparticle growth. For the 

preparation of the ecofriendly phosphine–free selenium precursor, Se powder was dissolved in 

1–octadecene (ODE)26 or oleylamine (OLA)21 to prepare Se stock solution for the hot–injection 

synthesis of ZnSe nanoparticles. For the synthesis of the anisotropic one–dimensional 

nanowires or nanorods, a high monomer concentration in solution is vital for anisotropic 
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growth. Therefore, we plan to control the final products morphology by controlling the reaction 

activity of precursor and ligand solvent in the heat–up system. 

In typical syntheses of Zn based semiconductors, OLA and ODE were commonly used as 

phosphine free ligands and solvent for S and Se precursors. Raston et al. reported that Se–ODE 

precursor had higher reactivity than TOPSe at 220°C26. O’Brien et al.  reported that the 

coupling reaction between ODE and Se in a one–pot synthesis of ZnSe NCs generated a 

tetrahydroselenophene derivative which acted as an efficient selenium precursor for the 

nucleation and growth.27 Ozin et al. reported that heating S in OLA would form 

alkylammonium polysulfides at a low temperature and then the polysulfide ions reacted with 

excess amine to generate H2S, which combineed with the metal precursor to form metal 

sulfides28. Heating sulfur or selenium in oleylamine corresponded to a reaction in whichnew S 

or Se–Oleylamine species such as H2S or H2Se will be formed 29.Yang and coworkers 30 

reported a study on alkylthiol–enabled Se powder dissolution in oleylamine at the room 

temperature with high activity, which could be used for the phosphine–free synthesis of 

copper–based quaternary selenide nanocrystals. 

These results inspired us to conduct more work by tuning the reactivity of precursor for one–

pot synthesis of zinc–based chalcogenide nanocrystals by changing the types of solvents and 

ligands. Since DDT can work as the ligand and also can increase the activity of S and Se 

precursor, the use of DDT will lead a difference for nanocrystals nucleation and growth. So, 

we employed DDT as a co–solvent and ligand in combination with OLA for our heat–up 

method. The influence of DDT on the formation of S or Se–OLA species and nanocrystals 

growth was studied, and the experiments and discussion were shown below.  

5.2 Experimental section 

5.2.1 Chemicals. 

Zinc acetate dihydrate, Zn(CH3COO)2 · 2H2O ( ≥ 98%), selenium powder (Se, ≥ 99.5%), 

sulphur powder (Se, ≥ 99%),  oleylamine (OLA, 70%), 1–1–dodecanethiol (DDT, ≥ 98%), 

dodecylamine (DDA, 99%), %), gold (III) chloride (AuCl3, 99.99%), silver acetate 

(CH3COOAg, ≥ 90%) , toluene (99% anhydrous), and ethanol (99.8% anhydrous) were 

purchased from Sigma–Aldrich. All chemicals were used as received without further 

purification. 
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5.2.2 Synthesis of ZnS, ZnSe and ZnSxSe1–x nanorods with OLA and DDT. 

The synthetic protocol was referred to a reported heat–up method with some modification7. All 

experiments were done with the standard Schlenk line techniques under N2 protection. A 50 

mL three neck flask was used as a reactor. Aliquots were taken by a syringe with needle through 

the rubber plug on the three–neck flask.  

For ZnS nanorods synthesis, 5 mmol (1337 mg) zinc acetate dihydrate, 6 mmol S (192 mg) 

powder were added to a mixture of 10 ml OLA and 5 ml DDT in the 50 ml flask. The mixture 

was degassed and refilled with N2 for three times at the room temperature and then heated to 

110 °C and kept at this temperature for 0.5 h to remove air and moisture. Then the solution was 

heated to 260°C at a rate of 10°C/min, then kept at 260°C for 30 min. Aliquots were taken at 

180°C, 240°C or 260°C according to the need. For ZnSe nanorods synthesis, all the other 

parameters were kept the same except that 6 mmol Se (474 mg) powder were added to the 

mixture OLA and DDT. For ZnSxSe1–x nanorods synthesis, all the other parameters were kept 

the same except that 3 mmol Se (247 mg) and 3 mmol S (96 mg) powder were added to the 

mixture of OLA and DDT. 

5.2.3 Synthesis of ZnS, ZnSe and ZnSxSe1–x nanoparticles with OLA. 

For the synthesis of ZnS nanodots, 5 mmol (1337 mg) zinc acetate dihydrate, 6 mmol S (192 

mg) powder were added to a mixture of 20 ml OLA in the 50 ml flask. The mixture was 

degassed and refilled with N2 for three times at the room temperature and then heated to 110 °C 

and kept at this temperature for 0.5 h to remove air and moisture. Then the solution was heated 

to 260°C at the rate of 10°C/min, then kept at 260°C for 30 min. Aliquots were taken at 180°C, 

240°C or 260°C according to the need. For peanut shaped ZnSe nanoparticles synthesis, all the 

other parameters were kept the same except that 6 mmol Se (474 mg) powder were added to 

OLA. For the synthesis of ZnSxSe1–x nanodots, all the other parameters were kept the same 

except that 3 mmol Se (247 mg) and 3 mmol S (96 mg) powder were added to OLA. 

5.2.4 Synthesis of Au–ZnS hybrid nanorods. 

In a typical experiment for the synthesis of Au–ZnS hybrid nanorods, 10 mg clean ZnS NRs 

were dispersed in 10 mL toluene by sonicating for 5 mins to make a 1 mg/mL ZnS NRs solution. 

Then, 10 mg AuCl3, 70 mg DDA and 10 mL toluene were mixed and sonicated for 10 mins to 

make a 1 mg/mL AuCl3 solution. Later, 1 mL ZnS NRs solution and 4 mL toluene were taken 

into a three–neck flask and kept under N2 flowing., Then the prepared AuCl3 solution of varied 
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volumes (0.1, 0.5 and 1 mL) was injected into the ZnSe NRs solution at room temperature for 

growth for a time duration of 1 hour. The samples were heated up to 100 °C and kept at this 

temperature for 30 mins, which was labeled as samples growth at 100°C. The final products 

were separated from toluene by centrifugation with help of acetone.  

 

5.2.5 Synthesis of ZnS–Ag2S hybrid nanorods by cation exchange. 

In a typical experiment for the synthesis of ZnS–Ag2S hybrid nanorods, 1 mg clean ZnS NRs 

were dispersed in 5 mL toluene by sonicating for 5 mins to make a 0.2 mg/mL ZnS NRs 

solution. Then 2 mg silver acetate (CH3COOAg) and 3 mL methanol were mixed and sonicated 

for 10 mins to make 0.67 mg/mL silver precursor solution for cation exchange. Later, 0.2 mL 

ZnS NRs solution and 4 mL toluene were taken into a three–neck flask and kept under N2 

flowing, then the prepared silver precursor solution of varied volumes (0.2, 0.4 and 0.8 mL) 

was injected into the ZnS NRs solution at the room temperature. The mole ratio of Ag to Zn 

for these three samples were 0.72:1, 1.45:1 and 2.9:1 based on TGA data (Appendix Figure 

D5–11) of ZnS nanorods. The colorless solution turned to dark brown immediately after the 

injection of the silver precursor. Final products were collected after reaction evolved for 1h by 

centrifugation. The final products were dispersed in toluene for further analysis. 

5.3 Results and Discussions 

5.3.1 Synthesis of ZnS, ZnSe and ZnSxSe1–x nanorods with OLA and DDT as the ligands 

a)  ZnS Nanorods 

By employing OLA and DDT as the co–ligands, a series of ZnS nanoparticles were obtained 

by and heating zinc acetate and Se powder to 260°C. The crystals phase of synthesized ZnS 

nanoparticles was analysed by XRD and the absorption spectroscopy, as shown in Figure 5.2a. 

The synthesized nanorods were identified as the wurtzite structure with referring to the the 

standard card JSCD #39–1363. The diffraction corresponding to the (002) facet was dominant 

which indicates that the (002) facets were mainly developed in the crystals. The UV–Vis 

absorption spectrum (Figure 5.2b) of aliquots taken at 180°C, 220°C, 240°C and 260°C showed 

a red shift from ~283 nm at 180°C to ~290 nm at 220°C, ~295nm at 240°C and ~315nm at 

260°C, indicating the increase of the particles size during the heating up procedure.  

The morphologies of synthesized nanoparticles were studied by using TEM, as shown in 

Figure 5.2c–f. For aliquot taken at 220 °C, the nanoparticles were very tiny nanodots and short 

fragments, with a mean diameter of 1.64 ± 0.33 nm (Figure 5.2c). By increasing the 
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temperature to 240°C, the nanowires grew into longer nanowires with an average length and 

diameter of 14.18 ± 3.12 nm and 1.67 ± 0.31 nm, respectively. The growth on length was 

obviously while the diameter kept barely same size as that of the tiny dots obtained at 220°C. 

This phenomenon could be resulted from oriented attachment of the initial ZnS nanodots31, 32 

and the DDT ligand which usually binds less strongly on the (002) facet of wurtzite 

nanoparticles 33.   

Further increase of the reaction temperature to 260 °C with a time duration of 20 mins, the 

nanorods turned to thicker nanorods with an average length and diameter of 16.69 ± 4.66 nm 

and 4.04 ± 0.47 nm, respectively. The size diagram was shown in Appendix Figure D5(1–3). 

Compared with thin nanorods obtained at 240 °C, the length growth is not obvious while the 

diameter increased clearly. This phenomenon indicated a different growth habit in comparison 

to the oriented attachment of the previous stage (200°C to 240°C). The reason accounted for 

the growth in diameter at the elevated temperature could be the gradually increased monomer 

concentration. As the supply of the high monomer concentration is necessary for the growth of 

1D ZnS nanoparticles in the heat–up procedure. One possible explanation is that the DDT 

ligand binding on ZnS surfaces also released some S source from –SH when the reaction system 

was heated to or over 240 °C. Aanother possibility is that since DDT has a lower boiling point 

(275°C) than OLA (364°C), DDT may gradually strip off from the lattice planes of the ZnS 

(cylindrical surface) which provided site for monomers deposition on the diameter direction.  

The FFT image of the ZnS nanorods synthesized at 260 °C for 20 mins (Figure 5.2f and inset) 

identified the lattice distances of the (100), (002), (101) and (102), which match  those of XRD 

pattern of wurtzite ZnS (Figure 5.2a). These results proved that the phase of ZnS nanorods 

synthesized in the mixture of OLA and DDT were wurtzite and increasing temperature from 

180°C to 260°C led to the increase of length and width of the synthesized nanorods, along with 

a red shift of absorption peak from 283 nm to 315 nm. 
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Figure 5.2 (a) XRD pattern and (b) UV–Vis absorption of ZnS synthesized in DDT and OLA. Aliquots 

were taken at 180°C, 220°C, 240°C and 260°C; (c–e) TEM images of ZnS synthesized in DDT and 

OLA. Aliquots taken at 220°C, 240°C and 260°C, showing the morphology transfer from tiny nanordots 

to thin nanowires and thick nanorods. (f) HRTEM images of ZnS NRs in (e), indicating the wurtzite 

phase with elongation along the (002) direction. 

 

b)  ZnSe nanorods 

Keeping the ligand and synthetic conditions the same as the abovementioned synthesis of ZnS 

nanorods, ZnSe nanoparticles can also be produced using the same synthetic conditions of the 
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abovementioned synthesis of ZnS nanorods except  the S powder was replaced by the Se 

powder. The crystals phase of synthesized ZnSe nanoparticles were analysed by XRD and the 

diffraction pattern was shown as Figure 5.3a, as seen in Figure 5.3a. The synthesized ZnSe 

nanorods can be indexed to wurtzite phase with referring to the standard JSCD #15–0105 card 

of wurtzite ZnSe. The diffraction peak corresponding to the (002) plane was dominant which 

indicates that the (002) facets were mainly developed in the nanocrystals. The UV–Vis 

absorption spectrum of aliquots taken at 220°C for 60 mins, 250°C for 1 min and 260°C for 8 

mins and 15 mins showed a red shift from 355 nm at 220°C to 362 nm at 250°C and 374nm at 

260°C for 8 mins and 380 nm for 15 mins. As DDT is stronger ligand than oleylamine, herein 

the synthesized nanorods with DDT and OLA showed photoluminescence while nanodots 

synthesized in pure oleylamine had no photoluminescence because of the quenching effect in 

relation to the surface defects. The corresponding photoluminescence of ZnSe nanorods shifted 

from 375 nm to 381 nm, 392 nm and 395 nm, respectively. 

