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Abstract 

Impelled by the discovery and its fascinating properties of graphene, the pursuit of 

alternative materials of atomic thickness, identified as “2D materials”, is springing 

up. 2D materials are a kind of materials possessing lateral sizes ranging from one 

hundred nanometres to even a few micrometres while their thickness is only less than 

5 nm. As an emerging class of materials, 2D materials can be obtained with a 

thickness of atomic precision, and the electrons are confined in the thickness 

direction due to the quantum confinement effect, which will generate some 

astonishing properties that is different from their bulk counterparts. These 2D 

materials have recently stimulated much interest among scientific communities and 

technological entities, owing to their intriguing properties and distinctive potential in 

the fields of energy storage, photothermal therapy, field-effect transistors and 

optoelectronic devices. Motivated by the compelling properties and innovative 

applications of such ultrathin 2D nanomaterials, it is highly desirable developing a 

strategy for fabrication of atomic-thick layers of 2D nanomaterials with well-defined 

morphology, which triggers numerous efforts among scientific communities. 

 

In this thesis, we synthesized a family of colloidal 2D nanomaterials, with a special 

emphasis on heavy-metal-free and non-toxic materials including ZnSe, ZnS 

nanoplatelets and MoS2, WS2, ReS2 nanosheets, for the study of their application in 

photodetectors and hydrogen evolution reaction (HER).  

 

Chapter 1 gives a broad review on some reliable methods along with suitable 

characterization techniques of common 2D nanomaterials. In addition, the promising 

applications of these 2D nanomaterials in photoelectronic devices, catalysis, energy 

storage and conversion, as well as sensing are emphasized in detail.  

 

Following the Chapter 1, Chapter 2 focuses on the main growth mechanisms related 

to the growth of 8 layers of 2D ZnSe, ZnS nanoplatelets, based on experimental 

results and the density functional theory (DFT) simulations. We investigate the 

surface energy and growth kinetics of wurtzite nanoplatelets to elucidate why 

nanoplatelets of wurtzite structure exhibit a uniform thickness of eight monolayers. 
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Chapter 3 presents in more details the fundamental optical properties of four kinds of 

nanoplatelets, including ZnSe, ZnS, ZnSe0.50S0.50, and ZnSe0.25S0.75. The synthesized 

ZnSe nanoplatelets exhibit an exceptional narrow emission spectrum with a full-

width at half-maximum as sharp as 90 meV and a 1.9 ns radiative fluorescent 

lifetime at room temperature. ZnSe nanoplatelets-based ultraviolet (UV) 

photodetectors is fabricated using a simple solution process. The photo-induced 

current at 100 V is about 7 nA excited by the 365 nm UV light and about 1.5 nA by 

the 254 nm UV light, suggesting that the photodetector has a spectrum responsivity 

of about 3.5 mA W-1 at 365 nm and 0.6 mA W-1 at 254 nm, respectively. This study 

provides a solid basis for the further practical applications of ZnSe nanoplatelets in 

terms of lighting and displays, optoelectronics (photodetectors), as well as 

photocatalysis and photoelectrochemical catalysis.  

Chapter 4 aims at providing structural engineering of a variety of 2D MoS2, WS2, 

ReS2 nanosheets, and giving a comprehensive study of HER performance of MoS2 at 

different calcination temperatures as well. The resulting monolayer MoS2 nanosheets 

exhibited high electrochemical performance toward HER with superior catalytic 

activities as evidenced by small overpotentials of 179 mV in 1 M KOH at 10 mA 

cm−2. 

Chapter5, finally, gives the authors’ view on the conclusions, recommendations, 

challenges and future opportunities in this promising research area. 
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Chapter 1: Two-Dimensional Nanocrystals: Synthesis, 

Characterization and Potential Applications 

Abstract 

Impelled by the discovery and its fascinating properties of graphene, the pursuit of 

alternative nanocrystals (NCs) of atomic thickness, identified as “2D NCs” is 

springing up. These ultrathin 2D NCs manifest many specific and fascinating 

physical, optical, chemical and electronic properties. In this Review, some reliable 

methods along with suitable characterization techniques are described. In addition, 

the promising applications of these 2D NCs in photoelectronic devices, catalysis, 

energy storage and conversion, as well as sensing are emphasized in detail. 

Keywords: 2D NCs, synthesis, characterization, applications. 

1.1 Introduction 

The discovery of graphene combined with its fascinating properties,1-5 has 

triggered the pursuit of a new family of two-dimensional (2D) nanocrystals (NCs) 

among numerous scientific communities. 2D NCs are a kind of materials possessing 

lateral sizes ranging from one hundred nanometres to even few micrometres while 

their thickness is only less than 5 nm.6 To date, besides graphene, an enormous wide 

spectrum of atomically-thin 2D NCs, ranging from transition metal dichalcogenides 

(TMDs),7-10 2D carbides and nitrides (MXenes),11 graphitic carbon nitride (g-

C3N4),
12-14 layered metal oxides15,16 to layered double hydroxides (LDHs)16,17 emerge 

as new types of 2D NCs. These ultrathin 2D NCs, possessing ultrahigh surface area 

and ultrathin atomic thickness, manifest specific and fascinating physical, optical, 

chemical and electronic performance, which is superior to their bulk counterparts. 

Due to their strong quantum confinement of electrons and structural features, 2D 

NCs have exposed promising potential in electronic devices,18-21 catalysis,22-24 energy 

storage and conversion,25,26 and sensing.27,28 

In this Review, we firstly summarize the synthetic methods for 2D NCs, 

including insights on their advantages and limitations. Secondly, appropriate 

characterization techniques are briefly described. Moreover, the potential 

applications of these ultrathin 2D NCs, especially in electronics/optoelectronics, 

catalysis, batteries, supercapacitors, and sensing platforms are given in detail. Finally, 

conclusion remarks and outlooks are proposed.  
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1.2 Synthetic methods 

Stimulated by the compelling thickness-dependent properties of ultrathin 2D 

NCs and the high demands for property modulations, many efforts have been 

contributed to the synthetic approaches for preparation of ultrathin 2D NCs. Till now, 

the existing reliable synthetic strategies for ultrathin 2D NCs are separated into two 

categories: top-down method and bottom-up method. The former method mainly 

includes micromechanical cleavage, mechanical force-assisted, ion exchange-

assisted and ion intercalation-assisted liquid exfoliation.29 In the process of 

exfoliation, the interlayer attraction of layered bulk parent crystals will be swelled 

and weakened into completely separated layers with the aid of mechanical sonication 

or chemical intercalation (Figure 1-1). In contrast, chemical vapour deposition (CVD) 

and wet-chemical syntheses belong to the bottom-up methods. In CVD and wet-

chemical syntheses, chemical reaction occurred in specific experimental conditions, 

which, in principle, are more versatile for the formation of ultrathin 2D 

nanomaterials, especially for the non-layered NCs. 

In this section, our discussion will narrow down to several preparation methods 

that are widely used or suitable to a wide range of material. Of note, the merits and 

limitations of the well-developed synthetic method are briefly discussed in the end 

with personal insights. 

1.2.1 Top-down methods 

1.2.1.1 Micromechanical cleavage 

Impelled by the successful cleavage of graphene, micromechanical cleavage 

technique is evolving into a method of preparing a sheet-like material by peeling the 

layer structured bulk crystals using a Scotch tape. This method initially relies on the 

tape to weaken the interlayer van der Waals force of the bulk crystals. In general, the 

desired single- or few-layers of 2D NCs can be obtained by repeated exfoliation 

through this method (Figure 1-2).30 

The micromechanical cleavage technique is applicable to produce 2D NCs with 

no defect and large lateral size. But surely the limitations of this method mainly lie in 

three aspects: the low production yield and the low production rate as well as lack of 

precise control over size and shape. 
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1.2.1.2 Mechanical Force-Assisted Liquid Exfoliation 

In the mechanical force-assisted liquid exfoliation technique, bulk crystals are 

added in the liquid phase and then the appropriate mechanical force is applied. With 

the aid of mechanical force exfoliation, an ultrathin 2D NCs may also be obtained. 

On the basis of mechanical forces, mechanical force-assisted liquid exfoliation can 

be classified into sonication-assisted liquid exfoliation (SALE) (Figure 1-1) and 

shear force-assisted liquid exfoliation (SFALE). In SALE, prior to sonication, the 

layered bulk crystals are first added in a particular solvent for a period of time. After 

the sonic treatment, the strong ultrasonic induced produce "cavitation" phenomenon 

in liquid. The "cavitation" reaches into the interspace of layered bulk, the layered 

crystals are peeled into an ultrathin mono- or multilayer nanosheets followed by the 

bubble rupture. The peeling of the layered mass in the liquid can also be achieved by 

exerting a high shear rate in SFALE. As with the sonication-assisted liquid 

exfoliation, the selection of suitable solvents and polymers can reduce the loss of 

peeling energy and stabilize the peeled sheet in liquid, thus making the exfoliation 

process more efficient. 

1.2.1.3 Ion Exchange-Assisted Liquid Exfoliation 

The ion exchange idea arises from the use of larger radius ions to replace ions 

with relatively small radius in different layers with larger radii. After the ion 

exchange, the interlayer spacing of the lamellar crystals is greatly expanded, which 

weakens the connection between adjacent layers in the bulk crystals. Then the 

mechanical force is applied to obtain single- or few-layer NCs (Figure 1-1). 

1.2.1.4 Ion Intercalation-Assisted Liquid Exfoliation 

The ion intercalation-assisted liquid exfoliation is based on the idea of inserting 

cation ions with small ionic radius into the interspacing of layered bulk crystals. The 

interlayer spacing of ion-intercalated intermediate would be distinctly expanded and 

adjacent layers would be weakened under ion intercalation. Thus, the monolayer or 

multilayer NCs are easily obtained under a very short period of sonication time 

(Figure 1-1). 

The aforementioned liquid exfoliation is promising method and applicable for 

the high-yield production of ultrathin 2D NCs. However, its disadvantages should 

never be overlooked. Note that for the method of liquid exfoliation in solvents, three 

aspects should be outlined: (1) The liquid exfoliation strategy is only suitable for 
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those parent bulk crystals which possess a layered structure; (2) Only when the 

solvent surface energy is matching to that of lamellar bulk materials, effective 

exfoliation can be achieved; (3) The exfoliated layers are not stable due to the 

absence of protection of ligands.  

1.2.2 Bottom-up methods 

Given that the limitations in liquid exfoliation, in contrast, wet chemical 

syntheses, belonging to the bottom-up approaches, in principle, are more versatile for 

the formation of ultrathin 2D nanomaterials, especially for the non-layered NCs. The 

bottom-up methods mainly include hydro/solvothermal synthesis, 2D-oriented 

attachment, and 2D-templated synthesis. 

1.2.2.1 Hydro/solvothermal synthesis 

Hydrothermal/solvothermal synthesis refers to the chemical reaction (with 

reaction medium of water/organic solvent) occurs in a sealed vessel with high 

temperature and pressure which is unachievable in an atmospheric condition. As a 

representative example, Xie and co-workers31 employed this method for the 

preparation of few-layer defect-rich MoS2 nanosheets with the assistance of excess 

thiourea.

1.2.2.2 2D-oriented attachment 

In a 2D-oriented attachment mechanism, the 0D or 1D NCs are frequently 

employed as building blocks. In this mechanism, the building block NCs with closer 

proximity would tend to emerge or connect with each other and fuse together to form 

large-aspect-ratio 2D NCs. The whole attachment process is driven by sharing the 

common crystallographic facet between adjacent NCs in order to relieve and even 

eliminate the high energy facets and interfaces.32-34 For instance, PbS nanosheets was 

successfully prepared used this method in Weller’s group.35

1.2.2.3 2D-templated synthesis 

2D-templated synthesis refers to the use of the pre-synthesized nanomaterials or 

bulk substrates as templates to confine/direct the growth of specific 

nanostructures.36,37 In 2014, Dou and co-workers38 used poly(ethylene oxide)-

poly(propylene oxide)-poly(ethylene oxide) (P123) 2D assemblies in ethylene glycol 

as colloidal soft template to confine the material growth between two adjacent layers 
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(Figure 1-3). This 2D-templated synthesis offers a general manner for preparation of 

a wide range of metal oxide comprising TiO2, ZnO, Co3O4, WO3, Fe3O4, and MnO2.
 

1.3 Characterization 

Coincident with the speedy advancement of nanotechnology is the development 

of some effective means of characterization to reveal 2D NCs in terms of 

composition, size, thickness, crystallinity, etc. It is very important to understand the 

strong correlation between the structural features and functional characteristics of 

ultrathin 2D NCs, and to guide the rational synthesis of 2D NCs with targeted 

characteristics. 

1.3.1 Optical microscopy 

The visibility of ultrathin 2D NCs under an ordinary optical microscopy has 

greatly contributed to in-depth study of their properties and applications. This 

imaging is based on the interference of different surface reflected light. Optical 

microscope is based on the optical principle of reflected light at distinct surfaces to 

quickly determine the location, shape and thickness of 2D NCs.39-41 The optical 

difference between the bare substrate and ultrathin 2D NCs is caused by the apparent 

perturbation of the light transmittance and the light path on the sample. Some 

ultrathin 2D NCs have been identified with monochromic light or silicon dioxide 

with continuously changed thicknesses. 

1.3.2 Scanning probe microscopy 

Scanning probe microscope (SPM) is, adopting electronic tunnelling effect, a 

cunning apparatus to detect the local surface properties of a single atomic layer, such 

as surface defects, surface remodelling, thickness and electronic band structures at 

high resolution.42 According to a variety of different interactions between the probe 

and the sample, SPM can be divided into atomic force microscopy (AFM) frequently 

utilized for thickness measurement of 2D NCs and conductive atomic force 

microscopy (CAFM) for collecting topographic information on 2D NCs. The 

principle is briefly described below. The probe moves closer to the sample and a 

voltage is applied between the two. When the probe and the sample surface are 

separated by only a few tens of angstroms, the tunnelling effect creates a constant 

tunnelling current between the probe and the sample. The surface having a small ups 

and downs, even if only atomic distance, will also make the occurrence of thousands 
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of times changes in current. This information is then recorded into a computer and 

processed to display the sample topography image on the screen. 

1.3.3 Scanning electron microscopy 

In SEM, in principle, the inelastic scattering interaction between electrons and 

sample surface will generate secondary electrons employed to identify detail surface 

topology,43 size, and shape. Even so, full structural information will be obtained 

combined SEM and other TEM, EDS, and AFM characterization techniques. 

1.3.4 Transmission electron microscopy 

TEM uses the accelerated/focused electron beam projected onto a very thin 

sample to characterize the size, crystallinity, phase, exposed facets, and growth 

direction of a thin material.44 The collision between electrons and atoms in the 

sample results in three-dimensional angular scattering. Thus, images with different 

contrast can be formed to roughly estimate the thickness of the sample. The image 

after zoomed in and focused will be displayed on the imaging device (such as the 

phosphor screen, film, and photographic coupling components). 

1.3.5 Raman spectroscopy 

The optical properties of 2D NCs can be detected by Raman spectroscopy 

which delivers structural and electronic evidence with high spectral and spatial 

resolution.45 The peak position, intensity and linewidth, may change significantly 

with increasing layers of 2D NCs. Using this spectral characteristic information, we 

can identify the accurate number of layers.  

1.4 Applications 

1.4.1 Electronic/optoelectronic devices 

Ultrathin 2D NCs with single- or multi-layer thickness have become the focus 

of nanoelectronics because of their intriguing mechanical and electrical properties.46-

51 These 2D NCs with unique properties in terms of short-channel effects resistance 

and free of dangling bond make them suitable for electronic/optoelectronic devices. 

Many 2D NCs, such as TMDs, black phosphorus, g-C3N4 and van der Waals 

heterojunction have found their applications in the field of electronic/optoelectronic 

devices.52-54 
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1.4.2 Electrocatalysis 

2D NCs have attractive characteristics such as highly exposed edge active sites, 

large specific surface areas, and easily accessible by other guest materials, making 

them well suited for energy storage and conversion applications. Correspondingly, 

these 2D NCs are also widely used as electrocatalytic catalysts in some important 

electrochemical catalytic systems including hydrogen evolution reaction (HER),55 

oxygen evolution reaction (OER),56,57 oxygen reduction reaction (ORR),58 as well as 

other important electrocatalytic areas. 

1.4.3 Batteries 

Energy and environmental issues have been the concern of human beings. To 

meet the growing energy needs while avoiding the depletion of resources and 

environment damage, rechargeable batteries came into being. 2D NCs possessing 

good stability, high chemical activity interface, shorter ion transport distance and 

excellent electron transport kinetics, are finding emerging potential in the field of 

lithium-ion battery (LIBs), sodium-ion battery (SIBs) lithium-sulfur battery and Li-

O2 battery (Figure1-4). 

 

1.4.4 Sensing 

In practical applications, it is urgent to promote the progress of simple and 

reliable sensing system for rapid detection of specific chemical or biological 

substances, such as gas molecules, toxic ions, chemical molecules, biological 

molecules, with high sensitivity, selectivity and stability.  As sensing platforms, 2D 

NCs have been widely used in the construction of different sensing systems. Because 

of their excellent conductivity, high specific surface area, high sensitivity to external 

stimulants, excellent fluorescence quenching ability, and so on, 2D NCs have been 

widely used in the construction of different sensing systems. The current application 

of the sensor platform includes electrical sensors,60 fluorescence sensors,61 and 

electrochemical sensors.62 

1.5 Concluding remarks and outlook 

In this Review, the synthesis methods of ultrathin 2D NCs with specific 

functions are summarized. Then the characterization techniques of ultrathin 2D NCs 

along with their advantages and disadvantages are described. At the same time, 
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potential applications of ultrathin 2D NCs such as electronic/optoelectronic devices, 

electrocatalysis, batteries, and sensing platforms are also discussed.  

In the past few decades, although the research of ultrathin 2D NCs has been 

developed by leaps and bounds, both from the basic research ground or technical 

field, there is still a gap between the yield, quality as well as quantity of 2D NCs and 

practical industry application. Moreover, the stability of 2D NCs has yet to be further 

improved. In addition, from the aspect of characterization, in-situ measurements, 

such as in-situ XRD, TEM and XPS, should be developed to understand the growth 

mechanism of ultrathin 2D NCs thoroughly. 
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1.6 Figures 

 

 

Figure 1-1. Schematic illustration of the main liquid exfoliation mechanisms.29 

(Reproduced with permission. Copyright (2018) Springer Nature) 
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Figure 1-2. Schematic illustration of the typical process by the modified 

micromechanical cleavage method for exfoliation of graphene from graphite via 

Scotch tape.30 (Reproduced with permission. Copyright (2015) American Chemical 

Society) 
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Figure 1-3. Schematic diagram of templated synthesis of 2D metal oxide 

nanosheets.38 (Reproduced with permission. 2014, NATURE PUBLISHING 

GROUP) 
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Figure 1-4. Schematic representations of Li-ion, Na-ion, Li–O2, and Li–S 

batteries.59 (Reproduced with permission. 2011, NATURE PUBLISHING GROUP) 
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Chapter 2: Why Do Colloidal Wurtzite Semiconductor 

Nanoplatelets Have an Atomically Uniform Thickness of 

Eight Monolayers?§ 

Abstract 

Herein we employed a first-principles method based on density functional theory to 

investigate the surface energy and growth kinetics of wurtzite nanoplatelets to 

elucidate why nanoplatelets exhibit a uniform thickness of eight monolayers. We 

synthesized a series of wurtzite nanoplatelets (ZnSe, ZnS, ZnTe, and CdSe) with an 

atomically uniform thickness of eight monolayers. As a representative example, the 

growth mechanism of 1.39 nm thick (eight monolayers) wurtzite ZnSe nanoplatelets 

was studied to substantiate the proposed growth kinetics. The results show that the 

growth of the seventh- and eighth-layer along the [112̅0] direction of ZnSe magic-

size nanoclusters (0.99 nm, six monolayers) is accessible, whereas the growth of the 

ninth layer is unlikely to occur because the formation energy is large. This work not 

only gives insights into the synthesis of atomically uniform thick wurtzite 

semiconductor nanoplatelets but also opens up new avenues to their applications in 

light-emitting diodes, catalysis, detectors, and lasers. 

Keywords: wurtzite semiconductor nanoplatelets, atomically uniform thickness, 

density functional theory, ZnSe. 

 

 

 

§
Reprinted (adapted) with permission from (Y. Pang, M. Zhang, D. Chen, W. Chen, 

F. Wang, S. Javaid, M. Saunders, M, Rowles, L. Liu, S. Liu, A. Sitt, C, Li, G. Jia, 

Why Do Colloidal Wurtzite Semiconductor Nanoplatelets Have an Atomically 

Uniform Thickness of Eight Monolayers? J. Phys. Chem. Lett. 2019, 10, 12, 3465-

3471). Copyright (2019) American Chemical Society. 
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2.1 Introduction 

Being analogous to graphene and transition-metal dichalcogenides, atomically thin 

semiconductor nanocrystals are emerging as a class of intriguing materials with 

broad utility1−8 because of the remarkable electronic properties of quantum wells 

such as giant oscillator strength,3 exceptionally narrow fluorescence,2,3 low lasing 

threshold,9−11 and ultrafast exciton dynamics.3,12−17 Nanoplatelets with excitons 

strongly confined along the thickness direction exhibit the electronic structure of 

quantum wells, and their optical and electronic properties are thickness-dependent. In 

this sense, thickness control of nanoplatelets is of significant importance as it not 

only can tune the geometry of the nanoparticles but also can provide a versatile 

approach to manipulate the optical and electronic properties with relevance to 

applications in optoelectronics, sensors, and lasers. 

Thickness control with atomic precision has been successfully achieved in zinc 

blende semiconductor nanoplatelets, especially in CdSe nanoplatelets.3,13 For 

example, Ithurria et al. prepared zinc blende CdSe, CdS, and CdTe nanoplatelets 

with well-defined thickness ranging from 4 to 11 monolayers by optimizing the 

synthetic conditions.3 However, thickness control of wurtzite semiconductor 

nanoplatelets seems inaccessible. There are several reports on wurtzite CdSe,2,18 

ZnSe,19 and CdTe20 nanoplatelets, in which only eight-layer thick (∼1.4−1.6 nm) 

wurtzite nanoplatelets have been obtained. These studies indicate there is no such 

strategy to precisely tune the thickness of wurtzite semiconductor nanoplatelets, and 

the reason why these particles prefer to crystallize into eight-layer thick wurtzite 

nanoplatelets is still unknown. 

Herein, besides ZnSe and CdSe, we expanded the palette of the family of wurtzite 

semiconductor nanoplatelets by synthesizing wurtzite ZnS and ZnTe nanoplatelets 

using wet-chemical synthetic approaches (see 2.2 for details). 

2.2 Experimental section 

2.2.1 Material synthesis 

Synthesis of ZnSe nanopatelet: Monodispersed ZnSe nanoplatelets were 

synthesized using a one-pot synthetic method using a literature method with some 

modifications.19 In a typical synthesis, 0.6 mmol of Zn(NO3)2·6H2O and 1.8 mmol of 

selenium powder were mixed with 10 mL of octylamine and 20 mL of oleylamine in 
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a 50 mL three-neck flask. The mixture was heated to 110 °C and kept at this 

temperature for 30 min. The temperature was then increased to 150-170 °C and kept 

at this temperature for a desired reaction time. The reaction was quenched by 

removal of the heating mantle. After cooling to room temperature, 30 mL crude 

reaction mixture was diluted with 20 mL of chloroform. 2 mL of TOP was added in 

order to extract the unreacted selenium. Methanol was added to precipitate the 

nanoparticles with the aid of centrifugation. 

Synthesis of ZnS nanoplatelet: Monodispersed ZnS nanoplatelets were synthesized 

using a one-pot synthetic method. In a typical synthesis, Zn(NO3)2·6H2O (0.3 mmol, 

89 mg) and sulfur (0.9 mmol, 28.9 mg) were mixed with 5 mL of octylamine and 10 

mL of oleylamine in a 50 mL three-neck flask. The mixture was heated to 110 °C 

and kept at this temperature for 30 min. The temperature was then held at 170 °C for 

6 h, before removal of the heating mantel and cooled down to room temperature. The 

product solution was diluted in chloroform, and the nanoplatelets were precipitated 

by adding methanol with the aid of centrifugation.  