The morphologies of synthesized ZnSe nanoparticles were studied by using TEM, as shown in 

Figure 5.4., For aliquot taken at 220°C, the nanoparticles were very thin and short wires with 

a length and a diameter of 16.9×1.95nm (Figure 5.4a). When the reaction temperature was 

increased to 240°C, the nanowires grew into thicker and longer nanowires with an average 

length and diameter of 24.93 ± 5.90 nm and 2.21 ± 0.35 nm, respectively. Further increase of 

growth temperature to 260°C and growth duration for 30 mins led to the formation of nanorods 

with an average length and diameter of 19.54 ± 4.80 nm and 2.92 ± 0.49 nm, respectively. The 

FFT image of the final ZnSe nanorods showed in Figure 5.4d and inset identified the lattice 

distance of the (100), (002), (101) and (102) of wurtzite ZnS nanocrystals, which was consistent 

with the XRD results in Figure 5.4a. These results proved that ZnSe nanorods synthesized in 

the mixture of OLA and DDT were wurtzite structure and increasing temperature from 220°C 

to 260°C led to the increase of length and width of the synthesized nanorods, along with the 

red shift of UV–Vis absorption from 355 nm to 380 nm and PL emission from 362 nm to 395 

nm. As seen in Figure 5.4c and 3d, after keeping the reaction at 260°C for 30 mins, some short 

nanorods were obtained. This is because that DDT ligands binding on the surfaces of ZnSe 

nanorods may detach from the surfaces at high temperatures 5, which initiated a thermodynamic 

ripening procedure that shortening and thickening of ZnSe nanorods21. The size diagrams for 

ZnSe nanorods synthesized at 220°C, 240°C and 260°C were shown as Appendix Figure D5(4–

6). 
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Figure 5.3 (a) XRD pattern, (b) UV–Vis absorption and (c) PL emission of ZnSe nanorods synthesized 

at different temperatures. 

 

Figure 5.4 TEM images of ZnSe aliquots at (a) 220 °C for 10mins; 16.9×1.95 nm; (b) 240 °C for 30 

mins; 24.92×2.21 nm; (c) 260 °C for 30 mins; 19.55×2.92 nm (d) HRTEM and the corresponding FFT 

pattern of ZnSe nanorods in (c). 

c)  ZnSxSe1–x nanorods 

Previous studies revealed that alloyed ZnSxSe1–x nanorods had high efficiency in energy fuel 

production5. Thus it’s meaningful to develop facile and robust synthetic method for alloyed 

ZnSxSe1–x nanorods. It’s interesting to see if this scale–up–accessible method that developed 

in this work could also be utilized for the synthesis of alloyed ZnSexS1–x nanorods. Thus, a 

mixture of S powder and Se powder was used as the anion precursor to prepare alloyed 
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ZnSxSe1–x nanoparticles. The crystals structure, UV–Vis absorption and PL emission spectra 

of obtained nanoparticles in OLA and DDT were shown in Figure 5.5. As seen from Figure 

5.5a, the diffraction peaks of synthesized ZnSxSe1–x nanorods din’t match the standard XRD 

patterns of ZnSe or ZnS alone but the position of the diffraction peaks located between that of 

of ZnSe and ZnS, confirming the produced nanoparticles were alloyed ZnSxSe1–x. The UV–Vis 

absorption spectrum (Figure 5.5b) of aliquots taken at 220°C, and 260°C for 20 mins showed 

a red shift from 326 nm at 220°C to 345 nm at 260°C. The red shift of the absorption peaks 

corresponded to the increase of the particles size during the heating up procedure. The 

corresponding photoluminescence (Figure 5.5c) shifted from 343 nm to 363 nm. The 

morphology of ZnSxSe1–x synthesized at 260°C for 20 mins was studied by using TEM, as 

shown in Figure 5.5d. Being different from ZnS or ZnSe, the products synthesized at 260°C 

for 20 mins were thin and long ZnSxSe1–x nanorods with a diameter of 2.23 ± 0.40 nm and 

length of 53.97 ± 12.97 nm. Some nanodots were also found in the final products and the 

formation of these dots at the high temperature was similar to that observed in a mixture 

contained ZnSe nanorods and some ZnSe nanodots, as discussed in the previous section. The 

size diagram for ZnSxSe1–x nanorods synthesized at 260°C was shown in Appendix Figure D5–

7. 
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Figure 5.5 (a) XRD pattern, (b) UV–Vis absorption and (c) PL emission spectra and (d) TEM image 

of ZnSxSe1–x nanorods, with a diameter of 2.23 ± 0.40 nm and length of 53.97 ± 12.97 nm. 

5.3.2 Synthesis of ZnS, ZnSe and ZnSxSe1–x with pure oleylamine as the ligand 

As a comparison, we conducted experiments by employing only OLA as ligand instead of using 

the mixture of OLA and DDT for heat–up synthesis of ZnS, ZnSe and ZnSxSe1–x nanocrystals. 

The TEM images, UV–Vis absorption spectra and XRD patters were shown as Figure 5.6. As 

seen from Figure 5.6, being different from ZnS, ZnSe and ZnSxSe1–x nanorods synthesized in 

the mixture of DDT and OLA, the ZnS, ZnSe and ZnSxSe1–x nanocrystals synthesized in OLA 

were dots or peanut–shaped particles. After the growth evolved at 260°C for 20 mins, ZnS 

nanodots with an average diameter of 5.44±1.44 nm were obtained (size histogram can be 

found in Appendix Figure D5–8) and the XRD pattern confirmed the cubic structure of the 

obtained ZnS. The synthesized ZnSe nanoparticles in Figure 5.6b showed irregular peanut–

shape, and the length and diameter of ZnSe peanut–like nanoparticles is 7.34±1.78 nm and 

4.50±0.64 nm, respectively (Appendix Figure D5–9). XRD pattern of the peanut–like 

nanoparticles can also be indexed to the cubic structured ZnSe. The synthesized ZnSxSe1–x 

nanoparticles in Figure 5.6c showed dot–shape, and the diameter of ZnSxSe1–x nanoparticles is 

4.69±0.85 nm (Appendix Figure D5–10). The diffraction peaks in XRD pattern also show a 

shift with respect to those of standard cubic ZnSe and ZnS, which indicated the formation of 

alloyed ZnS and ZnSe nanocrystals. 
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Figure 5.6 (a–c) UV–Vis spectra of ZnS, ZnSe and ZnSxSe1–x nanocrystals obtained at 240°C to 260°C. 

(d–e)TEM and (g–i) XRD patterns of ZnS, ZnSe and ZnSxSe1–x nanocrystals synthesized at 260°C in 

oleylamine. 

 

5.3.3 Synthetic mechanism of zinc based II–VI nanocrystals with different ligands 

In conclusion, a schematic relating to the synthetic mechanism of ZnS, ZnSe and ZnSxSe1–x 

nanoparticles with DDT and OLA as ligand or OLA as ligand using the one–pot heat–up 

synthetic method was shown in Figure 5.7. Based on the characterizations of final 

nanoparticles, we found out that the use of DDT and OLA as ligand produced 1–D ZnS, ZnSe 

and ZnSxSe1–x nanorods of wurtzite structure while 0–D ZnS, ZnSe and ZnSxSe1–x nanodots or 

nano–peanuts of zinc blende structure were obtained if only OLA was used as the ligand for 

the growth at 260 oC. The final morphology was closely relating to the activation of S or Se 

precursor by DDT as a high concentration of concentration in solution supported the 

anisotropic growth. 
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Figure 5.7 Schematic of the synthetic mechanisms of ZnS, ZnSe and ZnSxSe1–x nanoparticles using 

DDT and OLA or OLA as the ligand. 

5.3.4 Synthesis of hybrid ZnS nanoparticles  

Due to the outstanding synergetic properties of combined components in one nanoparticle such 

as effective electron–hole separation in noble–metal–semiconductor nanoparticles34, hybrid 

nanoparticles have been received tremendous attentions in recent years.35 Herein, we 

demonstrated the synthesis of hybrid nanorods by employing ZnS nanorods as starting 

materials. 

5.3.4.1 Au growth on ZnS NRs of different ratio at room temperature or 100°C. 

Nobel metal–semiconductor hybrid nanoparticles were reported and studied for many 

applications such as photocatalysis and 3D printer indicator. However, most studies of II–VI 

semiconductors were based on Cd–containing semiconductors. Compared with Cd containing 

semiconductors, Zn based II–VI semiconductors are more environment–compatible and less 

toxic or non–toxic. There was only limited research on this topic, so we studied the growth of 

Au nanoparticles on ZnS nanorods to form Au–ZnS hybrids, as shown in Figure 5.8. As seen 

from Figure 5.8, with low Au precursor ration, some tiny Au nanoparticles nucleated in the 

solution at the room temperature when a low molar ratio of Au precursor to ZnS nanorods was 

used (Figure 5.8 a1, a2). By increasing the amount of Au precursor, the Au precursor grew on 

the edge of ZnSe NRs (Figure 5.8 b1, b2) alongside many separated Au nanoparticles formed 



 

 

103 

 

by self–nucleation. The further enhancement of Au precursor amount leads to the growth of 

large Au tips on the body of ZnS NRs (Figure 5.8 c1, c2). After keeping Au growth at the 

room temperature for 1h, then the solution was heated up to 100 °C and kept for 0.5 h (Figure 

5.8 d1–f1, d2–f2). Under such conditions, ZnS NRs with large Au tipps were obtained without 

the presence of self–nucleated Au nanoparticles. These results indicated that a higher 

temperature promotes the aggregation of dissociative Au nanoparticles in solution that is 

beneficial to the growth of large Au tips on ZnS nanorods.  

 

Figure 5.8 TEM and STEM images of Au–ZnS hybrids. (a1–c1) Au grew on ZnS at different ratio at 

the room temperature, m (AuCl3 : ZnS NRs)=1:10, 1:2, 1:1 for (a1–c1) respectively; (a2–c2) STEM 

images corresponding to (a1–c1); (d1–f1) Au grew on ZnS at different ratio at 100ºC, m (AuCl3 : ZnS 

NRs)=1:10, 1:2, 1:1 for (d1–f1) respectively; (d2 –f2) STEM images were corresponding to (d1–f1), 

respectively. 

5.3.4.2 ZnS–Ag2S NRs by cation exchange. 

Ag2S nanoparticles find wide applications in biomedicine, such as in cancer imaging and 

photothermal therapy.36 Assembling a wide bandgap semiconductor nanocrystal of ZnS with a 

narrow bandgap semiconductor of Ag2S to form a heterostructure is interesting, which enable 

broad band light absorption  from UV to near–infrared and makes them ideal for 
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photocatalysis37. So I synthesized ZnS–Ag2S hybrid NRs by partial cation exchange from ZnS 

to Ag2S. As seen from Figure 5.9, by adding Ag precursor added to the ZnS solution, partial 

cation exchange was found and ZnS–Ag2S hybrid NRs with varied Ag2S diameter were 

synthesized. The cation ratio of Ag+: Zn2+ used for cation exchange was calculated based on 

the TGA data of ZnS NRs (Appendix Figure D5–11). Increased ratio of Ag+: Zn2+ used for 

cation exchange led to the growth of Ag2S hump on ZnS NRs, with the increase of the, diameter 

from 6.26 nm to 7.91 nm. This phenomenon can be explained as that the DDT ligand also 

worked as S source to promote the growth of Ag2S humps. Zn, Ag and S element mapping 

shown in Figure 5.9 (g–i) and XRD pattern (Appendix Figure D5–12) and XPS data (Appendix 

Figure D5–13) proved the successful partial cation exchange and the formation of ZnS–Ag2S 

hybrid NRs. A Schematic diagram of the formation mechanism of ZnS–Ag2S nanorods by 

cation exchange is seen as in Appendix Figure D5–14. 