Synthesis of ZnTe nanoplatelet: Monodispersed ZnTe nanoplatelets were 

synthesized using a one-pot hot-injection method. In a typical synthesis, 

Zn(NO3)2·6H2O (0.3 mmol, 89 mg) was mixed with 3.224 g of dodecylamine and 16 

mL of oleylamine in a 50 mL three-neck flask. When the mixture was heated to 

60 °C, 2 mL of tributylphosphine-Te (TBP-Te, 0.5 M) was injected, and then the 

reaction temperature was increased to 120 oC. After at 120 oC for 2 hrs, the 

temperature was then held at 200 °C for 30 min, before removal of the heating 

mantel and cooled down to room temperature. The product solution was diluted in 

chloroform, and the nanoplatelets were precipitated by adding methanol with the aid 

of centrifugation.  

Synthesis of CdSe nanoplatelet: Monodispersed CdSe nanoplatelets were 

synthesized using a one-pot synthetic method using a literature method.2 

2.2.2 Materials characterization 

    Ultraviolet-visible (UV-vis) absorption spectroscopy: UV-vis absorption 

spectroscopy was performed on a Perkin Elmer Lambda 35 UV/VIS Spectrometer 

using quartz cuvettes. 

    Powder X-ray diffraction (XRD) patterns: XRD patterns were obtained using Cu 

Kα (λ=1.5406 Å) photons from an X'per PRO (PANalytical) X-ray diffractometer 
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operated at 40 kV and 40 mA. The crude solutions of nanoplatelet samples were 

diluted in chloroform and precipitated by methanol with the aid of centrifugation. 

After repeating this procedure for three times, the powders were further diluted by a 

small amount of toluene and deposited as a thin layer on a low-background scattering 

silicon substrate.  

    Electron microscopy measurement: Transmission electron microscopy (TEM) was 

performed using a JEOL 2100 transmission electron microscope. High-resolution 

TEM (HRTEM), high angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) were performed on a FEI Titan G2 80-200 high-

resolution transmission electron microscope. Samples for electron microscopy 

measurement were prepared by placing a drop of nanoparticle solution in chloroform 

on top of a copper grid coated with an amorphous carbon film.  

2D small-angle X-ray scattering (SAXS): SAXS data were collected using a 

Bruker MetalJet Nanostar SAXS instrument over a scattering range of 0.008-0.348 

Å-1. The beam had a wavelength of 1.34 Å, and a 300-um diameter. Data were 

collected with a fixed sample for 10 minutes, with the background for 2 minutes. The 

radially averaged and background-corrected data were modelled using Irena21 with a 

unified fit model22 for the small-angle scattering and Lorentzian diffraction peaks. 

2.3 Results and discussion 

Figure 2-1 compares the transmission electron microscopy (TEM) image, high-

angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) 

image, and absorption spectra of four wurtzite nanoplatelets. All samples exhibt 

uniform size distributions with a rectangle shape (Figure 2-1a-h), although corner 

truncation is observed in CdSe nanoplatelets (Figure 2-1g,h). The regular rectangular 

shape of ZnS and ZnS nanoplatelets is different from CdSe nanoplatelets with an 

unusual rectangular shape synthesized in the presence of Br− species.18 This is 

because Br− can regulate the growth rate of CdSe nanoplatelets by modulating the 

relative surface energies of the facets of CdSe nanoplatelets as these facets may have 

different binding affinities to Br−, whereas, in our case, the addition of Br− species is 

unlikely to affect the growth and final morphology of ZnSe nanoparticles (Figure 

A1-1)23 since the morphology and adsorption position in UV-vis spectrum of 

intermediates is unchanged with or without Br− addition (Figures 2-3B and A1-1a). 

Interestingly, TEM measurements on nanoplatelets standing on their edges reveal a 
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uniform thickness of ∼1.4−1.6 nm for four kinds of nanoplatelets (insets in Figure 2-

1a,c,e,g). The uniform thickness of ZnSe and ZnS was further confirmed by atomic 

force microscopy (AFM) measurement (Figure 2-2a,b, Figure A1-2). Sizing 

histograms of the thickness on both ZnS (Figure A1-2c) and ZnSe (Figure A1-2d) 

show that those nanoplatelets have an average thickness around 1.4 nm, which 

provide further evidence on the 8-monolayer uniform thickness of wurtzite 

nanoplatelets.  

The contrast of ZnSe and ZnS nanoplatelets in HAADF-STEM images is very 

homogeneous, indicating a uniform flat rectangular shape (Figure 2-1b,d). A close 

inspection of some individual ZnSe nanoplatelets (Figure 2-1d) reveals evidently 

hollow features and patches. In Figure A1-3, we can see more clearly such features 

of hollowness and patchworks, indicating nanoplatelets may have formed by oriented 

attachment (see the following section for details).1,24,25 All four wurtzite 

nanoplatelets show distinct absorption exciton peaks in the range from ultraviolet to 

visible, which are consistent with their respective band gap energies (Figure 2-1i). 

The absorption spectra for ZnSe, ZnTe, and CdSe nanoplatelets show distinct light 

hole−electron (lh-e) and heavy hole−electron (hh-e) transitions, typical of the 

electronic structure of quantum wells (Figure 2-1i). However, these transitions are 

not resolved for ZnS nanoplatelets, possibly because of their small spin−orbit 

splitting, because the spin−orbit coupling is found to decrease with decreasing the 

atomic number of the chalcogens of ZnX (X = Te, Se, S).26 We also have performed 

additional photoluminescence measurements of our materials after ligand exchange 

with tributylphosphine. The PL spectra of the ZnS and ZnSe nanoplatelets (Figure 

A1-4) show a narrow emission band at 296 and 349 nm, respectively. As ZnTe 

nanoplatelets are very unstable and sensitive to air, ZnTe nanoplatelets do not show 

any luminescence. 

X-ray diffraction patterns of ZnS, ZnS, and CdSe nanoplatelets can be 

satisfactorily assigned to the standard wurtzite phase (Figure A1-5a). As ZnTe 

nanoplates are extermely unstable under ambient conditions, XRD measurement of 

ZnTe nanoplatelets is not accessible. The selected area of electron diffraction of 

ZnTe nanoplatelets, however, can be well indexed to the diffractions of the wurtzite 

ZnTe (Figure A1-5b). High-resolution TEM (HRTEM) measurements (Figure 2-2c,d) 

show that the ZnSe and ZnS nanoplatelets are single crystalline. Lattice plane 

spacings extracted from fast Fourier transform (FFT) analyses of selected areas are 
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0.339 nm (1010) and 0.322 nm (0002) for ZnSe (inset in Figure 2-2c), and 0.317 (10

10) and 0.299 nm (0002) for ZnS nanoplatelets (inset in Figure 2-2d), typical of the

wurtzite structure. The sharp feature of the (0002) plane in the XRD patterns (Figure 

A1-5a) indeed corroborates the lateral long axis direction. The above structural 

characterizations verify that these four nanoplatelets crystallize into the wurtzite 

structure. It also enables us to work out the schematic of a single nanoplatelet with 

the wurtzite structure (Figure A1-5c). 

In the following section, we use wurtzite ZnSe nanoplatelets as an illustrative 

example to study their growth mechanism. We combine experimental results with the 

density functional theory (DFT) simulations to reveal why these 2D nanoparticles 

tend to form eight-layer thick wurtzite nanoplatelets. As the reaction evolved for 2 

min at 150 oC, bundled nanowires were obtained (Figure 2-3a1, 2-3a2, Figure A1-6). 

The bundle is composed of several nanowires with a uniform width of ~0.99 nm 

(inset in Figure A1-6a), which is manifested by a band gap absorption at 323 nm in 

UV-vis spectra (1 in Figure 2-3e). The elemental composition of ZnSe nanowires 

was analysed by inductively coupled plasma−optical emission spectrometry (ICP-

OES), confirming that the molar ratio of Zn and Se of the nanowires is 1:1 (Table 2-1 

and Figure A1-7). Actually, these nanowires are assembles formed directly from the 

self-assembly of their respective nanoclusters. Both ZnSe and ZnS nanoclusters 

display distinct exciton peaks at 310/323 nm and 258/270 nm, respectively (Figure 2-

3e, Figure A1-8f).27,28 As the reaction proceeded for 4 min for ZnSe and 2 min for 

ZnS at 150 oC, the bundled nanowires became fused and fragmented (Figure 2-3b1, 

2-3b2, Figure A1-9), and a slight shift to 325 nm is observed in the absorption

spectrum (2 in Figure 2-3e). In addition to the already existing peaks of the 

nanowires, the absorption spectrum (2 in Figure 2-3e) indicates the formation of 

thicker species corresponding to an absorption onset at 348 nm. This increase in 

thickness of the small lateral size nanoplatelets already formed is confirmed by the 

higher contrast they exhibit in comparison to the fused nanowires in HAADF-STEM 

measurements (Figure 2-3b2, Figure A1-6). Maintaining the reaction for 30 min at 

150 oC converted the fused nanowires into small lateral size nanoplatelets completely 

(Figure 2-3c1, 2-3c2) with a significant increase in the thickness from 0.99 nm to 

1.39 nm. This is also indicated by two distinct sharp peaks at 348 nm and 331 nm (3 

in Figure 2-3e) and the disappearance of the peak at 325 nm in the absorption 
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spectrum. Continuing the reaction at this temperature for 2 h produced nearly 

monodisperse nanoplatelets (Figure 2-3d1, 2-3d2). The corresponding absorption 

spectrum of nanoplatelets (4 in Figure 2-3e) is identical to that of the proceeding 

small lateral size nanoplatelets (3 in Figure 2-3e), proving that nanoplatelets formed 

directly from small lateral size nanoplatelets by oriented attachment along the lateral 

direction without increasing the thickness.  

It is worth noting that some nanoplatelets show hollow and patchy features (Figure 

2-3d2, Figure A1-3), which corroborates that the formation of nanoplatelets of the 

wurtzite structure is based on the oriented attachment mechanism.1,24,25 Our 

mechanistic studies on the formation of ZnS nanoplatelets with wurtzite structure 

(Figure A1-8) show similar results, demonstrating the generality of the proposed 

growth mechanism for wurtzite nanoplatelets. 

As each nanowire component of the bundled nanowires has an extremely small 

diameter, i.e., 0.99 nm, it is hard to resolve the crystalline structures of each 

nanowire. This is because specifically focusing the electron beam of the field 

emission electron microscope on such a small nanowire may lead to its 

decomposition because of beam damage. In this sense, we utilized a non-destructive 

method, small-angle X-ray scattering (SAXS), as a powerful tool to understand the 

interactions between individual nanocrystal building blocks and the origin of their 

collective properties. This technique enables us to understand how single amine 

(oleylamine) or a mixture of two primary amines (octylamine and oleylamine) will 

affect the stacking of nanocrystal building blocks (either nanowires or nanoplatelets). 

Table 2-2 summarizes the SAXS model parameter values for the bundled nanowires 

(Figure 2-3f) and stacked nanoplatelets (Figure 2-3h). The SAXS patterns show two 

main peaks, which correspond to the first and second order diffractions from the 

same structure within each sample. The first diffraction peak in Figure 2-3f is 0.1273 

Å-1, which corresponds to a 4.94 nm of centre-to-centre distance (Figure 2-3g). 

Considering the thickness of each nanowire is 0.99 nm, a spacing of 3.95 nm 

between two adjacent nanowires was obtained. This distance is less than the sum of 

the length of two oleylamine ligands of 4.2 nm, suggesting oleylamine ligands on 

adjacent surface of nanowires are tightly buckled (Figure 2-3g).29-33A center-to-

center distance of 4.60 nm (diffraction peak at 0.1366 Å−1) was derived in Figure 2-

3h, and therefore, the spacing between each two adjacent nanoplatelets is 3.21 nm 

considering the thickness of each nanoplatelet is 1.39 nm (Figure 2-3i). This spacing 
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(3.21 nm) corresponds to the sum of the chain length of an oleylamine (2.0 nm) and 

an octylamine (1.2 nm), suggesting the amine chains on the surface of nanoplatelets 

are less buckled (Figure 2-3i). Figure A1-10 summarizes the changes of the 

dimensions of nanoplatelets as a function of reaction time. TEM and SAXS 

measurements suggest that the increases of the thickness of 0.99 nm for the 

nanowires and 1.39 nm for the nanoplatelets may involve monomer diffusion and 

reconstruction. 

To further establish the proposed mechanism and in particular to elucidate why 

nanoplatelets of wurtzite structure exhibit the uniform thickness of ∼1.39 nm 

(equivalent to eight layers of the (11 2 0) plane of wurtzite ZnSe and ZnS), we 

employed the first-principles method based on DFT34-36 to study the surface energy 

and growth kinetics of nanoplatelets (Figures A1-11, A1-12). The non-polar surface 

of (11 2 0) has the lowest surface energy (Figure 2-4a, Table 2-3) and hence is an 

expected dominant facet that determines the final morphology of the nanoplatelets. 

Two equivalent non-polar facets of (101 0)A and (11 00)A are also highly stable 

(inset of Figure 2-4a), and they are the terminated facets of the [1010] and [1100] 

directions, respectively. The polar facets of both (0002) and (000 2 ) have larger 

surface energy than any of the nonpolar surfaces over almost the entire 

thermodynamically allowed range (Figure 2-4a). This, in turn, leads to the fast 

growth of the system along [0002] (c-axis of the wurtzite structure). All of this leads 

to the formation of nanoplatelets with well-defined facets, as is illustrated 

schematically in Figure A1-5c. Our calculation results also show that ZnSe 

monomers always have much higher binding energy on the surfaces of nanoplatelets 

than alkylamine ligands, and thus, the ZnSe nanocrystals’ growth is unlikely 

inhibited by the binding of ligands (Table 2-4 and Figures A1-13−A1-15).

We will now discuss the growth kinetics and illustrate why ZnSe nanoplatelets 

exhibit a uniform thickness of 1.39 nm. We used the nanowire model with a diameter 

of ~0.99 nm periodically repeating along the c-axis (Figure 2-4b) to investigate the 

growth of the nanowires (Figure 2-5a-c, Figure A1-13).37 Two growth pathways 

were considered: oriented fusion of nanowires (Figure 2-5a-c) and growth through 

ZnSe monomers diffusion and reconstruction (Figure 2-5d1, 2-5d2). A side-to-side 

horizontally oriented fusion along the [1100] direction (Figure 2-5a) is expected to be 

the dominated growth process because it has the lowest formation energy compared 
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to any other process (Figure 2-5b, 2-5c, Table 2-4). This growth process 

continuously repeats itself and finally results in the formation of 0.99 nm thick fused 

nanowires. The ZnSe monomer diffusion and reconstruction process become the 

dominant process after the ZnSe nanowires are depleted by means of the fusion 

process (Figure 2-5d1, 2-5d2). To deposit the firstly additional layer along the [11 2 0] 

direction (thickness increases from 0.99 nm to 1.19 nm), the system is required to 

overcome a small energy barrier of 0.0359 eV (equivalent to 415 K) (Figure 2-5d, 

Table 2-4). This can be easily overcome by the thermal energy of the reaction system 

(150 oC, 423.15 K). Following the deposition of the first additional layer on the (11 2

0) surface, the second additional layer will spontaneously form (thickness increases 

from 1.19 nm to 1.39 nm) because of its negative formation energy of -0.2489 eV 

(Figure 2-5d, Table 2-4). However, when the thickness of the nanoplatelets reaches 

1.39 nm, further deposition of any additional atomic layer along the [11 2 0] direction 

is inaccessible because its formation energy significantly increases to 0.0654 eV (760 

K), which is far beyond the range of our experimental conditions (Figure 2-5d, Table 

2-4). Actually, reaction at temperatures above 200 oC led to the conversion of ZnSe 

nanoplatelets into thick ZnSe nanowires (Figure A1-16).  

The 1.39 nm thick nanoplatelets with a small lateral size will continue to form via 

oriented attachment along the [1100] direction. Because of the high surface energy of 

(11 00)B/(10 1 0)B and the low formation energy of (1 1 00)A and (10 1 0)A, ZnSe 

monomers will diffuse and redeposit on the exposed (1100)B/ (1010)B to form the 

new (1100)A and (1010)A surfaces (Figure 2-5d2, Figure A1-17). Growth of any 

additional atomic layer on these surfaces to form (1 1 00)B and (10 1 0)B is very 

difficult due to the large formation energy of 0.8364 eV (Figure 2-5d, Figure A1-17) 

so the new surfaces of (1100)A and (1010)A would be the terminating surfaces in 

their corresponding directions (Figure A1-18). This explains why ZnSe nanoplatelets 

form such a rectangular shape with a uniform thickness of 1.39 nm. DFT calculations 

on the formation energies of diffusion and nuclei construction along the [11 2 0] 

direction for three additional layers for ZnS, CdSe, and ZnTe nanoplatelets have a 

trend similar to that of ZnSe nanoplatelets. Similarly, ZnS, CdSe, and ZnTe 

nanoplatelets (Figures A1-19−A1-21) also undergo similar growth behaviour, 

starting from intermediate products with nanowire morphology and presenting a 
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uniform thickness of eight monolayers along the [11 2 0] direction (see the Appendix 

1 for details).

2.4 Conclusions 

To summarize, a family of wurtzite nanoplatelets with eight-layer thickness with 

atomic precision were prepared, and wurtzite ZnSe nanoplatelets were used as a 

representative to study the growth mechanism. The combination of experimental 

results with DFT simulations reveals that the formation of eight-layer thick wurtzite 

nanoplatelets is kinetically favourable, whereas the formation energy for the growth 

of wurtzite nanoplatelets thicker than eight layers is too large to be accessed by the 

entire thermodynamically allowed range of nanoplatelet growth. 
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2.5 Tables and Figures 

 

Figure 2-1. TEM images of (A) ZnS, (C) ZnSe, (E) ZnTe, and (G) CdSe 

nanoplatelets. HAADF-STEM images of (B) ZnS, (D) ZnSe, (F) ZnTe, and (H) 

CdSe nanoplatelets. I, UV−vis optical spectra of ZnS, ZnSe, ZnTe, and CdSe 

nanoplatelets. Insets in panel I are the photographs of ZnS, ZnSe, ZnTe, and CdSe 

nanoplatelets dispersed in toluene, showing good dispersity of the nanoparticles. 
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Figure 2-2. AFM images (top) and the cross-sectional height analysis (bottom) along 

the long lateral direction of an individual (A) ZnSe and (B) ZnS nanoplatelet. 

HRTEM images of (C) ZnSe and (D) ZnS nanoplatelets. Insets in panels C and D 

marked by red rectangles are the FFT analysis of a selected area of ZnSe and ZnS 

nanoplatelets, revealing the crystallographic relation. 
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Figure 2-3. A, TEM (A1-D1) and B, HAADF-STEM (A2-D2) images of 

intermediates with controlled the reaction time at 150 °C: (A1 and A2) 2 min, (B1 

and B2) 4 min, (C1 and C2) 30 min, and (D1 and D2) 2 h. E, Absorption spectra of 

ZnSe nanocrystals at different growth stages. F, SAXS pattern and G, schematic 

illustration of bundled NWs. H, SAXS pattern and I, schematic illustration of 

stacked NPLs. Insets in panels F and H show 2-D SAXS patterns. Red and orange 

lines in panels G and I correspond to oleylamine and octylamine, respectively. 
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Figure 2-4. A, Surface energy as a function of the chemical potential ΔμZn of ZnSe 

slab surface. Inset shows the zoomed-in view of the highlighted area marked by a 

dashed circle. B, Schematic illustration of the nanowire model showing the initial 

thickness of the nanowires is 0.99 nm. 
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Figure 2-5. A, Horizontal-type oriented fusion of nanowires along the [1 1 00] 

direction. B, Ladder-type oriented fusion of nanowires along the [1100] direction. C, 

Oriented fusion along the [11 2 0] direction. D, Formation energies of diffusion and 

nuclei construction along the [11 2 0] and [1100] directions for three additional layers, 

corresponding to D1 and D2, respectively. The optimized structures corresponding to 

A, B, D1, and D2 are shown in Figure A1-18. 
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Table 2-1. Determination of ZnSe nanowires composition using ICP-OES. 

Se (mg/L) Zn (mg/L) Se (mmol/L) Zn (mmol/L) Molar ratio Zn:Se 

107.510 95.340 1.361572 1.458018 0.933851 

106.443 94.155 1.348059 1.439897 0.936219 

105.242 94.146 1.332848 1.439768 0.925738 

31.881 27.807 0.403768 0.425249 0.949485 

32.324 28.325 0.409369 0.433165 0.945066 

32.481 28.331 0.411356 0.43326 0.949443 

13.608 11.718 0.172342 0.179203 0.961714 

13.589 11.676 0.172097 0.178552 0.963847 

13.724 11.508 0.173808 0.175993 0.987588 
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Table 2-2. SAXS model parameter values for bundled nanowires and stacked 

nanoplatelets. G and P are the Guinier and Porod constants. Rg is the radius of 

gyration. UF is Unified Fit. LP is Lorentzian Peak. *values were fixed during 

refinement. 

 

Parameter Sample 1 Sample 2 

UF1 G  0.192(3) 7.4(4) 

UF1 Rg (Å) 13.4(3) 141(2) 

UF1 P 4* 2.33(2) 

   

UF2 G 0.39(4)  

UF2 Rg (Å) 102(5)  

UF2 P 4*  

   

LP1 intensity 0.383(4) 1.028(13) 

LP1 position (Å-1) 0.1366(2) 0.12730(7) 

LP1 width (Å-1) 0.0420(6) 0.00958(13) 

   

LP2 intensity 0.0320(7) 0.141(2) 

LP2 position (Å-1) 0.2817(11) 0.25283(9) 

LP2 width (Å-1) 0.086(4) 0.01429(13) 

   

LP3 intensity  0.095(3) 

LP3 position (Å-1)  0.1386(6) 

LP3 width (Å-1)  0.0448(9) 
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Table 2-3. The surface energy (eV) of (112
__

0), (101
__

0)A/(11
__

00)A and (101
__

0)B/(11
__

00)B facets as a function of thickness of nanoplatelets. 

 6 layers 7 layers 8 layers 10 layers 

(112
__

0) 0.0158 0.0153 0.0153 - 

(101
__

0)A/(11
__

00)A 0.0166 - 0.0161 0.0161 

(101
__

0)B/(11
__

00)B 0.0564 - 0.0557 0.0557 
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Table 2-4. The binding energy of alkylamine ligands and ZnSe monomers 

adsorption on different sites of exposed surfaces of the ZnSe nanostructure. 

 Top-Zn Top-Se Bridge Hcp Monomer 

(112
__

0) -0.9273 0.0435 -0.0323 -0.9317 -1.8565 

(101
__

0)A/(11
__

00)A -0.7396 -0.0379 -0.8577 -0.8876 -1.7029 

(101
__

0)B/(11
__

00)B -1.1160 0.0064 -1.1160 -2.9506 -3.7583 

(0002) -5.1486 - -4.6258 -3.8125 -5.6899 

(0002
__

) - -1.4489 -1.4494 -1.4514 -3.5373 

Note: details on different sites of exposed surfaces of ZnSe nanostructure are 

depicted in Figure A1-8. 
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Table 2-5. The formation energy (in eV) of diffusion and stacking process and 

fuse process along [112
__

0] direction and [11
__

00] direction, respectively. 

Diffusion process Fuse process 

7th-layer 8th-layer 9th-layer - 

[112
__

0] 0.0359 -0.2489 0.0654 
-0.5979

[11
__

00] -2.7828 0.8364 -2.5247 -7.0577 (Horizontal) -6.9369 (ladder)
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Chapter 3: Heavy-Metal-Free Atomic-Thick Quasi-Two-

Dimensional Colloidal Semiconductor Nanoplatelets for 

Photodetectors 

Abstract 

Atomic-thick quasi-two-dimensional (2D) colloidal semiconductor nanoplatelets 

continue to advance multidisciplinary research field owing to their intriguing size-

dependent optical and electronic properties. Despite intensive exploration given to 

these 2D materials, the synthesis of heavy-metal-free semiconductor nanoplatelets is 

still at primitive stages. The growth mechanism, electronic and optical properties 

behind their highly anisotropic shape and precisely controlled atomic thickness 

remains unclear. Here a robust approach is reported that produces over ten-grams of 

zinc chalcogenide nanoplatelets with atomically uniform thickness under ambient 

conditions. The experimental results showed a previously unknown mechanism for 

the formation of nanoplatelets, which consists of fusion of bundled nanowires, 

followed by monomer diffusion and reconstructions, and finally oriented attachment, 

is revealed. The synthesized ZnSe nanoplatelets exhibit an exceptional narrow 

emission spectrum with full-width at half-maximum as sharp as 90 meV and a 1.9 ns 

radiative fluorescent lifetime at room temperature. ZnSe nanoplatelets-based 

ultraviolet (UV) photodetectors is fabricated using a simple solution process. This 

provides a solid basis for the further applications of ZnS and ZnSe nanoplatelets for 

lighting, display, photodetectors, electronics, catalysis, solar cells, and imaging. 