 

Figure 5.9 TEM images of ZnS–Ag2S hybrid nanorods prepared with varied Ag to Zn molar ratio. (a–

c) n(Ag:Zn)= 0.72:1, 1.45:1 and 2.9:1, respectively. (d–f) Histogram of the diameter of Ag2S bump 

corresponding to (a–c).  (g–i) STEM and EDS mapping images of (c).  
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5.4 Conclusion. 

In this work, we introduced a simple one–pot heat–up method to synthesize 1–D ZnS, ZnSe, 

ZnSxSe1–x nanorods or 0D nanodots by choosing different ligands. Typically, when a mixture 

containing OLA and DDT was used as the ligand, ZnS, ZnSe and ZnSxSe1–x nanorods of 

wurtzite structure were obtained. When only OLA was used as the ligand, ZnS, ZnSe and 

ZnSxSe1–x nanodots or nano–peanuts of zinc blende structure were obtained. These results 

indicated that DDT increased the activity of S or Se powder in OLA which promoted the 

formation of nanorods. The synthesized nanorods could be used as fundamental materials for 

hybrid nanoparticles synthesis, such as Au–ZnS or ZnS–Ag2S. Such hybride nanoparitcles 

have potential in many applications such as catalytic H2 generation, UV detector and near–

infrared fluorescence imaging.  
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Summary of Chapter. 

In this chapter, we reported a novel synthesis of colloidal gold (Au)–ZnSe hybrid nanorods (NRs) 

with controlled size and location of Au domains and their application for H2 production by 

photocatalytic water splitting for the first time. 

Specifically, Au domains were successfully grown onto ZnSe nanorods at controlled site with 

varied size and quantity. The non–epitaxial growth mechanism of Au tips on wurtzite ZnSe 

nanorods is revealed experimentally and theoretically. Pure Au nanoparticles (NPs), bare ZnSe 

and single Au–tipped ZnSe NRs hybrids were employed to study their photocatalytic properties 

and mechanism. The results indicated that the photocatalytic performance was enhanced 

effectively after the growth of Au tips and single Au–tipped ZnSe NRs showed higher generation 

efficiency than double Au–tipped ZnSe NRs. The easier holes transfer and clearance by scavenger 

after the electron transfer to the Au tips from the untipped apex of single Au–tipped ZnSe NRs 

than double Au–tipped ZnSe NRs contributed to the better performance. The photocurrent of 

single Au–tipped ZnSe nanorods hybrids was lightly higher than that of double Au–tipped–ZnSe 

hybrid nanorods, which was ~1.4 times higher than that of pure ZnSe nanorods. This is also in 

accordance to the H2 generation rate results, confirming the effective electron transfer after 

photoexcitation. The photocatalytic measurement on bare Au particles indicated that with a 

diameter of ~5.6nm, the plasmon resonance induced hot electrons of Au particles thus led to H2 

production, while the plasmon resonance of tiny Au tips (<2.2nm) on ZnSe NRs was not obvious 

because of the limitation of its size. We also combined structural analysis of the Au–ZnSe hybrid 

nanorods with the density functional theory (DFT) simulations to reveal the non–epitaxial growth 

mechanism of Au on wurtzite ZnSe nanorods. 

This work opens an avenue towards Cd–free hybrid nanoparticle–based photocatalysis for 

efficient clean fuel production.  
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Figure 6.1 Table of content for this chapter Schematic showing the synthesized Au–ZnSe nanorods can 

be used for photocatalytic H2 generation. 
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Abstract 

For the first time, colloidal gold (Au)–ZnSe hybrid nanorods (NRs) with controlled size and 

location of Au domains are synthesized and used for hydrogen production by photocatalytic 

water splitting. Au tips were found to grow on the apices of ZnSe NRs non–epitaxially to form 

an interface with no preference of orientation between Au (111) and ZnSe (001). Density 

functional theory (DFT) calculations reveal that the Au tips on ZnSe hybrid NRs gain enhanced 

adsorption of H compared to pristine Au, which favors the hydrogen evolution reaction. 

Photocatalytic tests reveal that the Au tips on ZnSe NRs effectively enhance the photocatalytic 

performance in hydrogen generation, in which the single Au–tipped ZnSe hybrid NRs show 

the highest photocatalytic hydrogen production rate of 437.8 µmol·h–1·g–1 in comparison with 

a rate of 51.5 µmol·h–1·g–1 for pristine ZnSe NRs. An apparent quantum efficiency of 1.3% for 

hydrogen evolution reaction for single Au–tipped ZnSe hybrid NRs was obtained, showing the 

potential application of this type of cadmium (Cd)–free metal–semiconductor hybrid NPs in 

solar hydrogen production. This work opens an avenue towards Cd–free hybrid nanoparticle 

(NP)–based photocatalysis for clean fuel production.  

6.1  Introduction 

Metal–semiconductor hybrid NPs integrating multiple components into a single nano–object 

at the nanoscale have received tremendous attention in recent years because they not only 

possess the properties of individual components but also manifest a synergistic behaviour 

stemming from the materials interaction.1–8 This makes the metal–semiconductor hybrid NPs 

promising in a wide scope of applications ranging from photo–catalysis for hydrogen 

generation or CO2 reduction,9–11 photodynamic therapy,12,13 wound healing,14,15 to 

photoinitiators for 3D printing.16  

 Among these materials, metal–semiconductor NRs, such as Au–CdSe,17 Pt–CdSe,18 Au–

CdS,19 Pt–CdS, and Pt–CdSe/CdS20 are of particular interest. This is because that the hybrid 

NPs with one–dimensional shape enable more efficient charge separation ability in comparison 

with hybrid NPs of other morphologies.20 The noble metal component within the hybrid NPs 

can work as a co–catalyst by providing the surface active sites for catalytic reaction with a 

lower activation energy barrier than semiconductors only.21–23 The lifetime of charge carriers 

in these materials is also extended because of the enhanced rate of electron–hole separation.24 

Owing to the effective light–induced electron–hole separation, noble metal–semiconductor 

hybrid NRs such as Pt–CdS,25 Pd–CdSe@CdS–Au,26 CdSe/CdS–Pt20,23 and CdSe/CdS–Pt–
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Au27 have been extensively studied in photo–catalytic water splitting for hydrogen production. 

Besides hydrogen evolution, CdS nanocrystals with a dinuclear cobalt catalyst11 or CdS ((Mo–

Bi)Sx/CdS)28 can be used for the selective photocatalytic CO2 reduction. 

Up to now, the research into metal–semiconductor hybrid NRs is mainly focused on Cd–based 

systems due to the mature synthetic protocols on the precise control of size, shape, composition 

and metal location and their good performances in photocatalysis.1,3,4,9,29 However, the high 

toxicity and the carcinogenicity of Cd–based materials is the main obstacle that restricts their 

widespread applications.30,31 Compared with Cd–based materials, Zn–based semiconductor 

nanocrystals are less or non–toxic and environmental–friendly. Meanwhile, due to the wide 

band gap of Zn–based II–VI semiconductors (bulk ZnSe: 2.82 eV; bulk ZnS 3.7 eV), these NPs 

absorb near ultraviolet (UV) and blue light from solar spectrum, unlike the traditional Cd–

based nanocrystals absorbing visible light. Given the main purpose for this project is to 

investigate the positional tipping effect from Au onto ZnSe nanorods on photocatalysis, the 

complementary absorption of longer wavelength photons to maximize solar harvesting for 

photocatalysis enhancement is expectable by heterojunction and doping strategies.32,33 These 

merits make them potential supplements or alternatives to the Cd–based materials in 

photocatalytic hydrogen generation and biomedical applications12. Recent research on ZnSe 

and alloyed ZnSeS NRs indicated that these Cd–free NRs can be adopted as efficient 

photocatalysts for efficient hydrogen generation and oxygen evolution reactions.34,35 

Metal–ZnSe hybrid NRs have been rarely reported due to the difficulties in the synthesis of 

ZnSe NRs.36 To the best of our knowledge, the catalytic properties of these hybrid 

nanostructures have not been previously investigated. Pradhan et al. reported Au tipped 

wormlike ZnSe hybrid NPs through the growth of a heteroepitaxial junction between cubic Au 

and zinc blende ZnSe at elevated temperatures.37 However, the Au–ZnSe hybrids obtained by 

a wet–chemical approach are not uniform after annealing at a high temperature of 250 oC, 

which deteriorates their optical and catalytic properties as these properties are closely relevant 

to the size, shape and spacial distribution of the metal–semiconductor hybrid NPs. Further 

studies into the precise control on the size, shape and phase of this new type of Au–ZnSe hybrid 

NPs, especially NRs, and their catalytic properties are highly demanded and important. 

Herein, for the first time, we use a wet–chemical method to obtain Au–ZnSe hybrid NRs with 

controlled size and location of Au domains on ZnSe NRs. The precisely selective growth of 

Au tips on the apices of ZnSe NRs was achieved and this new Cd–free metal–semiconductor 
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hybrid NRs has been demonstrated as excellent photocatalyts for hydrogen generation through 

water splitting, which are comparable with Cd–based hybrid NPs. 

 

6.2  Experimental section 

6.2.1 Reagents. 

Zinc acetate dihydrate (Zn(Ac)2·H2O, 98%), selenium powder (Se, 99%), gold (III) chloride 

(AuCl3, 99.99%), dodecylamine (DDA, 99%) oleylamine (OLA, 70%), 1–dodecanethiol (DDT, 

98%), polyethylenimine, branched (PEI, average Mw ~25,000 by LS, average Mn ~10,000 by 

GPC), trioctylphosphine (TOP, 97%), chloroform (99% anhydrous), toluene (99%) and ethanol 

(99.8% anhydrous) were purchased from Sigma–Aldrich. All the chemicals were used as 

received without further purification. 

 

6.2.2 Synthesis of ZnSe Nanorods. 

The ZnSe nanorods (NRs) were synthesized by using a heat–up method reported in a previous 

work with some modification.1 In a typical synthesis, Zn(Ac)2·H2O (2.9 mmol, 632 mg), and 

Se powder (2.4 mmol, 190 mg) were mixed together with 5 mL of DDT and 18 mL of OLA in 

a three–necked flask equipped with a thermometer, heating mantle and hot stir plate. This 

mixed solution was degassed and refilled with nitrogen gas at room temperature for three times. 

Then the solution was heated to 110 °C under vacuum and kept for 30 mins to remove air and 

moisture. Under N2 flow, the reaction mixture was heated to 220 °C, kept at this temperature 

for 60 mins, and then the temperature of the reaction mixture was raised to 260 °C. After kept 

at 260 °C for 20 mins, the mixture was cooled down by removing the heating mantle. The 

products were cleaned with chloroform and ethanol three times before characterization and 

further used for Au growth. 

 

6.2.3 Growth of Au tips on ZnSe NRs. 

In a typical experiment, 10 mg clean ZnSe NRs were dispersed in 10 mL toluene by sonicating 

for 5 mins to make a 1 mg/mL ZnSe NRs solution. Then, 18 mg AuCl3, 120 mg DDA and 9 

mL toluene were mixed and sonicated for 10 mins to make a 2 mg/mL AuCl3 solution. Later, 

1 mL ZnSe NRs solution and 4 mL toluene were taken into a three–neck flask and kept under 

N2 flowing, then the prepared AuCl3 solution of varied volumes (0.05, 0.1, 0.3, 0.5 and 1 mL) 
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was injected into the ZnSe NRs solution at room temperature for growth of 1 hour. The final 

products were separated from toluene by centrifugation with help of acetone.  

The size of ZnSe NRs is 24.8×2.1 nm, and the volume of one NR is 85 nm3. Taking 5.27 g/cm3 

as the density of ZnSe NRs, one NR weight is 4.53×10–19 g. The organic ligand on the surface 

of ZnSe NRs takes up around 30% of mass. So the actual mass of ZnSe NRs at 1 mg ZnSe NRs 

with the ligand for Au growth is about 0.7 mg, which is equal to 2.60×10–3 mmol ZnSe NRs. 

So the molar ratios of Au: ZnSe NRs are 127:1, 254:1, 762:1, 1270:1 and 2540:1 when 0.05, 

0.1, 0.3, 0.5 and 1 mL of 2 mg/L AuCl3 solution were used as the gold precursor, respectively. 

 

6.2.4 Synthesis of Au Nanoparticles. 

Au nanoparticles (NPs) were synthesized using AuCl3 as the precursor and oleylamine as the 

reducing agent according to a literature method.2 In a typical synthesis, 50 mg AuCl3 was firstly 

mixed with 5 mL oleylamine and 5ml toluene in a 50 mL flask. After degassing and refilling 

with N2, the mixture was heated up to 120 °C under N2 flow and then kept at this temperature 

for 45 mins under vigorous stirring. The reaction was quenched by removing the heating mantle. 

The Au nanoparticles were separated from solution by addition of 10 mL ethanol with the aid 

of centrifugation. 

 

6.2.5 Ligand exchange with TOP for photoluminescence measurement. 

In order to reduce the influence of surface defects of particles on the photoluminescence 

measurement, a stronger ligand of TOP was used to replace the weak bonding ligands of DDT 

and OLA passivated on the surfaces of ZnSe NRs and Au–ZnSe hybrid NRs. Typically, 1 mg 

clean ZnSe NRs and Au–ZnSe hybrid NRs were dispersed in a vial containing 2 mL toluene 

and 2 mL TOP and kept string for 12 h under N2 to fulfil ligand exchange. The final NPs 

dispersed in toluene and TOP were used to measure photoluminescence. 

 

6.2.6 Phase transfer of Au NPs, ZnSe NRs and Au–ZnSe hybrid NRs. 

Au NPs, ZnSe NRs and Au–ZnSe hybrid NRs were transferred from toluene to water by 

coating of PEI. Typically, 5–10 mg clean Au–hybrid NRs were dispersed in toluene (5 mL) 

and mixed with CHCl3 (5 mL) and PEI (0.25 g). Then the particles were precipitated and 

washed with hexane (10 mL) and redispersed in pure water (5 mL) for further used as a 

photocatalyst.3 For the phase transfer of the mixture containing Au NPs and ZnSe NRs, 5 mg 

Au NPs and 5 mg ZnSe NRs were dispersed separately in toluene (2.5 mL) and mixed with 
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CHCl3 (2.5 mL) and PEI (0.13 g) and then the obtained solutions were mixed for photocatalytic 

tests. 

 

6.2.7 Photocatalytic hydrogen generation experiment. 

In photocatalytic water–splitting experiments, methanol was employed as hole scavengers, and 

the catalyst in 5 mL water, 30 mL methanol were mixed to make a 120 mL suspension (V 

(methanol: H2O) =1:4). Photocatalytic H2 production experiments were carried out in a 

customized airtight stainless steel cell covered by a quartz window at ambient temperature. A 

300W Xeon lamp (Newport) was used as a light source (200~2500 nm) with irradiation 

intensity centered at 120 mW/cm2. Before irradiation, the suspensions were mixed under 

vigorous stirring for 30 min in the dark and the reaction vessel was degassed for anaerobic 

conditions by purging with N2 for 30 mins. The produced H2 was in situ analysed by a gas 

chromatography (Agilent 490 Micro GC) using a thermal conductivity detector. 

 

6.2.8 Photoelectrochemical Measurements. 

Photocurrent was obtained on a Zennium electrochemical workstation (Zahner, Germany) in a 

standard three–electrode framework with a 0.05 M Na2SO4 (pH = 6.8) electrolyte solution, 

employing a Pt plate as the counter electrode and an Ag/AgCl electrode as the reference 

electrode. As for the photoanode, the sample film was fabricated on a fluorine–doped tin oxide 

(FTO) glass, which was ultrasonicated in deionized water (DI) water, acetone and ethanol for 

15 min in sequence and dried at 60 °C. Then 5 mg of the catalyst was mixed with 1 mL of 

absolute methylbenzene and 10 μL of Nafion solution homogeneously. The obtained slurry 

was dropped onto the pre–treated FTO glass via a spin–coating method, and the prepared 

electrode was dried at 100 °C for 24 h (catalyst loading ∼0.60 mg/cm2). Photocurrents were 

obtained using a 300W Xenon arc lamp with light passing through an AM 1.5 G filter into an 

optical fibre (output I0 = 100 mW/cm2). 

 

6.2.9 Apparent Quantum efficiency measurement and calculation. 

The apparent quantum efficiency (AQE) was measured under one 365 nm lamp (125 W, 

Shaoxing Deplux Lighting Co. Ltd. China). The focused intensity was ca. 0.31 W/cm2. The 

AQE was calculated according to the following equation: 

AQE% =
number of reacted electrons

number of incident photons
×100 
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                       =
number of evolved H2 molecules × 2

number of incident photons
×100 

 

6.3  Results and Discussions 

6.3.1 Synthesis and Characterization of Au–ZnSe Hybrid NRs 

        Firstly, ZnSe NRs were synthesized by a heat–up method according to a previously 

reported method with some modifications 38. In a typical synthesis, zinc acetate and selenium 

powder were employed as the precursors while oleylamine and 1–dodecanethiol (DDT) were 

used as the ligand and solvent, respectively, to synthesize ZnSe NRs at 260 °C using standard 

Schleck techniques.  

Transmission electron microscope (TEM) image (Appendix E Figure E6–1) confirms the 

particles are elongated NRs. The histograms of size distribution show that the length and 

diameter of the synthesized ZnSe NRs are 24.8 ± 7.7 nm and 2.1 ± 0.3 nm, respectively 

(Appendix E Figure E6–2). As DDT may act as a S source in the synthesis, powder X–ray 

diffraction (XRD) (Appendix E Figure E6–3), high resolution TEM (HRTEM) (Appendix E 

Figure E6–4), UV–Vis absorption (Appendix E Figure E6–5), X–ray photoelectron 

spectroscopy (XPS) (Appendix E Figure E6–6) and scanning TEM (STEM)–energy–dispersive 

X–ray spectroscopy (EDS) (Appendix E Figure E6–7) were conducted to verify the 

composition and crystal phase of the obtained NRs in order to elucidate the sulfur incorporation 

in ZnSe NRs during their growth. The XRD pattern (Appendix E Figure E6–3) matches well 

with the standard wurtzite ZnSe and no shift of the diffraction peaks is observed with respect 

to those of the standard wurtzite ZnSe, confirming the pure phase of wurtzite ZnSe NRs. The 

sharp peak of the (002) plane corroborates the orientation of the long axis of wurtzite ZnSe 

NRs. The distance of lattice plane extracted by fast Fourier transform (FFT) analysis of 

HRTEM is shown in Appendix E Figure E6–4 and Table D6–1 to further identify the crystal 

structure and composition of synthesized NRs. As seen from Appendix E Figure E6–4 and 

Table D6–1, the lattice distance and angles between planes of synthesized NRs matches the 

(100), (002), (101) and (101
–

) of wurtzite ZnSe structure well, which further proved the 

composition and structure of ZnSe NRs rather than alloyed ZnSeS. The absorption of 

synthesized NRs with a diameter of 2.1 ± 0.3 nm (Appendix E Figure E6–5) showed an 

absorption peak at 368 nm which is in accordance of the excitonic peak of ZnSe with this size. 

The XPS spectrum of ZnSe NRs synthesized in this work was shown in Appendix E Figure 

E6–6. As seen from Appendix E Figure E6–6, the Zn element presents solely as Zn(+2). As for 
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S 2p, it has closely spaced spin–orbit components (Δ=1.16 eV, intensity ratio=0.511) which 

overlap with those of Se 3p. The XPS spectrum of ZnSe NRs synthesized using dodecanethiol 

and oleylamine as the surfactant/solvents in this work was dominated by two peaks at 160.3 

eV and 166.0 eV, which can be assigned to Se 3p3/2 and Se 3p5/2, respectively.38 The other two 

weak peaks positioned at 162.4 eV and 163.5 eV correspond to the typical value of metal–thiol 

binding energy of S 2p.38  

Element mapping of ZnSe NRs was also conducted to further verify their composition 

(Appendix E Figure E6–7). EDS mapping of Zn and Se of the obtained ZnSe nanorods shows 

that Zn and Se elements are distributed evenly throughout the NPs. A weak signal 

corresponding to S element is also detected on the NPs and the surrounding background. The 

presence of the S signal can be attributed to the dodecanethiol ligands binding on the surface 

of the ZnSe NRs and amorphous carbon film, consistent with the results of XPS measurements. 

Based on the above characterization results, we confirmed that the synthesized nanorods are 

ZnSe rather than alloyed ZnSexS1–x structure, although there might be some thiol ligand binding 

on nanorods surface and etching could bring in a little bit of S to ZnSe NRs. Thus the main 

composition should be ZnSe. After the synthesis, the obtained ZnSe NRs were collected, 

purified and further used to grow Au tips toward Au–ZnSe hybrid NRs. 

For Au tips growth on ZnSe NRs, we employed AuCl3 as a gold precursor and dodecylamine 

as both surfactant and reductant in toluene solution for preparation at room temperature.18 

Typically AuCl3 was firstly dissolved with dodecylamine in toluene by sonication and kept as 

Au stock solution, and then a predetermined volume of the Au stock solution was injected into 

ZnSe NRs dispersed in toluene under N2 protection. The Au tips were allowed for growth for 

a certain time at room temperature before quenched by addition of acetone.  

  UV–Vis absorption spectroscopy was carried out to monitor the growth of Au on the ZnSe 

NRs and to investigate the optical properties (Figure 6.2). At a low molar ratio of Au precursor 

to ZnSe NRs (127:1) (Sample 1 in Figure 6.2), the final solution is colourless. The absorption 

spectrum of sample 1 also shows a distinct excitonic peak at 368 nm which is similar to that of 

the original ZnSe NRs (Appendix Figure E6–5). With an increased molar ratio of Au precursor 

to ZnSe NRs (254:1 to 1270:1, samples 2–4 in Figure 6.2), the absorption exciton peaks of 

ZnSe NRs become broader and a tail at the longer wavelength appears and gradually becomes 

prominent. Meanwhile, the color of the product solutions gradually change from light yellow 

to dark brown. These observations indicate the modified electronic structure of Au–ZnSe 

hybrid NRs rather than the simple mixture of ZnSe semiconductor and metal tips.2 
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Figure 6.2 Comparison of UV–Vis absorption spectra of Au–ZnSe hybrid NRs obtained by using 

different molar ratios of Au precursor to ZnSe NRs. (1) n(Au: ZnSe NRs) =127:1; (2) n(Au:ZnSe NRs) 

=254:1; (3) n(Au:ZnSe NRs) =762:1; (4) n(Au:ZnSe NRs) =1270:1. Inset shows a photograph of Au–

ZnSe hybrid NRs dispersed in toluene solution. 

 

  The absorption spectra of sample 2–4 present broad features with the tails extending to the 

low energy region of the spectra. The mixing of the electronic states of metal and 

semiconductors in hybrid NRs may result in the strong scattering in their absorption spectra, 

which is previously observed in metal–CdS (CdSe) hybrid NRs. The decreased solubility of 

Au–ZnSe hybrid NRs after the growth of the Au tips may also enhance the scattering of the 

absorption spectra.39 
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Figure 6.3 TEM images of Au–ZnSe hybrid NRs with Au tips of variable size. (a) 1.3 ± 0.2 nm 

(Sample 2 in Figure 6.2); (b) 1.6 ± 0.3 nm (Sample 3 in Figure 6.2); (c) 2.2 ± 0.3 nm (Sample 4 in 

Figure 6.2). (d–e) STEM images corresponding to (a–c). (g–i) Particle size histograms corresponding 

to (a–c). 