Keywords: ZnS and ZnSe nanoplatelets, heavy-metal-free, atomic thickness, 

luminescence, ultraviolet photodetectors. 

3.1 Introduction 

In 2004, graphene, the ultra-thin carbon film of monoatomic layer, was born, 

which triggered the frenetic pursuit of two-dimensional nanomaterials by scientific 

research and industry.1-3 Impelled by the discovery and fascinating properties of 

graphene,1,4-7 the pursuit of atomic-thick forms of alternative materials, identified as 

“2D materials”, is springing up. 2D materials are a kind of materials possessing 

lateral sizes ranging from one hundred nanometers to even a few micrometers while 

their thickness is only less than 5 nm.8 So far, there are mainly three types of two-
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dimensional materials: (1) Single-atom elemental 2D materials (Xenes);2 (2) 

Transition metal carbides and nitrides (MXenes);9,10 (3) Transition metal disulfide 

(TMDs).11-15 There are also other two-dimensional materials such as hexagonal 

tantalum nitride,16-18 metal organic frameworks (MOFs),19,20 covalent organic 

frameworks (COFs),21,22 layered double hydroxides (LDHs),23-25 and oxides.24-26 The 

above materials have common metrics that they are single or multi-layer structures 

obtained by stripping two-dimensional layered inorganic crystal materials, and the 

layers are mainly connected by weak forces such as van der Waals forces. As an 

emerging class of materials, 2D materials can be obtained with a thickness of atomic 

precision, and the electrons are confined in the thickness direction due to the 

quantum confinement effect, which will generate some astonishing properties that is 

different from their bulk counterparts. Being analogous to graphene and transition 

metal dichalcogenides, atomically thin semiconductor nanocrystals are emerging as a 

class of intriguing materials with broad utility27-34 due to the remarkable electronic 

properties of quantum wells such as giant oscillator strength,29 exceptionally narrow 

fluorescence,28,29 low lasing threshold35-37 and ultrafast exciton dynamics.29,38-43 

Motivated by the compelling properties and innovative applications of such ultrathin 

2D nanomaterials, various synthetic methods have been developed. Generally 

speaking, the existing strategies are separated into two categories: top-down method 

and bottom-up method. The former method mainly includes mechanical forced- or 

ion intercalation-assisted liquid exfoliation.44 In the process of exfoliation, the 

interlayer attraction of layered bulk parent crystals will be swelled and weakened 

into completely separated layers with the aid of mechanical sonication or chemical 

intercalation. The aforementioned liquid exfoliation is promising and applicable for 

the high-yield production of ultrathin 2D nanomaterials. However, its disadvantages 

should never be overlooked. Note that for the method of liquid exfoliation in solvents, 

three aspects should be outlined: (1) The liquid exfoliation strategy is only suitable 

for those parent bulk crystals which possess a layered structure; (2) Only when the 

surface energy of the solvent is matching to that of the layered bulk materials, 

effective exfoliation can be achieved; (3) The exfoliated layers are not stable for the 

absence of protection of ligands. In contrast, colloidal syntheses, as one of the 

bottom-up approaches, in principle, are more versatile for the formation of ultrathin 

2D nanomaterials, especially for the non-layered NCs. In this regard, developing a 

strategy for fabrication of atomic-thick layers of non-layered compounds triggers 
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numerous efforts among scientific communities. Despite intense efforts over past 10 

years, currently semiconductor nanocrystals still face several challenging issues: (i) 

the growth mechanism of nanoplatelets with wurtzite structure remains unclear 

although there are several mechanistic studies on nanoplatelets with zinc blende 

structure;28,31-33,41 (ii) most reported nanoplatelets contain highly toxic heavy-metal 

ions such as cadmium28-33,35-41 and lead;27,45-47 (iii) the synthesis usually utilizes toxic 

organic phosphines as ligands/solvents and produces only small quantities of a few 

tens to a few hundreds of milligrams;27,29,31-33,35,41,45 (iv) the synthesis require tedious 

multistep reactions [e.g. preparation and purification of the seeds, hot injection of 

precursor at elevated temperatures], and rigorous experimental conditions [e.g. 

oxygen- and moisture-free environments], and suffer from batch-to-batch 

variability.29-33,35-41 All of the above issues impede their large-scale production and 

commercialization.  

We report on a facile, scalable, robust and phosphine-free one-pot wet-chemical 

approach for fabricating free-standing heavy-metal-free colloidal zinc chalcogenide 

nanoplatelets with atomically uniform thickness under ambient conditions. 

3.2 Experimental section 

Chemicals. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O,), zinc chloride (ZnCl2), zinc 

acetate dihydrate (Zn(CH3COO)2·2H2O), zinc iodide (ZnI2), selenium powder, sulfur 

powder, hexylamine, octylamine, decylamine, dodecylamine, hexadecylamine, 

oleylamine, oleic acid, 1-octadecene (ODE), trioctylphosphine (TOP), anhydrous 

chloroform and anhydrous methanol were purchased from Sigma Aldrich. All 

chemicals were used without further purification. 

3.2.1 Synthesis of nanoplatelets 

     All syntheses were carried out under inert atmosphere using standard Schlenk 

techniques. Then the same syntheses were also conducted under ambient conditions 

in order to investigate if the synthesis of nanoplatelets is sensitive to oxygen and 

moisture. The quality of the products obtained under ambient conditions is the same 

as that obtained using standard Schlenk techniques. Therefore, in the following 

experiments, all the syntheses were carried out under ambient conditions unless 

otherwise stated. 
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ZnSe nanoplatelets synthesis: Monodisperse ZnSe nanoplatelets were synthesized 

using a one-pot synthetic method using a literature method with some 

modifications.48 In a typical synthesis, 0.6 mmol Zn(NO3)2·6H2O and 1.8 mmol 

selenium powder were mixed with 10 mL octylamine and 20 mL oleylamine in a 50 

mL three-neck flask. The mixture was heated to 110 °C and kept at this temperature 

for 30 min. The temperature was then increased to 150-170 °C and kept at this 

temperature for a desired reaction time. The reaction was quenched by removal of 

the heating mantle. After cooling to room temperature, 30 mL crude reaction mixture 

was diluted with 20 mL chloroform. 2 mL TOP was added in order to extract the 

unreacted selenium. Methanol was added to precipitate the nanoparticles with the aid 

of centrifugation. Same experimental conditions were used with other short-chain 

alkylamines except that oleylamine was replaced with octylamine (Table 3-1). 

Zn(NO3)2·6H2O has also been replaced by other zinc precursors, i.e. ZnCl2, 

Zn(ac)2·2H2O, ZnI2, to prepare ZnSe nanoplatelets, as detailed in Table 3-1. 

Up-scaled synthesis of ZnSe nanoplatelets under ambient conditions: The 

synthetic procedure for up-scaled synthesis of ZnSe nanoplatelets was conducted 

under ambient conditions. In this synthesis, Zn(NO3)2·6H2O (100 mmol, 29.7 g) and 

selenium powder (300 mmol, 23.7 g) were mixed with 120 mL octylamine and 240 

mL oleylamine in a 500 mL three-neck flask using an oil bath as the heating source 

(Figure 3-1A). The mixture was heated to 110 °C and kept at this temperature for 30 

min. The temperature was then increased to 150-170 °C and kept at this temperature 

for a desired reaction time. The reaction was quenched by removal of the heating 

mantle. After cooling to room temperature, the crude solution was diluted with 

chloroform. TOP was added in order to extract the unreacted selenium. Methanol 

was added to precipitate the nanoparticles with the aid of centrifugation. The 

precipitation was dried under 60 oC and 19.9 g powders were obtained (Figure 3-1C, 

3-1D).

ZnS nanoplatelets synthesis: Monodisperse ZnS nanoplatelets were synthesized 

using a one-pot synthetic method. In a typical synthesis, Zn(NO3)2·6H2O (0.3 mmol, 

89 mg) and sulfur (0.9 mmol, 28.9 mg) were mixed with 5 mL octylamine and 10 

mL oleylamine in a 50 mL three-neck flask. The mixture was heated to 110 °C and 

kept at this temperature for 30 min. The temperature was then held at 170 °C for 6 h, 

before removal of the heating mantel and cooled down to room temperature. The 
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product solution was diluted in chloroform, and the nanoplatelets were precipitated 

by adding methanol with the aid of centrifugation.  

Up-scaled synthesis of ZnS nanoplatelets under ambient conditions: In a typical 

synthesis, Zn(NO3)2·6H2O (100 mmol, 29.7 g) and sulfur powder (300 mmol, 9.6 g) 

were mixed with 120 mL octylamine and 240 mL oleylamine in a 500 mL three-neck 

flask using an oil bath as the heating source (Figure A2-1a). The mixture was heated 

to 110 °C and kept at this temperature for 30 min. The temperature was then held at 

170 °C for 6 h, before removal of the heating mantel and cooled down to room 

temperature. The product solution was diluted in chloroform, and the nanoplatelets 

were precipitated by adding methanol with the aid of centrifugation. The 

precipitation was dried under 60 oC and 15.9 g powders were obtained (Figure A2-1c, 

A2-1d).  

Alloyed ZnS0.75Se0.25 nanoplatelet synthesis: The synthetic procedure for alloyed 

ZnSe0.25S0.75 nanoplatelets was the same as that for ZnS nanoplatelets, except a 

mixture of chalcogens containing selenium (0.15 mmol, 11.8 mg) and sulfur (0.45 

mmol, 14.5 mg) were used. 

Alloyed ZnS0.50Se0.50 nanoplatelet synthesis: The synthetic procedure for alloyed 

ZnSe0.50S0.50 nanoplatelets was the same as that for ZnS nanoplatelets, except a 

mixture of chalcogens containing selenium (0.45 mmol, 35.5 mg) and sulfur (0.45 

mmol, 14.5 mg) were used. 

3.2.2 Lateral size control of nanoplatelets 

ZnSe nanoplatelets with a lateral size of 33.9±4.6 nm: In a typical synthesis, 

Zn(NO3)2·6H2O (0.3 mmol, 89 mg) and selenium powder (0.9 mmol, 71 mg) were 

mixed with 5 mL octylamine and 10 mL oleylamine in a 50 mL three-neck flask. The 

mixture was heated to 110 °C and kept at this temperature for 30 min. The 

temperature was then held at 170 °C for 60 min, before removal of the heating 

mantel and cooled down to room temperature. The product solution was diluted in 

chloroform, and the nanoplatelets were precipitated by adding methanol with the aid 

of centrifugation.  

ZnSe nanoplatelets with a lateral size of 57.4±16 nm: The synthetic 

procedure for the synthesis of ZnSe nanoplatelets was the same as that for the typical 

synthesis of ZnSe nanoplatelets with a lateral size of 33.9±4.6 nm described above, 
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except that 5 mL octylamine was replaced by decylamine with the same and the 

temperature for reaction was held at 170 °C for 10 h.  

ZnSe nanoplatelets with a lateral size of 76.9±19 nm: The synthetic 

procedure for the synthesis of ZnSe nanoplatelets was the same as that for the typical 

synthesis of ZnSe nanoplatelets with a lateral size of 33.9±4.6 nm described above, 

except that the temperature was held at 170 °C for 6 h.  

ZnSe nanoplatelets with a lateral size of 84.2±12.5 nm: The synthetic 

procedure for the synthesis of ZnSe nanoplatelets was the same as that for the typical 

synthesis of ZnSe nanoplatelets with a lateral size of 33.9±4.6 nm described above, 

except that the temperature was held at 160 °C for 6 h. 

ZnSe nanoplatelets with a lateral size of 98.3±12.2 nm: The synthetic 

procedure for the synthesis of ZnSe nanoplatelets was the same as that for the typical 

synthesis of ZnSe nanoplatelets with a lateral size of 33.9±4.6 nm described above, 

except that the reaction was conducted under ambient environment. 

ZnSe nanoplatelets with a lateral size of 103.2±12.7 nm: The synthetic 

procedure for the synthesis of ZnSe nanoplatelets was the same as that for the typical 

synthesis of ZnSe nanoplatelets with a lateral size of 33.9±4.6 nm described above, 

except that ZnI2 (0.3 mmol, 96 mg) was used. 