   TEM measurements were conducted to verify the growth of Au on ZnSe NRs. Figure 6.3 

shows TEM and high–angle annular dark–field–STEM (HAADF–STEM) images of Au–ZnSe 

hybrid NRs with Au tips at variable sizes. At a low molar ratio of Au precursor to ZnSe NRs 

(127:1) for the growth of 1 hour, almost no gold was grown on ZnSe NRs (Appendix E Figure 

E6–8a), which is consistent with the observation that the excitonic peak in UV–Vis absorption 

spectrum of this sample keeps almost the same as that of the original ZnSe NRs (Appendix E 

Figure E6–5). When more Au precursor was used for growth (n(AuCl3:ZnSe NRs)=254:1), 

very small gold tips (Dark spots in Figure 6.3a, bright spots in Figure 6.3d) with a diameter of 

1.3 ± 0.2 nm (Figure 6.3g) grew onto one of the two apices of the ZnSe NRs. This observation 

is similar to the Au growth on CdSe NRs reported by Mokari and co–workers in which single 

Au tip growth is dominant at the low molar ratio of Au to NRs.40 A further increase of the 
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molar ratio of AuCl3 to ZnSe NRs to 762:1 (Figure 6.3b, 6.2e) leads to more growth of Au tips. 

The diameter of the Au tips increases to 1.6 ± 0.3 nm (Figure 6.3h) and apparently the Au tips 

grew on both apices of the majority of ZnSe NRs. When the molar ratio of AuCl3 to ZnSe NRs 

was increased to 1270:1 (Figure 6.3c, 6.2f), larger gold tips with a diameter of 2.2 ± 0.3 nm 

(Figure 6.3i) grew on both apices of ZnSe NRs. In some cases, Au growth on the body of ZnSe 

NRs was also observed (Figure 6.3c, 6.2f), which can be attributed to the defect–induced 

growth of Au on the NRs. 

The above observations suggested site–selective growth of Au on different facets of the one–

dimensional anisotropic wurtzite ZnSe NRs, attributing to the higher reactivity of the end facets 

with increased surface energy and the imperfect ligand passivation, which is similar to other 

systems such as Au–CdSe2 and Au–CdSe/CdS.40 In other words, there are large differences in 

surface energy between the side facets of (100) and the end facets of (002) of wurtzite ZnSe 

NRs.8 The (002) planes are alternately composed of either Zn or Se atoms, which makes Au 

growth at earlier stages more favourable on the Se rich facets in single Au tip ZnSe hybrid 

NRs.3 Another important factor influencing Au growth is the sparse ligand coverage of the 

apex region of the NRs with respect to their body.41 When more Au precursor was used for 

growth, the increased supersaturation of monomers may overcome the energy barrier that 

required for the gold growth on ZnSe NRs. Furthermore, when excessive amount of Au 

precursor was used (n(AuCl3:ZnSe NRs)=2540:1), agglomeration of Au tips can be found 

(Appendix E Figure E6–8b). The Au–ZnSe hybrid NRs with large Au tips may be attributed to 

the ripening process as the reaction was performed for a prolonged time with low monomer 

concentrations.39 

STEM–EDS elemental mapping was used to analyze the composition and distribution of the 

hybrid NRs. Zn and Se elements are distributed evenly throughout the ZnSe NRs (Appendix E 

Figure E6–9). Although the location of Au cannot be easily recognized from EDS mapping 

data, the large contrast of Au with respect to ZnSe in STEM images confirms the Au (brighter 

spots in STEM images in Figure 6.3d–e) growth on the apices of ZnSe NRs.  
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Figure 6.4 (a) XRD pattern, (b) HRTEM image of Au–ZnSe hybrid NRs (Inset shows the corresponding 

FFT image). 

 

     Figure 6.4a presents the XRD pattern of Au–ZnSe hybrid NRs. The main diffraction peaks 

can be indexed to the (100), (002) and (110) of the hexagonal wurtzite ZnSe (JCPDS card #80–

0008), while the other diffraction peaks can be assigned to the (111), (200) and (511) of the 

face–centered cubic (FCC) Au tips (JCPDS card #99–0056). HRTEM and the associated FFT 

analysis were used to further reveal the crystal structure of Au tips (Figure 6.4b). The lattice 

plane spacings of 0.235 nm and 0.204 nm agree well with the (111) and (200) lattice planes of 

cubic Au, respectively (Figure 6.4b). It is noted that, due to the considerable mass difference 

among Au, Zn and Se atoms, ZnSe NRs are hard to be visualized at a high magnification while 

the lattice of Au nanocrystals can be clearly observed. The HRTEM images confirmed that Au 

tips on ZnSe hybrid NRs are face–centered cubic structure (inset in Figure 6.4b), which is 

consistent with the XRD results. 

TEM, HRTEM, STEM–EDS and XRD characterizations have confirmed the successful 

growth of cubic phase Au tips on wurtzite ZnSe NRs. We further employed high–resolution 

XPS to examine the binding environments in the Au–ZnSe hybrid NRs. The survey spectrum 

of the sample reveals the binding energies for Zn 2p, Se 3d, and Au 3d (Figure 6.5a). The main 

binding energy peaks at ~84 eV and ~87.7 eV of the high resolution XPS spectrum of Au are 

attributed to Au(0) 4f7/2 and 4f5/2 (Figure 6.5b), respectively.42  



 

 

123 

 

 

Figure 6.5 XPS spectra of the Au–ZnSe hybrid NRs. (a) Survey spectrum, (b–d) Binding energy peaks 

of (b) Au 4f, (c) Se 3d and (d) Zn 2p. 

 

    The distinct peaks observed at higher energy such as ~84.9 eV and ~88.6 eV can be assigned 

to 4f7/2 and 4f5/2 binding energy peaks of Au(+1).43 Although the majority of the AuCl3 

precursor has been reduced to Au(0), there may be still a small portion of  Au+ not completely 

reduced to Au (0) under a mild reducing condition. Figure 4c shows two XPS peaks at around 

54.3 eV and 55.2 eV, corresponding to the binding energies of Se 3d.44 A small broaden peak 

at 59.5 eV indicated a small proportion of SeO2 impurity formed due to partial oxidation of Se 

at the surface of the NRs.8, 45 The two Zn 2p peaks at 1045 eV and 1022 eV in Figure 4d 

correspond to Zn 2p1/2 and 2p3/2, respectively, which confirm the presence of Zn(+2).46 

6.3.2 Au growth orientation on ZnSe NRs 

Based on the above results, we found that Au tips preferentially grow on the Se–rich apex of 

ZnSe NRs, and then on both apices. To further reveal the growth mechanism of Au–tipped 

ZnSe hybrid NRs, we analyzed their HRTEM images to determine if the Au tips grow 

epitaxially onto the apices of the ZnSe NRs. As the predominant lattice planes for Au tips and 

ZnSe NRs within the Au–ZnSe hybrid NRs are the (111) and (002), respectively, we 

specifically measured the angles between these two planes to see if there is a fixed angle 
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between them. As confirmed by the XRD pattern and HRTEM image, the (002) plane is 

perpendicular to the c–axis of the wurtzite ZnSe NRs. As for the Au tips with the cubic structure, 

the (111) plane can easily be identified in the HRTEM images. So we measured the angle 

between the (111) plane of Au tips and the length direction of ZnSe NRs, which corresponds 

to the angle between the (111) plane of Au tips and the (100) plane of ZnSe NRs. Because of 

the small size of Au tips and the large contrast between ZnSe rods and Au tips, it is difficult to 

clearly resolve both the lattice planes simultaneously. However, we could verify the length 

direction of the ZnSe NRs and the (111) plane of Au tips at different magnifications.  

    The schematic of the angle measurement is shown in Appendix E Figure E6–10. Statistics 

on the angles between the length direction of the ZnSe NRs and the (111) planes of Au tips of 

28 Au–ZnSe hybrid NRs is shown in Figure S10c. If epitaxial growth does occur for this system, 

we would expect to see a set of discrete, well–defined angles between these sets of lattice planes. 

For example, from geometrical considerations, if Au (111) aligned with ZnSe (002), the angle 

between the Au (111) and ZnSe (100) will be 90°. However, statistics show that the angle 

between Au (111) facet and ZnSe (100) facet of NRs varied between 0° to 90° (Figure S10c), 

indicating that gold was randomly growth on ZnSe NRs without preferable orientation. Thus, 

we conclude that the growth of Au tips on wurtzite ZnSe NRs is nonepitaxial. 

     This finding is different from the reports of Pradhan et al. that the formation of the 

heteroepitaxial junction of the (111) facet of cubic Au on the (111) facet of wormlike zinc 

blend ZnSe nanocrystals, as well as the epitaxial growth of the (111) facet of gold along the 

002 direction of the CdSe NRs.37,47 In both cases, Au precursor was injected into the pre–

synthesized zinc blende ZnSe or wurtzite CdSe nanocrystals at a high temperature of ~190 °C 

and grew at 250 °C. Another work by Manna and co–workers17, 19 reveals that annealing of 

non–epitaxial Au–CdS nanocrystals prepared by wet–chemical synthetic approaches results in 

the formation of epitaxial Au–CdS hybrid nanocrystals. It is evident that a high temperature is 

essential for the formation of epitexial Au–semiconductor hybrid nanocrystals while the 

kinetically controlled wet–chemical synthetic routes at room temperature will generate non– 

epitaxial Au–ZnSe hybrid NRs.  

6.3.3 Density functional theory (DFT) simulations of Au growth 

To further establish the proposed non–epitaxial growth mechanism and in particular to 

elucidate no preferential epitaxial relationship between gold metal and ZnSe domain, we 

employed the first–principles methods based on DFT to investigate the potential energy surface 

of ZnSe(001)/Au(111) interface (see details in Appendix E). Although the HRTEM 
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measurements suggest no preference of a specific orientation relationship between Au and 

ZnSe, we think the interface between the Au (111) and ZnSe (001) is a typical and 

representative structure of the hybrid system, as it is composed of the most closely packed 

planes and resembles the Au–CdSe hybrid system. We calculated the potential energy surface 

(PES) of interfacing ZnSe (001) and Au (111) (see Appendix E). The initial input structure and 

calculated PES are displayed in Figure 6.6a and 6.5b, respectively. The highest barrier between 

energy minima is 0.1 eV per Au atom at the interface layer.  It can be inferred that the barrier 

can work at low temperatures like room temperature to induce non–epitaxial growth of Au on 

the ZnSe (001) surface. At elevated temperatures the small barrier may be overcome and the 

growth of epitaxial Au or transition into epitaxial Au can be seen. 

 

Figure 6.6 (a) Initial input interface structure for potential energy surface calculations of 

ZnSe(001)/Au(111) interface, which contains 64 Au atoms, 18 Zn atoms and 18 Se atoms; (b) 

Calculated potential energy surface of ZnSe(001)/Au(111) interface. (c) Phase diagram of ZnSe 

(001)/Au (111) interface. Five structures were explored, namely, the ZnSe(001)/Au(111), ZnSe 

(001)/Zn0Au1 /Au(111), ZnSe (001)/Zn1/3Au2/3 /Au (111), ZnSe(001)/Zn2/3Au1/3/Au(111), and 

ZnSe(001)/Zn1Au0/Au(111). The ZnSe(001)/Zn1/3Au2/3/Au(111) and ZnSe(001)/Zn2/3Au1/3/Au(111) 

interfaces are not thermodynamically stable. The inset rectangular represents the allowed chemical 

potentials of Zn and Au. The chemical potential of Zn is bounded by 𝜇𝑍𝑛𝑆𝑒 − 𝜇𝑆𝑒 < 𝜇𝑍𝑛 < 𝜇ℎ𝑐𝑝−𝑍𝑛, 
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and the chemical potential of Au is bounded by 𝜇𝑓𝑐𝑐−𝐴𝑢 < 𝜇𝐴𝑢 < 𝜇𝐴𝑢𝑆𝑒 + 𝜇𝑍𝑛 − 𝜇𝑍𝑛𝑆𝑒 . Differential 

charge density diagrams for hydrogen adsorption onto a fcc site of pristine Au (111) (d) and top Au 

(111) of ZnSe(001)//Au(111) interface (e). Golden and black balls indicate the Au and H atoms, 

respectively. Yellow and cyan indicate the charge loss and gain, respectively. Isosurface value is 0.001 

e/Å3. 

 

We then further explored the detailed atomic interface structure. The ZnSe(001)/Au(111) 

interface structure with the minimum energy was chosen for further studies and relaxed with a 

Monkhorst–Pack k–point set of 221. Seven Au atoms at the interface layer that are most 

distant from ZnSe lattice sites were removed to create a ZnSe(001)/Zn0Au1/Au(111) interface, 

namely, an interface with the top layer Zn atoms completely substituted by the interfacing Au 

layer atoms and no more Au left in the interfacing Au single layer. From the 

ZnSe(001)/Zn0Au1/Au(111) interface, we varied the ratio of Zn to Au at the interfacing single 

layer to obtain the ZnSe(001)/Zn1/3Au2/3/Au(111), ZnSe(001)/Zn2/3Au1/3/Au(111), and 

ZnSe(001)/Zn1Au0/Au(111) structures. The phase diagram of the interface can be obtained and 

is plotted in Figure 5c. Only the ZnSe(001)//Au(111) and ZnSe(001)/Zn1Au0/Au(111) 

interfaces are thermodynamically stable within the allowed chemical potentials of Zn and Au. 

The other three structures (ZnSe(001)/Zn1/3Au2/3/Au(111), ZnSe(001)/Zn2/3Au1/3/Au(111), and 

ZnSe(001)/Zn0Au1/Au(111)) are not stable at all. Actuallly, the stable ZnSe(001)/Au(111) and 

ZnSe(001)/Zn1Au0/Au(111) interfaces representing the two hybrids: The interfacing of the Se–

terminated ZnSe NR end and the Zn–terminated ZnSe NR end with Au (111), respectively. 

Therefore, at the low chemical potential of Au (low ratio of AuCl3 to ZnSe), it could only allow 

the Se–terminated ZnSe NR end to grow Au tips, forming the ZnSe(001)/Au(111) interface. 

At the increased chemical potential of Au with more added AuCl3, the 

ZnSe(001)/Zn1Au0/Au(111) interface is also allowed. This agrees with experiment results that 

Au tips first grow on Se–terminated ZnSe(001) NRs. 

6.3.4 Au–ZnSe hybrid NRs for photocatalytic hydrogen generation 

We investigated the hydrogen evolution reaction (HER) on Au–ZnSe hybrid NRs by using the 

free energy of hydrogen adsorption (∆𝐺𝐻∗ , * denotes the electrode) as a single catalytic 

descriptor.48 This descriptor can describe the hydrogen evolution exchange–current density. 

𝑖0 = −𝑒𝑘0

1

1 + exp (−∆𝐺𝐻∗/𝑘𝑇)
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Where 𝑖0 is the hydrogen evolution exchange–current density, e is the electron charge, and 𝑘0 

is a factor that needs to be fitted to experimental data. The best electrode material should have 

(∆𝐺𝐻∗ = 0) for hydrogen evolution reaction 

𝐻+ + 𝑒− + ∗→
1

2
𝐻2(𝑔) 

∆𝐺𝐻∗, therefore, can be expressed by  

∆𝐺𝐻∗ = ∆𝐸𝐻 + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆𝐻 

where ∆𝐸𝐻,  ∆𝐸𝑍𝑃𝐸, and ∆𝑆𝐻 are the potential energy difference, zero–point energy difference 

and change of entropy, respectively. At 27 °C, it can be simplified as ∆𝐺𝐻∗ = ∆𝐸𝐻 +

0.24 𝑒𝑉.48 

The calculated HER free energies are summarized in Table 6.1. All the stable interfaces 

show much smaller |∆𝐺𝐻∗| compared to the pristine Au (111) surface. This is due to the 

enhanced adsorption of H* by the Au atoms of interface structures. At a close look, the interface 

structures show an increased charge redistribution upon hydrogen adsorption as can be seen 

from the differential charge density plot in Figure 6.6c. Hydrogen adsorbed on the hybrid Au–

ZnSe (Figure 6.6e) gains more charge than the hydrogen on pristine Au (Figure 6.6d). Besides 

the enhanced hydrogen adsorption, the unique Au–tipped NR architecture should also allow 

more efficient charge separation.37 To this end, we used Au–ZnSe hybrid NRs as photocatalysts 

for hydrogen production through water splitting. 

 

Table 6.4 Calculated free energy change for hydrogen evolution on different electrodes. 

Electrode 
|∆𝑮𝑯∗| (eV) 

fcc site hcp site 

Au (111) 0.38 0.43 

ZnSe(001)//Au(111) 0.28 0.27 

ZnSe(001)/Zn1Au0/Au(111) 0.15 0.24 

ZnSe(001)/Zn0Au1/Au(111) 0.10 0.26 

 

To reveal how the selective deposition of Au NPs on the ZnSe NRs affects their 

photocatalytic activities in hydrogen production, in particular to elucidate the synergistic effect 

of Au–ZnSe hybrid NRs, we compared photocatalytic performances of single and double Au–

tipped ZnSe hybrid NRs with those of pure ZnSe NRs, Au NPs and the mixture containing both 

the ZnSe NRs and Au NPs (Figure 6.7a). Prior to the photocatalytic tests, phase transfer for 

the NPs was conducted to make them water soluble. The nanoparticles transfer efficiency was 

calculated by the element concentration tested by ICP–OES. (Appendix E Table D6–2) 

According to the results, over 90% of samples were successfully transferred to water–soluble 
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phase and the mass loss percentage of each sample is close to each other. The stability of Au–

ZnSe hybrid NRs after phase transfer was characterized by absorption spectroscopy and TEM 

(Appendix E Figures D6–11 and D6–12). Compared with Au–ZnSe hybrid NRs before the 

phase transfer, the absorption peak at 368 nm of the Au–ZnSe hybrid NRs in water became 

slightly broader as the surface of hybrid NRs are coated with bulky PEI ligands (Appendix E 

Figures D6–11). Au–tipped ZnSe hybrid NRs were observed in the TEM image (Appendix E 

Figures D6–12a) while the elongated ZnSe NRs with two tips being decorated by Au NPs were 

clearly seen in the corresponding STEM image (Appendix E Figures D6–12b).  

 

Figure 6.7 (a) Comparison of hydrogen generation rates of pure ZnSe NRs, Au NPs, single Au–tipped 

Au–ZnSe hybrid NRs and double Au–tipped ZnSe hybrid NRs using methanol as the sacrificial hole 

scavenger. (b) Transient photocurrent with different working electrodes, i.e. bare ZnSe NRs, single Au–

tipped ZnSe and double Au–tipped ZnSe hybrid NRs. (c) Energy band alignment diagram of Au–ZnSe 

hybrid NRs; (d) Proposed photocatalytic mechanism of Au–ZnSe hybrid NRs for hydrogen production 

in water splitting. 

 

   As hydrogen gas generated from the photocatalytic reaction may dissolve in the water 

solution, no hydrogen gas will be released to the head space of the reaction vessel until the 

water solution is saturated, leading to an induction time in such measurements.10 Therefore, the 
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hydrogen evolution rates were obtained by a linear fitting after 30 min of induction time during 

the 2 h illumination (Figure 6.7a). The photocatalytic H2 evolution experiment was conducted 

for two hours to measure the stability of the synthesized hybrid Au-ZnSe nanoparticles. The 

linear fitting of the hydrogen generation rate indicated a stable and good reactivity of the 

catalyst during the testing period.  

       As seen from Figure 6.7a, the hydrogen generation rate (49.8 μmol/h/g) of pure ZnSe NRs 

is the lowest among all NPs. This is reasonable because the recombination rate of light–induced 

electrons and holes in pure ZnSe NRs is relatively high.49 In contrast, pure Au NPs with a 

diameter of 5.56 nm present a higher hydrogen generation rate of 149.9 μmol/h/g. Extinction 

spectrum of the Au NPs shows a broad plasmon resonance peak at 520 nm (Appendix E Figures 

D6–13). It is expected that the plasmon resonance induced hot electrons in Au NPs may lead 

to water reduction for hydrogen production.50–52 The mixture of Au NPs and ZnSe NRs show 

a lower hydrogen generation rate of 51.5 μmol/h/g compared with that of pure Au NPs (Figure 

6.7a). In the physically mixed sample, the concentration of Au NPs, and hence the plasmon 

resonance centres, in the water solution is reduced, this decreases the generation of hot 

reductive electrons, leading to a lower hydrogen generation rate, as compared with pure Au NP 

sample. Furthermore, because ZnSe NRs have a large absorption cross–section, 36 the 

incorporation of ZnSe NRs with Au NPs in the water solution can intervene the light absorption 

of Au NPs and then dampen their plasmon resonance, affecting the generation of hot electrons. 

    Rather than physically mixing the Au NPs and ZnSe NRs, we have selectively deposited Au 

NPs on ZnSe NRs, constituting single and double Au–tipped ZnSe hybrid NRs (Figure 6.4). In 

such a hybrid structure, electron–hole pairs are generated by the light absorption of ZnSe NRs, 

and are further effectively separated on the metal–semiconductor heterojuncitons, which 

allows it to act as a photocatalyst to catalyze the redox reaction for hydrogen production via 

water splitting. As depicted in Figure 6.7a, single Au–tipped ZnSe hybrid NRs are more 

efficient (~437.8 μmol/h/g) in hydrogen generation than double Au–tipped ZnSe hybrid NRs 

(~325.1 μmol/h/g). In the single Au–tipped ZnSe hybrid NRs, the direct contact of other end 

of the ZnSe NRs with the solution make it conducive to the hole transfer and consumption by 

a scavenger after the electron transfer to the Au tip. In the double Au–tipped ZnSe hybrid NRs, 

the light–induced holes can only be transferred to the scavenger through the less active, defect–

free and surfactant passivated side facets, which reduces the efficiency of hole clearance and 

therefore consequently reduced the hydrogen generation rate.39,53–54 The apparent quantum 
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efficiency (AQE) under irradiation for single Au–tipped ZnSe hybrid NRs was measured to be 

approximately 1.3% (λ=365 nm) (See Supporting Information for details).  

It is noteworthy that Au–tipped ZnSe hybrid NRs only show weak plasmon resonance due 

to the tiny size of the Au domain. Furthermore, as demonstrated in the control experiment, 

ZnSe NRs can intervene the light absorption of Au NPs which reduces the photocatalytic 

performance of Au NPs in hydrogen generation. Therefore, the good photocatalytic properties 

of Au–tipped ZnSe hybrid NRs are mainly attributed to the efficient charge separation enabled 

by the metal–semiconductor heterojunctions, where Au NPs work as the electron sink to 

efficiently accept/trap electrons.55 The plasmon resonance induced hot electron transfer in Au–

tipped ZnSe hybrid NRs contributes to the photocatalytic activities only to a small extent due 

to its tiny size.56–57  

In order to further verify the photocatalytic mechanism, we compared the 

photoluminescence spectrum (Appendix E Figures D6–14) and photocurrent (Figure 6.7b) of 

Au–ZnSe hybrid NRs with that of pure ZnSe NRs. To test photoluminescence spectrum, we 

have performed surface ligand exchange by using trioctylphosphine (TOP) to ensure Au–ZnSe 

hybrid NRs and pure ZnSe NRs have same surface conditions. As depicted in Figure S14, the 

Au–ZnSe coated with either DDT + OLA or TOP shows significantly reduced 

photoluminescence intensities compared with ZnSe NRs with similar surface conditions. The 

quenching effect of the photoluminescence can be attributed to the reduced radiative 

recombination rates induced by the charge separation by the heterojunction between Au tips 

and ZnSe NRs in the hybrid NRs.39 

The photocurrent testing was also performed to study the photocatalytic mechanism (Figure 

6.7b). As shown in Figure 6b, single Au–tipped ZnSe hybrid NRs show the highest 

photocurrent of 87.9 nA/cm2. Even the photocurrent of double Au–tipped–ZnSe hybrid NRs 

(83.3 nA/cm2) is slightly lower than that of single Au–tipped ZnSe hybrid NRs, it is ~1.4 times 

higher than that of pure ZnSe NRs (60.1 nA/cm2). These results are consistent with the 

hydrogen generation rate results shown in Figure 6.7a, which confirmed the effective electron 

transfer after photoexcitation in Au–tipped ZnSe hybrid NRs. 

    Based on above results, we depict the photocatalytic mechanism of Au–ZnSe hybrid NRs in 

Figure 6.7c and 6.6d. Upon illumination, excited electrons at the bottom of the conduction band 

of ZnSe will transfer to Au domain because the Fermi level of Au is lower than the bottom of 

the conduction band of ZnSe26,58–60. The induced holes will stay in the valence band, and thus 

the electrons and holes are effectively and spatially separated and the probability for 
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recombination is greatly reduced. Rich in electrons, the Au tips with enhanced capture ability 

of H can efficiently catalyze proton reduction and hydrogen production while the holes (h+) in 

ZnSe NRs are removed by introduction of hole scavengers i.e. methanol (Figure 6.7d).  