3.2.3 Materials characterization 

    Ultraviolet-visible (UV-vis) absorption spectroscopy: UV-vis absorption 

spectroscopy was performed on a Perkin Elmer Lambda 35 UV/VIS Spectrometer 

using quartz cuvettes. 

    Fluorescence spectroscopy: fluorescence spectrum was obtained using an Agilent 

Cary Eclipse fluorescence spectrophotometer. 

Powder X-ray diffraction (XRD) patterns: XRD patterns were obtained using Cu 

Kα (λ=1.5406 Å) photons from an X'per PRO (PANalytical) X-ray diffractometer 

operated at 40 kV and 40 mA. The crude solutions of nanoplatelet samples were 

diluted in chloroform and precipitated by methanol with the aid of centrifugation. 

After repeating this procedure for three times, the powders were further diluted by a 

small amount of toluene and deposited as a thin layer on a low-background scattering 

silicon substrate.  

    Electron microscopy measurement: Transmission electron microscopy (TEM) was 

performed using a JEOL 2100 transmission electron microscope. High-resolution 
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TEM (HRTEM), high angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) and STEM-energy dispersive X-ray spectroscopy 

(EDX) were performed on a FEI Titan G2 80-200 high-resolution transmission 

electron microscope. Samples for electron microscopy measurement were prepared 

by placing a drop of nanoparticle solution in chloroform on top of a copper grid 

coated with an amorphous carbon film.  

    Thermal gravimetric analysis (TGA)-differential thermal analysis (DTA): The 

analysis was performed on a TA Instruments SDT Q600 simultaneous TGA-DTA. 

Samples were prepared similar to those for XRD. Approximately 10 mg of sample 

was weighed into a 110 µL platinum crucible with a matched empty crucible as a 

reference. The sample was heated from ambient to 743 °C at 10 °C per minute in a 

nitrogen atmosphere flowing at 100 mL per min, and then the system cooled to 

200 °C. The system was heated to again 743°C at 10 °C per minute in air flowing at 

100 mL per min. 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 standards provided by 

the instrument manufacturer. The heat flow between the pans was calibrated using a 

sapphire disk provided by the manufacturer. The cell constant was fine-tuned using 

the heat of fusion of zinc (113 J/g). 

    Photophysical measurements: Uncorrected steady-state emission spectra were 

recorded using an Edinburgh FLSP980-stm spectrometer equipped with a 450 W 

xenon arc lamp, double excitation and emission monochromators, a Peltier-cooled 

Hamamatsu R928P photomultiplier (185-850 nm). Emission spectra were corrected 

for source intensity (lamp and grating) and emission spectral response (detector and 

grating) by a calibration curve supplied with the instrument. Overall quantum yields 

were measured with the use of an integrating sphere coated with BenFlect. 

Fluorescence emission lifetimes (τ) were determined with the time-correlated single 

photon counting technique (TCSPC) with the same Edinburgh FLSP920 

spectrometer using pulsed picosecond LEDs (EPLED 280 or EPLED 320, FHWM 

<800 ps) as the excitation source, with repetition rates between 10 kHz and 1 MHz, 

and the above-mentioned R928P PMT as detector. To record the fluorescence spectra 

at 77 K, the samples were placed in quartz tubes (2 mm diameter) and inserted in a 
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special quartz Dewar filled with liquid nitrogen. To measure the fluorescence spectra 

at different temperatures from 77 K to 287 K, the samples were placed in quartz 

cuvettes in a liquid nitrogen cryostat (Oxford Instrument). All the solvents used in 

the preparation of the solutions for the photophysical investigations were of 

spectrometric grade. Experimental uncertainties are estimated to be ±10% for 

lifetimes and ±20% for quantum yields. 

3.2.4 Fabrication of photodetectors 

The ZnSe nanoplatelet powers were dispersed in toluene (10 mg mL-1) with 

sonication (Figure A2-25). Interdigitated electrode arrays on quartz substrates were 

cleaned subsequently with detergent water, acetone and isopropanol for 30 minutes 

with sonication, then blow dried with nitrogen and treated with oxygen plasma. The 

size and geometry of the interdigitated electrodes are shown in Figure A2-26. 10 µL 

ZnSe/toluene was dropped on the cleaned interdigitated electrode and the solvent 

was evaporated at room temperature. The sample was then baked at 300 ℃ in 

nitrogen for 30 min. 

3.3 Results and discussion 

In comparison to the standard Schlenk techniques for the preparation of 

colloidal nanoparticles that require moisture- and oxygen-free environments, our 

synthesis of zinc chalcogenide nanoplatelets were conducted under ambient 

conditions using an easily accessible experimental apparatus containing a hot plate, 

an oil bath and a flask (Figure 3-1A, Figure A2-1a). The purification of the crude 

solutions (Figure 3-1B, Figure A2-1b) yields substantial amounts of dried zinc 

chalcogenide nanoplatelet powders, i.e. 19.9 g ZnSe (Figure 3-1C, 3-1D) and 15.9 g 

ZnS (Figure A2-1c, A2-1d), with yield of 71.3% for ZnSe nanoplatelets and 82.1% 

for ZnS nanoplatelets, which are about three orders of magnitude larger than the 

amount of nanoparticles obtained in a conventional synthesis (see supporting 

information). In these experiments, a mixture of oleylamine and a short-chain 

alkylamine (e.g. hexylamine, octylamine and decylamine) was used as both solvent 

and surfactant, which provides a mild reducing environment and ensures slow 

growth kinetics, making the scalable one-pot synthesis of nanoplatelets possible 

under ambient conditions. As shown in Figure A2-2 and A2-3, monodisperse ZnSe 

nanoplatelets were also obtained in the syntheses in which a variety of amines and 
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zinc precursors were used, demonstrating the robustness of this synthetic route 

(Table 3-1). Thermal gravimetric analysis-differential thermal analysis (TGA-DTA) 

(Figure A2-4) results reveal the amine ligands contribute approximately 49wt% of 

the total collected mass. This value is much higher than the ligand loss of spherical 

nanoparticles, which is ~20wt%.49-51 This is because of the larger surface to volume 

ratio of the platelets with respects to spheres, and also because flat, extended facets 

of nanoplatelets can support more ligand interaction through better surface contact 

than curved facets in spherical particles.52,53 

Transmission electron microscopy (TEM) images of the products show nearly 

monodisperse rectangular nanoplatelets with length ranging from 30 nm to 100 nm 

and width 4 nm to 18 nm (Figure 3-1E, 3-1H, Figure A2-5, A2-6). TEM 

measurements on nanoplatelets standing on their edges reveal a uniform thickness of 

~1.39 nm (insets in Figure 3-1E, 3-1H). This was further confirmed by atomic force 

microscopy (AFM) measurement (Figure 3-1G, 3-1J, Figure A2-7). The contrast of 

ZnSe and ZnS nanoplatelets in high angle annular dark field-scanning transmission 

electron microscopy (HAADF-STEM) images is very homogenous, indicating a 

uniform flat rectangular shape (Figure 3-1F, 3-1I, Figure A2-5). A close inspection 

of some individual ZnSe nanoplatelets (Figure 3-1I, Figure A2-8) reveals evidently 

hollow feature and patches, indicating nanoplatelets may have formed by oriented 

attachment (see the following section for details).27,47,54 STEM-energy-dispersive X-

ray (EDX) element maps (Figure A2-9) of zinc chalcogenide nanoplatelets show that 

both Zn and chalcogens are evenly distributed throughout the structures with an 

approximately stoichiometric ratio (Figures A2-10−A2-12, Table 3-2), being 

consistent with their chemical compositions.  

High-resolution TEM (HRTEM) measurements (Figure 3-1K, Figures A2-

13−A2-15) show that the nanoplatelets are crystalline. Lattice plane spacings 

extracted from fast Fourier transform (FFT) analyses of selected areas are 0.339 nm 

(1010) and 0.322 nm (0002) for ZnSe (Figure 1L, Figure A2-13), and 0.317 (1010) 

and 0.299 nm (0002) for ZnS nanoplatelets (Figure A2-14, A2-15), typical of the 

wurtzite structure. Selected area electron diffraction (SAED) patterns of 

nanoplatelets in Figure 3-1M and Figure A2-14c show a set of well-defined rings 

indexed to wurtzite ZnSe and ZnS, respectively. Fourier filtering (Figure A2-16) of 

both (1010) and (0002) planes can be used to enhance the visibility of the platelets 
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against the amorphous carbon background of the TEM grid. It shows both (1010) and 

(0002) planes on an individual nanoplatelet (Figure A2-16). XRD patterns of ZnSe 

and ZnS (Figure 3-1N) match with the wurtzite structure but clearly show a slight 

shift to higher angles in comparison with each standard XRD pattern. This is likely a 

result of the contraction of the ZnSe and ZnS lattices because of the high 

compressive stress, i.e. 1.38 GPa for ZnSe and 5.91 GPa for ZnS (see Supporting 

Information for details), exerted by surface-passivating amine ligands.28,55 The 

gigapascal compressive stress exerted by surface ligands may also explain the 

twisting of ZnSe nanoplatelets along the long lateral direction (Figure A2-17).56,57 

The sharp feature of the (0002) plane in the XRD patterns (Figure 3-1N) indeed 

corroborates the lateral long-axis direction. The structural characterizations allow us 

to work out the schematic of a single nanoplatelet with wurtzite structure (Figure 3-

1O).  

The growth mechanism of zinc blende semiconductor nanoplatelets such as 

CdSe has been interpreted differently by several research groups, wherein lateral 

extension of the pre-existing seed33,41 and intrinsic growth instability31 have been 

proposed to explain the formation of anisotropic shape of nanoplatelets from the 

isotropic crystal structure. In wurtzite CdSe nanoplatelets, it was proposed that the 

platelets form by assembly/attachment of preformed clusters within the soft template 

lamellar structures.28,32 We herein study the intermediate products of wurtzite ZnSe 

and ZnS nanoplatelets to understand how they form. When the reaction proceeds for 

2 min at 150 oC, bundled ZnSe nanowires formed (Figure 3-2A). With the reaction 

for 4 min at 150 oC, a mixture containing fused fragmented nanowires and small 

lateral size ZnSe nanoplatelets came into being (Figure 3-2B). When nanoplatelets 

react for 30 min at 150 oC, small lateral size ZnSe is obtained (Figure 3-2C). Finally, 

the reaction of 2 h at 150 oC yields monodisperse ZnSe nanoplatelets (Figure 3-2D). 

In our experiments, we find no evidence of template growth, but a previously 

unknown growth mechanism is illustrated. The schematic illustration of the 

formation of ZnSe nanoplatelets is shown in Figure 3-2E. Initially, bundles of 

nanowires are formed; the bundles then fuse and fragmented, and then convert into 

nanoplatelets with small lateral size via monomer diffusion and reconstruction; 

finally, the proceeding small lateral size nanoplatelets assemble via oriented 

attachment into nanoplatelets. 
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Nanoplatelets have a giant oscillator strength transition, which will be 

manifested by a significantly short exciton radiative decay time.29,58 To this end, we 

performed ligand exchange using tributylphosphine (TBP) or trioctylphosphine (TOP) 

to increase the fluorescence quantum yield by passivating the surface traps of 

nanoplatelets (Figure A2-18, A2-19, also see Appendix 2 for details). We 

synthesized alloyed ZnS1-xSex (x=0.25, 0.50) nanoplatelets to further tailor the band 

gap of nanoplatelets (Figure 3-3A, 3-3B), which enables tuning the fluorescent 

emission between 296 nm and 349 nm (Figure 3-3C, 3-3D). The absorption spectra 

for ZnSe and ZnS0.50Se0.50 nanoplatelets show distinct light hole-electron (lh-e) and 

heavy hole-electron (hh-e) transitions, typically of the electronic structure of 

quantum wells (Figure 3-3C). However, these transitions are not resolved for ZnS 

and ZnS0.75Se0.25 nanoplatelets, possibly because their small spin-orbit splitting, since 

the spin-orbit coupling is found to decrease with decreasing the atomic number of the 

chalcogens of ZnX (X=Te, Se, S).59 This finding is in consistence with that for CdS 

nanoplatelets whose lh-e and hl-e transitions are also not resolved because of the 

small spin-orbit splitting of the valance bands.3 The emission spectra of nanoplatelets 

shows extremely narrow emission bands with full-width at half-maximum (FWHM) 

as sharp as 90 meV for ZnSe nanoplatelets (Figure 3-3D, Table 3-3), suggesting 

atomically flat and extended surfaces of these quantum wells. 