6.4  Conclusions 

     Novel Au–ZnSe hybrid NRs with controlled size and site selectivity of Au tips have been 

synthesized using wet–chemical approaches. Au atoms grew non–epitaxially on ZnSe NRs.  

Au tips growth on ZnSe hybrid NRs show enhanced hydrogen adsorption that improves the 

HER catalytic properties, and photocatalytic hydrogen production rate of 437.8 µmol·h–1·g–1 

and a APE of 1.3% was obtained by using methanol as sacrificial hole scavenger. Due to the 

tiny size of Au tips, plasmon resonance induced hot electron transfer in Au–tipped ZnSe hybrid 

NRs contributes to the photocatalytic activities only to a small extent as most of electron–holes 

pairs are generated from ZnSe semiconductor NRs. It is worth noting that Au tipped ZnSe 

hybrid NRs can only absorb UV and blue ranges of the solar spectrum. Further expanding their 

absorption from blue to visible spectral range through hetero–semiconductors and/or doping 

aforementioned to realize the full potential of metal–semiconductor hybrid NPs for solar 

energy application is of significant importance. Furthermore, we anticipate the photocatalytic 

performances of Au–ZnSe hybrid NRs can be further improved by optimizing the size and type 

of noble metal species (e.g. Pt or alloyed Au–Pt) as well as number of noble metal domains on 

the NRs. This work opens an avenue for new Cd–free metal–semiconductor hybrid NP–based 

photocatalysis for hydrogen generation by water splitting, with relevance to redox reactions in 

biochemistry. 
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Chapter 7. Conclusion and Outlooks 

7.1  Conclusions 

Zinc chalcogenide nanomaterials, including ZnS, ZnSe and ZnTe have emerged as promising 

Cd–free nanomaterials for light emitting, photocatalytic and biomedical applications. The 

facile synthesis approach of high–quality zinc chalcogenide nanomaterials is still hilgh 

demanded. Exquisite control over the size, shape, composition and structure over zinc 

chalcogenide quantum dots is still a challenge. The mechanisms that underpin nanocrystals 

nucleation and growth are still not fully understood. In light of this fact, we focused on 

developing general methods for the synthesis of ZnS, ZnSe nanoparticles and the growth 

mechanisms were interpreted by combing, the experimental results with theoretical density 

functional theory (DFT) simulations. The application of photocatalytic H2 generation by water 

splitting with Au–ZnSe nanorods as photocatalyst was studied in detail.  

The general conclusions have been derived from these studies. 

7.1.1 A novel hot–injection method for the synthesis of ZnSe nanodots and nanorods by 

employing superhydride activated Se precursor. 

• Successful and facile shape and size control of ZnSe nanocrystals in a phosphine–free 

system was accomplished. 

• In a hot–injection method, tailoring the added ratio of superhydride to selenium 

precursor could result in uniform ZnSe nanodots or nanorods with tunable diameter. 

• According to the results of Gibbs free energies of reaction between Se and super 

hydride and the experiment results, the selenium precursor in oleylamine can be 

reduced to Se2
2– or Se2– depending on the amount of super hydride added. 

• With the increase amount of super hydride, Se0 was reduced to Se2
2– then Se2–, and the 

reaction activity of different Se species are: Se2– > Se2
2–> Se0. 

• ZnSe nanodots of zinc blende phase were obtained when active Se2– was employed as Se 

precursor, whereas ZnSe nanorods of wurtzite phase were obtained when less active Se2
2– 

was employed as Se precursor. 

7.1.2 A novel one–pot heat–up method for the synthesis of ZnS, ZnSe and ZnSxSe1–x 

nanorods by employing DDT and OLA as the co–ligand. 

• ZnS, ZnSe and ZnSxSe1–x nanoparticles with different shape were synthesized by a one–

pot heat–up method with different ligands. 

• When a mixture of OLA and DDT was used as the ligand, 1D ZnS, ZnSe and  
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ZnSxSe1–x nanorods of wurtzite structure were obtained, while 0D ZnS, ZnSe and 

ZnSxSe1–x nanodots or nano–peanuts of zinc blende structure were obtained when only 

OLA was used as the ligand. 

• DDT could increase the activity of S or Se powder in OLA during heating up process 

to form reactive monomers which resulted in the formation of anistropic nanorods. 

• DDT may gradually strip off from the lattice planes of the ZnS (cylindrical surface) 

which provided site for monomers deposition on the diameter direction. 

7.1.3 Non–epitaxial gold–tipped ZnSe hybrid nanorods for efficient photocatalytic 

hydrogen production 

• Novel Au–ZnSe hybrid NRs with controlled size and site location of Au nanoparticles 

have been synthesized using wet–chemical approaches.  

• According to structural analysis and DFT calculation results, Au NPs grew non–

epitaxially on ZnSe NRs.   

• Au tipped ZnSe hybrid NRs show enhanced charge separation that improved the HER 

catalytic properties and photocatalytic hydrogen production rate. Single–tipped Au–

ZnSe hybrid nanorods exhibited better performance than double tipped Au–ZnSe 

nanorods. 

• The better performance of ingle Au–tipped ZnSe NRs in comparison with double Au–

tipped ZnSe NRs can attributed to the easier hole transfer and clearance by scavenger 

after the electron transfer to the Au tips from the untipped apex of single Au–tipped 

ZnSe NRs.  

• Photocatalytic hydrogen production rate of 437.8 µmol·h–1·g–1 and an APE of 1.3% 

were obtained by using single–tipped Au–ZnSe hybrid nanorods as catalyst with 

methanol as sacrificial hole scavenger.  

• This work opens an avenue for new Cd–free metal–semiconductor hybrid NP–based 

photocatalysis for hydrogen generation by water splitting, with relevance to redox 

reactions in biochemistry. 

 

7.2  Outlooks 

Despite some progress being achieved in this thesis, future research in this Cd–free system, 

especially the research into their multiple applications is still highly demanded.  
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In Chapter 4 of this thesis, superhydride was used to activate the Se precursor. The reducing 

reagent might be also employed to increase the reaction activity of other anion precursors such 

as Te. With the finding that the reactivity of Se precursor could influence the phase and 

morphology of the final nanoparticles, it is meaningful to extend this strategy to synthesize 

nanoparticles with varied compositions such as ZnTe, CoSe2, MoSe2, MoTe2, InSe, BiSe, 

CuInSe2, and AgInSe2 which may find wider applications in lighting and displays, and 

photo(electro)catalysis. 

The research on ligand-controlled growth of Zn–chalcogenide nanorods and nanodots in 

Chapter 5 presented an insightful perspective on the scale–up production of Cd–free 

nanoparticles. However, the underlying nucleation and growth mechanisms for heat–up 

method is still not fully understood. The roles of the reaction conditions such as the reaction 

temperature, precursor concentration, and heating up rate in regulating of the nucleation and 

growth processes of nanocrystals using the heat–up method are still not well-understood. 

Beside zinc chalcogenide nanocatalyst (noble metal-ZnS, ZnSxSe1-x or ZnSe nanorods) 

photocatalytic H2 generation through water splitting, a potential research direction is 

developing facile approach to synthesize ZnSe/ZnS, ZnSxSe1-x/ZnS core/shell heterostructures 

for efficient lighting and displays applications. As ZnS has a larger bandgap than ZnSe, the 

overgrowth of ZnS shell on the ZnSe core will constitute a heterostructure with Type I band 

alignment, in which both electrons and holes will be confined in the core of ZnSe, thus 

enhanced photoluminescence properties such as high luminescence quantum efficiency, longe 

photo luminance lifetime and good stability are expected because ZnS shell could  passivate 

the surface dangling bonds and eliminate the defects of ZnSe nanocrystals. In addition to their 

applications in light emitting materials, zinc chalcogenide nanocrystals could be potentially 

used in UV detector and solar cells. ZnSe and ZnS nanocrystals can be as electron transport 

layer on top of Si NWs or perovskite solar cells to improve their efficiency by increasing light 

trapping and photon down-conversion. Furthermore, zinc chalcogenide nanocrystals are heavy-

metal free and are non- or less toxic, which makes them more desirable in bio–imaging 

applications. 

As Au–ZnSe hybrid exhibited good performance for photocatalytic H2 evolution reaction 

(Chapter 6), an expansion of the type of noble metal should be taken into consideration in future 

studies to further improve the efficiency of hybrid nanoparticles. For example, platinum (Pt) 

showed better hydrogen evolution reaction (HER) performance in Cd–based chalcogenide 

heterostructures, so it is also interesting to develop Pt–ZnSe hybrid nanoparticles for 
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photocatalytic applications. The selective deposition of bimetals like Au and Pt on alloyed 

ZnSeS nanorods is also worthwhile. It should also be noted that since this work focuses mainly 

on developing a new synthetic route for the synthesis of Cd-free Au-ZnSe nanorods with 

controlled Au domains for the first time, the study on the photocatalytic water splitting 

application was used as a porotype to investigate its potential in photocatalysis. There is more 

related research to be done in the future, such as the measurement of the stability of Au-ZnSe 

hybrid catalysts and the optimal reaction conditions including the choice of sacrificial reagent, 

the selection of driving light source and capped hydrophilic ligand. An in-depth understanding 

on the photocatalytic application of this new heterostructure nanoparticle could be gained by 

the comprehensive investigations on the photocatalytic properties. In addition, as the hybrid 

zinc chalcogenide nanoparticle are heavy-metal free, the potential of Cd–free Au–ZnSe could 

be further explored for biomedical applications because of their low toxicity and efficient 

charge separation ability. 
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Appendix A 

Copyright of reused figures in Chapter 2. 

Figure 2.1. 
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Figure 2.4(a) 
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Figure 2.4(b) Permission from Author. 

van Embden, J.;  Chesman, A. S.; Jasieniak, J. J., The heat–up synthesis of colloidal 

nanocrystals. Chemistry of Materials 2015, 27 (7), 2246–2285. 
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Figure 2.5(a–d) 
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Figure 2.5(i–l) 
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Figure 2.6 (a–g)
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Figure 2.6 (h–i) 
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Figure 2.6 (j–k) 
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Figure 2.6 (l–o) 
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Figure 2.7(a–c) 
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Figure 2.7(d–f) 
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Figure 2.7(g–l) 
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Figure 2.8(a–d) 
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Figure 2.8(e–q) 

 

 

Figure 2.9 
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Figure 2.10 

 

 

Figure 2.11 (a–d) 
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Figure 2.11 (e–h)
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Figure 2.12 

 

Figure 2.13 

 

Figure 2.14(a–d) 
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Figure 2.14(e–j) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

160 

 

Figure 2.15(a–c) 

 

 

Figure 2.15(d–f) 
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Figure 2.15(g–l) 

 

 

Figure 2.16 (a–i) 

 

Figure 2.16 (j–n) 
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Figure 2.17 (a–d) 

 

Figure 2.17 (e–k) 
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Figure 2.17 (l–o) 

 

 

Figure 2.17 (p–s) 
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Figure 2.18 (a–f) 

 

Figure 2.19 (a) 

 

Figure 2.19 (b) 
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Figure 2.20 (a–d) 

 

Figure 2.20 (e–g) 
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Figure 2.21 (a–d) 

 

Figure 2.21 (h–j) 
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Figure 2.22 (a–h) 

 

 

Figure 2.22 (i–j) 
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Figure 2.23 (a–e) 

 

 

Figure 2.23 (f–j) 
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Figure 2.24 (a–c) 

 

Figure 2.25 (a–d) 

 

Figure 2.25 (e,f)
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Figure 2.26 (a–e) 
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Figure 2.27 (a–f) 
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Appendix C 

Supporting Information for Chapter 4. 

Ab Initio Calculations 

High–level calculations using double–hybrid density functional theory were performed to 

probe the reactivity of the Zn2+ cation with the possible selenium dianions present in solution 

(Se2–, Se2
2–, and Se3

2–). Double–hybrid density functional theory (DHDFT) includes non–local 

correlation from second–order Møller–Plesset (MP2) perturbation theory in addition to the 

regular ingredients of hybrid DFT1. In conjunction with sufficiently large basis sets, 2 DHDFT 

methods have been found to give structural parameters and reaction energies that are more 

accurate than those obtained from DFT and MP2 calculations.1, 3–7 Here we use the spin–

component–scaled DSD–PBEP86 DHDFT method of Kozuch and Martin6, 7 in conjunction 

with the quadruple–zeta Def2–QZVPP basis set of Weigend and Ahlrichs. 8 Bulk solvent 

effects were included using the charge–density–based SMD continuum solvation model of 

Marenich et al. 9 The Gaussian16 suite of programs was used for all the DHDFT calculations10. 

 

 

Figure C4-1. TEM image of sample 1 in Figure 4.3 
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Figure C4-2. TEM image of sample 1 in Figure 4.5 

 

 

 

Figure C4-3. ZnSe nanorods synthesized from magic–size small ZnSe nanodots by oriented 

attachment. (a)Absorbance of ZnSe; (b)Small nanodots at 200ºC; (c) Nanorods at 260ºC from 

oriented attachment of small nanodots. 
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Appendix D 

Supporting information for Chapter 5. 

 

 

Figure D5-1. Diameter histogram of ZnS nanorods synthesized at 220 ºC for 20 mins ºC 

 

Figure D5-2. Diameter and length hisgram of ZnS nanorods synthesized at 240 ºC for 20 

mins 

 

 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

5

10

15

20

 

 

C
o

u
n

ts

Diameter (nm)

1.64 0.33nm

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0

5

10

15

 

 

C
o

u
n

ts

Diameter (nm)

1.67 0.31nm

0 5 10 15 20 25 30
0

10

20

30

 

 

C
o

u
n

ts

Length (nm)

14.18 3.12nm



  

186 

 

 

Figure D5-3. Diameter and length histogram of ZnS nanorods synthesized at 260 °C for 20 

mins. 

 

 

Figure D5-4. Diameter and length histogram of ZnSe nanorods synthesized at 220 °C for 20 

mins 

 

 

Figure D5-5. Diameter and length histogram of ZnSe nanorods synthesized at 240 °C for 20 

mins 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
0

10

20

 

 

C
o

u
n

ts

Diamter (nm)

4.04 0.47nm

0 5 10 15 20 25 30 35 40
0

10

20

30

 

 

C
o

u
n

ts

Length (nm)

16.69 4.66nm



  

187 

 

 

Figure D5-6. Diameter and length hisgram of ZnSe nanorods synthesized at 260°C for 20 

mins 

 

 

Figure D5-7. Diameter and length histogram of ZnSexS1–x nanorods synthesized in DDT and 

OLA at 260 °C for 20 mins 

 

Figure D5-8. Diameter histogram of ZnS nanodots synthesized in OLA at 260 °C for 20 mins 
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Figure D5-9. Diameter and length histogram of ZnSe peanut–shape nanoparticles synthesized 

in OLA at 260 °C for 20 mins 

 

Figure D5-10. Diameter and length histogram of ZnSxS1–x peanut–shape nanoparticles 

synthesized in OLA at 260°C for 20 mins 
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Figure D5-11. Thermal gravimetric analysis (TGA) of ZnS nanorods performed under N2. The 

mass loss corresponded to the ligand detachment and the remaining mass was the mass of ZnS 

nanoparticles. 

 

 

Figure D5-12. XRD pattern of ZnS–Ag2S hybrid nanorods obtained by cation exchange. The 

diffraction peaks were indexed to the standard wurtzite ZnS (JCPDS Card File 751534, green 

column) and monoclinic Ag2S (JCPDS Card File 140072, blue column). 
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Figure D5-13. XPS spectra of Zn 2p, Ag 3d and S 2p of ZnS–Ag2S hybrid nanorods. 

The binding energies of 1044.4 and 1021.4 eV were assigned to Zn2+. The peaks at 374.3 and 

368.8 eV were assigned to Ag 3d3/2 and Ag 3d5/2 of Ag+ ions in Ag2S, respectively. The peaks 

at 373.3 and 366.8 eV were assigned to Ag 3d3/2 and Ag 3d5/2 of Ag (0) metal, respectively, 

which could be formed by oxidation of Ag2S. The binding energies locate at 161.4 eV and 

168.4 eV matching well with that of S2– 2p from ZnS–Ag2S and the 168.4 eV was assigned to 

S4+ 2p which resulted from the oxidation of ZnS or Ag2S. Overall, the XPS spectra confirmed 

that a part of ZnS was replaced by Ag2S during the cation exchange process. 

 

 

Figure D5-14. Schematic diagram of the formation mechanism of ZnS–Ag2S nanorods by 

cation exchange 
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Appendix E 

Supporting information for Chapter 6. 

Density functional theory (DFT) calculations 

DFT calculations were performed using the Vienna Ab initio Simulations Package (VASP)[4,5] 

and projected augmented wave (PAW)[6–8] method (with 1s1, 5d106s1, 4s24p4, 3d104s2 as valence 

electrons for H, Au, Se and Zn, respectively). The exchange–correlation interaction was treated 

with generalized gradient approximation (GGA) in the Perdew, Burke and Ernzerhof (PBE)[9] 

parameterization. The cutoff energy of plane–wave basis was set to 450 eV for ZnSe and 400 

eV for Au. Integrations over the first Brillouin zone were calculated using a Gamma–centred 

k–point set of 664 for wurtzite ZnSe (space group P63mc, No. 186) and 12212 for fcc Au. 

With these settings, the total energy was able to converge within 1 meV/atom. The structures 

were fully relaxed using PBE, and the energy was converged within 10–6 eV/cell and the force 

was converged to less than 10–4 eV/Å. We adopted GGA+U (U=8 and J=1)[10,11] to correct the 

self–interaction and over delocalized d states in wurtzite ZnSe. 

The detailed interface structure of ZnSe (001) and Au (111) was explored thoroughly. First, we 

scanned the potential energy surface (PES) of interfacing ZnSe (001) and Au (111). We built 

a 3x3x4 supercell of ZnSe containing 16 alternating Zn and Se layers along the (001) of which 

the top 11 layers were removed. The remained layers are terminated by Zn. We then removed 

the top Zn layer and added four fcc Au (111) layers on the top. The Au fcc lattice is therefore 

subjected to a strain of 1.4%, which is within the DFT error. We then mapped the PES of this 

interface structure (denoted as ZnSe(001)//Au (111)) by moving around the Au layers together. 

The interfacing Se layer and four Au (111) layers were allowed to relax completely. The in–

plane coordinates of the top Au (111) layer and the other ZnSe layers were fixed. All the PES 

calculations for the interface were performed at the PBE level with an energy cutoff of 450 eV 

and a single Gamma point sampling. This calculation detail is for Figure 5a and 5b. 
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Supporting Figures 

 

Figure E6-1. TEM image of ZnSe NRs. 

 

 

Figure E6-2. Sizing histograms of ZnSe NRs. The average sizes of ZnSe NRs are 2.1 ± 0.3 nm 

in diameter and 24.8 ± 7.7 nm in length. 
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Figure E6-3. XRD pattern of ZnSe NRs. The standard XRD pattern for wurtzite ZnSe was 

given for reference. 

 

 

Figure E6-4. Electron microscopic characterizations of ZnSe NRs. (a) TEM image, (b) 

HRTEM image, (c) FFT of the selected area in (b).  
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Figure E6-5. UV–Vis absorption spectrum of ZnSe NRs. 

 

 

Figure E6-6.XPS spectra of ZnSe NRs synthesized in DDT+OLA; (a) Survey spectrum; (b–d) 

Binding energy peaks of (b) Zn 2p; (c) Se 3d; (d)Se 3p  
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Figure E6-7. HAADF–STEM image and EDS mapping of Se, Zn and S of synthesized ZnSe 

NRs. 

 

 

 

Figure E6-8. TEM images of Au–ZnSe hybrid NRs with variable molar ratios of AuCl3 and 

ZnSe for growth. (a) 127:1; (b) 2540:1. 
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Figure E6-9. HAADF–STEM images of Au–ZnSe hybrid NRs and the corresponding EDS 

mapping of the elements Au, Se, and Zn. 
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Figure E6-10. (a) TEM images of Au–ZnSe hybrid NRs. Blue lines indicates the orientation 

of the long axis of ZnSe NRs; (b) HRTEM image of a sample revealing the angle between (111) 

facet of Au tips and (100) facet of ZnSe NRs; (c)Statistics of the angle between (111) facet of 

Au tips and (100) facet of ZnSe NRs  

 

Figure E6-11. Comparision of the absorption spectra of Au–ZnSe hybrid NRNRs before and 

after the phase transfer in water using PEI.  
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Figure E6-12. TEM and STEM of double Au–tipped ZnSe NRs coated by PEI after phase 

transfer (in water). 

 

 

 

 

Figure E6-13. (a) Extinction spectrum of Au NPs, (b) TEM image of Au NPs. Inset of (b) 

shows the sizing histogram of Au NPs with an average diameter of 5.56 ± 0.87 nm. 
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Figure E6-14. (a) Photoluminescence of ZnSe NRs and Au–ZnSe hybrid NRs coated by DDT 

and OLA; (b) Photoluminescence of ZnSe NRs and Au–ZnSe hybrid NRs coated by TOP. 

 

Table E6-1. The lattice plane spacings of synthesized ZnSe NRs and standard wurtzite ZnSe. 

Plane X 

Theoretical 

plane distance 

(Å) of ZnSe 

Theoretical angle (°) 

between plane X and 

(002) of ZnSe 

Measured plane 

distance (Å) of 

ZnSe 

Measured angle (°) 

between plane X 

and (002) of ZnSe 

(100) 3.4416 90 3.4801 89.24 

(002) 3.2530 0 3.2483 0 

(101) 3.0422 62.15 3.1167 62.69 

(101
–

) 3.0422 117.86 3.0912 120.63 
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Table E6-2. Comparison of the transfer efficiencies of Zn and Se elements of pure ZnSe NRs, 

single Au–tipped ZnSe NRs and double Au–tipped ZnSe NRs before and after phase transfer. 

 Sample 
Mass 

(mg) 

Zn 

element 

concent

ration 

(mg/L) 

Zn 

conten

t (mg) 

Se 

concentr

ation 

(mg/L) 

Se  

content 

(mg) 

Transfer 

efficiency 

of Zn (%) 

Transfer 

efficiency 

of Se (%) 

Before 

phase 

transfer 

ZnSe NRs 2.65 32 0.8 35 0.875 – – 

Single 

Au–

tipped 

ZnSe NRs 

2.62 27 0.675 29 0.725 – – 

Double 

Au–

tipped 

Au–ZnSe 

NRs 

2.30 18 0.45 23 0.575 – – 

After 

phase 

transfer 

ZnSe NRs 2.65 29 0.725 32 0.8 90.6 91.4 

Single 

Au–

tipped 

ZnSe NRs 

2.54 24 0.6 26 0.65 91.6 92.4 

Double 

Au–

tipped 

ZnSe NRs 

2.63 19 0.475 24 0.6 92.3 91.2 

Note: For samples after phase transfer, samples mass refers to the weighed mass before phase 

transfer.  

 

Transfer efficiency is calculated by the following formula:  

Transfer efficiency for Zn (%) =
𝑍𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝑍𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑡𝑒𝑟
∗ 100 

                                                 =
𝑍𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝑍𝑛𝑆𝑒 𝑁𝑅𝑠 𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟∗𝑍𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒
∗ 100 

Zn percentage of pure ZnSe NRs (%) =
𝑍𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑍𝑛𝑆𝑒 𝑁𝑅𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝑍𝑛𝑆𝑒 𝑁𝑅𝑠  𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑡𝑒𝑟
∗ 10 

Taking Zn transfer efficiency of ZnSe NRs for example: 

Zn percentage of bare ZnSe NRs (%) = 
0.8

2.65
∗ 10 = 30.18% 

Transfer efficiency for Zn (%) =
0.725

2.65∗0.3018
∗ 100 = 90.6% 
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