The fluorescence emission band of ZnSe nanoplatelets continue to shift to lower 

energy as the temperature decreases from room temperature to 77 K (Figure 3-3E, 

Figure A2-20). The fluorescence lifetimes for zinc chalcogenide nanoplatelets are ~2 

ns at room temperature (Figure 3-3F) and are slightly shorter at 77 K (Figure A2-21). 

Such lifetimes are more than two orders of magnitude faster than that for spherical 

ZnSe nanoparticles60 and are only about a half of that of CdSe nanoplatelets.29 In 

addition, we have conducted additional experiment to study the effect of hollow and 

size feature on the PL and lifetime of the nanoplatelets. In the reaction, we took 

several aliquots. We checked it by UV-vis, PL, TEM and STEM measurement. In 

Figure A2-22b,c, the aliquot contains more bundled nanowires than small 

nanoplatelets. The emission is very low, originating from surface defects, and we 

cannot measure the lifetime of bundled nanowires. For small nanoplatelets (Figure 

A2-22d-f), the emission is at 361 nm, and the lifetime is 0.4 ns and 2 ns, showing a 

double exponential decay (inset in Figure A2-22d). In summary, the small 

nanoplatelets showed same order of magnitude lifetime decay, with ZnSe, ZnS, and 



  54 

 

their alloyed structures. The extremely short fluorescence lifetimes can be attributed 

to the giant oscillator strength transition of quantum wells with strong spatial 

confined excitons.58 

Both ZnS and ZnSe nanoplatelet powders show excellent stability and dispersity. 

After being kept under ambient light for 8 months, TEM measurements on the 

powder samples of both ZnS (Figure A2-23) and ZnSe (Figure A2-24) nanoplatelets 

show that the nanoplatelets retain their original morphology without any aggregation. 

The aged powder samples of both ZnS and ZnSe nanoplatelets can be readily 

dispersed into toluene solution, showing the sharp features of the absorption exciton 

peaks similar to the as-synthesized nanoplatelets, although a 2 nm red-shift of the 

first exciton peak is observed. 

Photo responses to 365 nm and 254 nm UV light were studied for ZnSe 

nanoplatelets. Devices were prepared with interdigitated electrodes on quartz 

substrates according to a procedure described in the experimental section, in which 

ZnSe nanoplatelets were dispersed in toluene (10 mg mL-1) with sonication (Figure 

A2-25). The size and geometry of the interdigitated electrodes are shown in Figure 

A2-26. A microscopic optical image of the active device area is presented in Figure 

3-4A. The gap between two neighboring electrodes is 10 µm. Current-Voltage 

characteristics were obtained by sweeping the voltage from -100 V to 100 V at 1 

V/step with and without UV light irradiation. As shown in Figure 3-4B, the device 

has obvious photo-induced current for both wavelengths. Figure 3-4C and 3-4D 

show the transient responses of the photodetector to 365 nm and 254 nm UV light, 

respectively. In both cases, the device currents exhibit a steep rise and fall with a 

response time of about 0.3 seconds (Figure A2-27a-d) upon turning on and off the 

UV light. The photo-induced current at 100 V is about 7 nA excited by the 365 nm 

UV light and about 1.5 nA by the 254 nm UV light, suggesting that the photodetector 

has a spectrum responsivity of about 3.5 mA W-1 at 365 nm and 0.6 mA W-1 at 254 

nm, respectively. In comparison, commercial gallium phosphide (GaP)-based UV 

detectors have a responsivity of about 90 mA W-1 at 365 nm and 30 mA W-1 at 254 

nm, respectively.61 Nonetheless, the fabrication of the GaP UV detectors usually 

requires high temperature and high vacuum processes and expensive single-

crystalline epitaxial substrates. The simple solution process in our ZnSe nanoplatelet 

UV detectors can eventually lead to scalable manufacturing of large area and low-

cost devices in both rigid and flexible substrates. 
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3.4 Conclusions 

To summarize, we have synthesized 1.4 nm atomic thick, air stable, scalable ZnSe, 

ZnS nanoplatelets via a one-pot heat-up method. The resulting nanoplatelets exhibit 

strong confinement effects as well as exceptional narrow emission spectrum with 

full-width at half-maximum as sharp as 90 meV and a 1.9 ns radiative fluorescent 

lifetime at room temperature. ZnSe nanoplatelets-based ultraviolet (UV) 

photodetectors has a spectrum responsivity of about 3.5 mA W-1 at 365 nm and 0.6 

mA W-1 at 254 nm, respectively. This work will offer some idea on the rational 

synthesis of other semiconductors, providing a solid basis for the further emerging 

light applications. 
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3.5 Tables and Figures 
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Figure 3-1. One-pot ultralarge scale synthesis under ambient conditions and 

structural characterizations of zinc chalcogenide nanoplatelets. Reaction setup A, 

and crude solution B, of ZnSe nanoplatelets. C,D, Photographs of a dried powder 

sample showing the Petri dish containing 19.9 g ZnSe nanoplatelets. A US quarter 

dollar coin is given in (C) for comparison. E, TEM image of ZnS nanoplatelets. F, 

HAADF-STEM image of ZnS nanoplatelets. G, AFM image (top) and the cross-

section height analysis (bottom) along the long lateral direction of an individual ZnS 

nanoplatelet. H, TEM image of ZnSe nanoplatelets. Insets in (E, H) show 

nanoplatelets standing on their edges, revealing their uniform thickness of ~1.39 nm. 

Scale bars of Insets in (E, H) are 5 nm. I, HAADF-STEM image of ZnSe 

nanoplatelets. Hollow feature and patches of nanoplatelets are highlighted by dashed 

circles in (I). J, AFM image (top) and the cross-section height analysis (bottom) 

along the long lateral direction of an individual ZnSe nanoplatelet. K, HRTEM 

image of ZnSe nanoplatelets. (L, FFT image of a selected area in (K) marked by a 

red rectangle, revealing the crystallographic relation. The arrow in (K) indicating the 

orientation of the long axis of ZnSe nanoplatelets is parallel to the crystallographic c-

axis of the wurtzite structure. M, SAED pattern of ZnSe nanoplatelets showing a set 

of distinct rings indexed to a wurtzite phase. N, XRD patterns of ZnSe and ZnS 

nanoplatelets indicating all diffraction peaks shift to high angle with respect to their 

respective standard XRD patterns. The standard XRD patterns for wurtzite ZnSe and 

ZnS are presented for reference. O, Schematic illustration of a single ZnSe 

nanoplatelet, revealing the predominant basal (112̅0) facet, the side (101̅0) and (0002) 

facets.  
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Figure 3-2. Mechanistic study of the formation of wurtzite ZnSe nanoplatelets. 

TEM (A-D) images. A, 2 min at 150 oC yielding bundled ZnSe nanowires. B, 4 min 

at 150 oC yielding a mixture containing fused fragmented nanowires and small lateral 

size ZnSe nanoplatelets. C, 30 min at 150 oC yielding small lateral size ZnSe 

nanoplatelets. D, 2 h at 150 oC yielding monodisperse ZnSe nanoplatelets. All scale 

bars are 50 nm. E, Schematic illustration of the formation of ZnSe nanoplatelets: 

initially, bundles of nanowires are formed; the bundles then fuse and fragmented, and 

then convert into nanoplatelets with small lateral size via monomer diffusion and 

reconstruction; finally, the proceeding small lateral size nanoplatelets assemble via 

oriented attachment into nanoplatelets. 
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Figure 3-3. Optical spectroscopy of zinc chalcogenide nanoplatelets. A, TEM and 

HAADF-STEM (inset) images of ZnS0.75Se0.25 nanoplatelets. B, TEM and HAADF-

STEM (inset) images of ZnS0.50Se0.50 nanoplatelets. All scale bars are 50 nm. C, 

Comparison of absorption (solid lines) and fluorescence emission (dash-dotted lines) 

spectra of zinc chalcogenide nanoplatelets. The light hole-electron and heavy hole-

electron transitions are marked as lh-e and hh-e, respectively. D, Normalized 

fluorescence emission spectra of zinc chalcogenide nanoplatelets showing the 

tunability of the emission wavelengths from 296 nm to 349 nm. The FWHMs for 

ZnSe, ZnS0.50Se0.50, ZnS0.75Se0.25, and ZnS are 9 nm, 9 nm, 13 nm, and 14 nm, 

respectively. E, Normalized fluorescence emission spectra of ZnSe nanoplatelets for 

different temperatures. F, Fluorescence lifetimes of zinc chalcogenide nanoplatelets 

at room temperature.    
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Figure 3-4. ZnSe nanoplatelet-based photodetectors. A, A microscopic image 

showing the active area of one photodetector. B, Current-Voltage characteristics of 

one photodetector measured at dark, with 365 nm (500 µW cm-2) and 254 nm (650 

µW cm-2) UV light irradiation, respectively. Transient responses of the photodetector 

with light ON and OFF and 100 V biasing for C, 365 nm UV light and D, 254 nm 

UV light.  
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Table 3-1. Summary of the syntheses of ZnSe nanoplatelets. 

Zinc Source Primary  

Amines 

Reaction  

Temperature  

Reaction  

Time 

First Exciton  

Peak  

Thickness  

Zn(NO3)2·6H2O 

Hexylamine 120 oC 6 h - - 

Octylamine 170 oC 2 min-6 h 348 nm 1.39 nm 

Decylamine 170 oC 2-6 h 348 nm 1.39 nm 

Oleylamine 170 oC 2-10 h 348 nm 1.39 nm 

Hexylamine + 

Oleylamine 

120 oC 2-12 h 348 nm 1.39nm 

Octylamine + 

Oleylamine 

170 oC 2 min-6 h 348 nm 1.39 nm 

Decylamine + 

Oleylamine 

170 oC 10 min-1.5 h 348 nm 1.39 nm 

ZnCl2 Octylamine + 

Oleylamine 

170 oC 2 h-6 h 348 nm 1.39 nm 

Zn(ac)2·2H2O Octylamine + 

Oleylamine 

170 oC 10 min-10 h 348 nm 1.39 nm 

ZnI2 Octylamine + 

Oleylamine 

170 oC 10 min-6 h 348 nm 1.39 nm 

ZnCl2 + ZnI2 Decylamine + 

Oleylamine 

170 oC 10 min-6 h 348 nm 1.39 nm 

Note: The synthesis using hexylamine as the solvent produced white powders 

without any distinct absorption features associated with ZnSe.  
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Table 3-2. STEM-EDX spectroscopy analyses of zinc chalcogenide nanoplatelets. 

Sample Zn at% S at% Se at% 

ZnS 47.3 52.7 

ZnSe 45.5 54.5 

ZnS0.75Se0.25 58.7 28.6 12.7 
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Table 3-3. Optical properties of zinc chalcogenide nanoplatelets. 

Sample Exciton 

peak/nm 

PL peak/nm FWHM/ 

meV (nm) 

Lifetime/ns PLQY 

lh-e hh-e RT 77K 

ZnSe  

(Toluene +TBP) 

330 349 349 90 (9) 1.86 1.76 0.03% 

ZnSe (TBP) 330 349 349 90 (9) 4.25 3.00 0.73% 

ZnS0.50Se0.50 

(Toluene +TBP) 

319 334 336 145 (9) 2.30 1.75 0.23% 

ZnS0.75Se0.25 

(Toluene +TBP) 

- 301 328 145 (13) 2.06 1.76 (𝛕1) 

3.92(𝛕2) 

0.28% 

ZnS (TOP) - 284 296 199 (14) 2.18 2.12 - 

Note: lh-e: light hole-electron; hh-e: heavy hole-electron.  

The fluorescent emission lifetime curve for ZnS0.75Se0.25 (Toluene +TBP) at 77 K 

show a bi-exponential decay, with 𝛕1= 1.76 ns and 𝛕2=3.92 ns.  
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Chapter 4: Colloidal Two-Dimensional Monolayer MoS2 

Nanosheets for Electrocatalytic H2 Evolution 

Abstract 

Nanoparticle-based electrocatalytic hydrogen generation (HER) through water-

splitting devices has attracted tremendous attention. As benchmark materials, two-

dimensional MoS2 nanosheets, owing to their low hydrogen adsorption free energy, 

has been considered to be a promising low-cost non-precious alternative 

electrocatalyst for largely enhanced electrocatalytic HER. However, the lower active-

edge-site density of MoS2 has, to a large extent, limited the overall catalytic 

performance towards HER. Herein, we report a new colloidal strategy to improve the 

HER performance by increasing the edge sites via decreasing the layers of MoS2 

nanosheets to monolayer. The resulting monolayer MoS2 nanosheets exhibited high 

electrochemical performance toward HER with superior catalytic activity as 

evidenced by small overpotentials of 179 mV in 1 M KOH at 10 mA cm−2. 

Additionally, our method is feasible at a large scale and general for the synthesis of 

other two kinds of high-quality monolayer WS2 and ReS2 nanosheets, generating a 

family of metal chalcogenide nanosheets with atomic thickness. The successful 

synthesis of large active sites and 2H phase structure in this work will put forward a 

new attempt for chasing efficient electrocatalysts for high-efficient hydrogen 

generation. 

Keywords: electrocatalysts, hydrogen evolution reaction, MoS2, 2H, nanosheets. 

4.1 Introduction 

    With increasing energy exhaustion and deteriorating ecological environment, clean 

energy, such as hydrogen production via electrochemical water splitting holds great 

promise for green future as the cleanest renewable energy source.1-5However, the 

imperfection of the catalysts is the main hurdle driving the electrochemical water 

splitting reaction for hydrogen production. Pt and Pt-based materials, can serve as 

ideal catalysts achieving high catalytic activities, long-term stability and low cost for 

the hydrogen evolution reaction (HER),6-7 but they are precious metals and scarce to 

be useful for large scale practical application.  

    Analogous to Pt-like catalyst, molybdenum disulfide (MoS2) nanosheets has been 

considered to be a promising low-cost alternative, owing to its zero free energy of H 

http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=F6B8FQuYngKlZMubsLi&page=1&doc=7
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adsorption.8-12 Unfortunately, MoS2 nanosheets still suffers low active-edge-site 

density, limiting the overall catalytic performance towards HER in terms of catalytic 

activity and stability. It is highly desirable, for the sake of practical applications, to 

design a good catalyst with increased number of catalytically active sites, 

substantially improving the electrochemical HER activity. 

    The size and structure of the catalytic material determine the number of active 

sites for boosting its catalytic performance. Increasing the number of catalytically 

active sites is also an effective way to improve the electrocatalytic properties of 

materials. In this regard, an important strategy to improve the catalytic activity is 

increasing the number of edge sites by preparing the materials into nanoscale two-

dimensional (2D) nanosheets with atomic thickness, efficiently exposing under-

coordinated S sites. By reducing the size and making them into 2D shapes, the 

number of active sites of MoS2 can be effectively increased, and consequently the 

catalytic efficiency of MoS2 can be significantly improved. 

    Single layer MoS2, as with layered transition metal dichalcogenides (TMDs), can 

be produced via exfoliation of bulk material. However, note that for the 

mechanical13-14 and chemical15-16 exfoliation routes producing small amounts of 

samples, they are not suitable for facile control over thickness distribution as well as 

lateral dimensions and uniformity. Although chemical vapor transport (CVT),17-18 

chemical vapour deposition (CVD),19-21 and molecular beam epitaxy (MBE),22 are 

useful for large-area and high-quality atomic MoS2 nanostructures, they may result in 

substrate-confined nanostructures, limiting yield and transfer capabilities. In this 

regard, colloidal syntheses, as one of the bottom-up approaches, in principle, are 

more versatile for the formation of ultrathin high-yield, tuneable, and substrate-free 

2D MoS2 nanomaterials. 

    Altavilla et al. reported a wet-chemical synthesis of single and multilayer MoS2 

nanosheets using oleylamine as the surfactant/solvent at a temperature as high as the 

boiling point of oleylamine, i.e. 360 oC.23 Since this growth temperature for MoS2 

nanosheets is at the boiling point of the surfactant, oleylamine ligands are more liable 

and prone to liberate from the surfaces of the nanoparticles, which in turn, leading to 

extensive stacking and undefined lateral sizes of MoS2 nanosheets. One of the main 

drawbacks of this synthesis is that the single layer MoS2 nanosheets prepared at 360 

oC will automatically convert into multilayer MoS2 nanosheets just by increasing the 

reaction time, making it difficult to prepare single layer MoS2 nanosheets exclusively. 
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Furthermore, the growth mechanism underpinning the formation of single layer 

MoS2 nanosheets is not yet known.  

    Herein, we demonstrated a robust, scalable stacking-hinderable colloidal strategy 

to not only enable exclusive single-layer growth mode for TMDs selectively 

sandwiched by surfactant molecules at a temperature of well below the boiling point 

of oleylamine, but also regulate the synergistic structural and size modulations of the 

nanosheets as efficient catalysts towards water splitting for hydrogen generation. Our 

strategy is a general process that can be further expanded to synthesize other two 

types of high-quality single-layer TMDs such as WS2 and ReS2 nanosheets. Single-

layer MoS2 nanosheet, with increasing active-edge-site density, shows high 

electrochemical performance toward HER with superior catalytic activity as 

evidenced by small overpotentials of 179 mV in 1 M KOH at 10 mA cm−2. The 

successful synthesis of single-layered TMDs in this work in this work will put 

forward a new attempt for chasing efficient photocatalysts for high-efficiency 

methanol decomposition for hydrogen generation. 

4.2 Experimental section 

4.2.1 Material synthesis 

Synthesis of single-layer MoS2 nanosheets: In a typical synthesis of single-layer 

MoS2 nanosheets, ammonium tetrathiomolybdate [(NH4)2MoS4, 4 mmol] was mixed 

with 7 mL of oleylamine and 8 mL of ODE in a 50 mL three neck round bottom 

flask. The mixture was degassed at 110°C for 30 min. Then, the temperature was 

raised to 280 °C under N2 flow, and kept at this temperature for another 5 min. The 

temperature was cooled down to room temperature and a 15 mL mixture of 

toluene/methanol = 1:1 was added. The whole resulting product was centrifuged and 

washed three times with a 15 mL mixture of toluene/methanol = 1:1. The products 

were naturally dried in the glovebox. Then, the dried products was calcined in 

tubular furnace at 300, 350 °C and 400 °C for 2 h in N2 gas atmosphere (heating rate: 

2 °C min-1). 

Synthesis of single-layer WS2 nanosheets: The single-layer WS2 nanosheets were 

synthesized using the same method for MoS2 nanosheets, except that (NH4)2MoS4 

was replaced by ammonium tetrathiotungstate [(NH4)2WS4, 4 mmol]. 

Synthesis of single-layer ReS2 nanosheets: The single-layer ReS2 nanosheets were 

synthesized with the same method for MoS2 nanosheets, except that (NH4)2MoS4 
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was replaced by tetrabutylammonium tetrathiorhenate(VII) [(C4H9)4-NReS4, 0.1 

mmol]. 

4.2.2 Material characterization 

XRD patterns were acquired using a X'per PRO (PANalytical) X-ray diffractometer 

(40 kV, 40 mA) with Cu Kα radiation (λ=1.5406 Å). UV-vis absorption spectroscopy 

was carried out on a Perkin Elmer Lambda 35 UV/vis spectrometer. TEM images 

were taken with a JEOL 2100 transmission electron microscope at an acceleration 

voltage of 120 kV. HAADF-STEM, HRTEM and STEM-EDX images were obtained 

on a FEI Titan G2 80-200 high-resolution transmission electron microscope. AFM 

measurements was performed on a Bruker Dimension Icon atomic force microscope 

with a Bruker NCHVA probe. XPS data were collected on a Kratos Axis Ultra DLD 

spectrometer. The binding energy scale was calibrated for each sample by setting the 

main line of the C 1s spectrum to 284.8 eV. Each high-resolution spectrum was fitted 

with a Gaussian-Lorentzian (70%-30%) line shape using a Shirley background.  

4.2.3 Electrochemical measurements 

The overall electrochemical measurements of MoS2 nanosheets was evaluated in a 

1.0 M KOH electrolyte on a standard three-electrode electrochemical cell system 

equipped with a rotating disk electrode configuration (Pine Research 

Instrumentation). 5 mg of MoS2 nanosheet and 1 mg of Super P conductive carbon 

were mixed in 450 μL of absolute ethanol and 50 uL of 5 wt% Nafion ultrasonically 

to form a homogeneous catalyst suspension. A 5 μL of catalyst suspension was then 

loaded onto a glass carbon (GC) electrode having a diameter of 3 mm (0.196 cm2) 

with catalyst loading amount of 0.255 mg cm-2. The working electrode before use 

was polished with α-Al2O3 powder having a particle size of about 0.05 μm. Before 

the test, nitrogen was introduced into the 1.0 M KOH electrolyte in order to remove 

residual organic matter and ions. A glassy carbon electrode supported with catalyst 

serve as working electrode, a Hg/HgO electrode being used as reference electrode 

and a graphite rod electrode was applied as the counter electrode. All the potential 

values were calibrated against the reversible hydrogen electrode (RHE) using the 

equation: E(RHE) = E(Hg/HgO) + 0.0591 × pH + 0.098 (V). The current density (j) 

was achieved by normalizing current values measured to the geometrical surface area 

of the GC. The HER overpotential (η), the gap between the applied potential and the 
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equilibrium potential (0V vs. RHE), was calculated based on the equation: η = 0 - 

E(RHE)(V). The Tafel plot was acquired based on Tafel equation (η = b log |j| + a). 

The HER performance tested by linear sweep voltammetry (LSV, CHI 760E 

bipotentiostat) at a scan rate of 5 mV s-1 was carried out in an argon-saturated 1.0 M 

KOH. The N2 gas flow was continuously passed over the electrolyte during the test 

to eliminate dissolved oxygen in the electrolyte.  

4.2.4 Computational methods 

Calculations were performed at the density functional theory (DFT) level by using 

the Vienna Ab initio Simulations Package (VASP)24-26 and projected augmented 

wave (PAW) method27-29 (with 1s1, 2s22p2, 2s22p3, 3s23p4, 4d55s1 as valence 

electrons for H, C, N, S and Mo, respectively). The exchange-correlation interaction 

was treated with different approximations including the local density approximation 

(LDA) and the generalized gradient approximation (GGA) parameterized by Perdew, 

Burke and Ernzerhof (PBE).30 van der Waals interaction was treated by employing 

the empirical correction of Grimme (DFT-D2).31 The cutoff energy of plane-wave 

basis was set to 600 eV. Brillouin zone was sampled by using a Gamma-centred k-

point set of 13131 for 1H-MoS2 and similar dense k-mesh was used for other 

structures. The total energy was able to converge within 1 meV/atom. The energy 

was converged within 10-4 eV/cell and the force was converged to less than 0.01 

eV/Å for all structure relaxations. We firstly calculated the interlayer cohesion 

energy of MoS2, from 𝐸𝑐𝑜ℎ = (𝐸𝑏𝑢𝑙𝑘 − 𝑛𝐸𝑠𝑖𝑛𝑔𝑙𝑒)/𝑛A,  where Ebulk is the total energy of 

bulk MoS2 (space group R3m, No. 160), Esingle is the total energy of single-layer 

MoS2, n is the number of layers in the bulk, and A is the area of basal plane per 

formula. The calculated Ecoh by different methods are plotted in Fig. 2b. Then, we 

investigated the adsorption of NH3 and H2S molecules on single-layer MoS2 in a 

221 supercell. The occupancy number is determined by the number of molecules 

(N) on one side of MoS2 single layer over the number of MoS2 formulas (four) in the

supercell. For each occupancy, we considered several configurations that are likely to 

happen. We calculated the adsorption energy for adsorbed molecules by 𝐸𝑎𝑑𝑠 =

(𝐸𝑀𝑜𝑆2 + 𝑁𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 − 𝐸(𝑀𝑜𝑆2+𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)), which can be converted to the cohesion energy

between MoS2 and molecules by E𝑐𝑜ℎ = 𝐸𝑎𝑑𝑠/4A.
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4.3 Results and discussion 

Synthesis and characterizations of single-layer MoS2 nanosheets. Single-layer 

MoS2 nanosheets were synthesized by a one-pot colloidal wet-chemical approach 

(see 4.2.1 for detailed information). The thermal decomposition of the source 

precursor of ammonium tetrathiomolybdate [(NH4)2MoS4)] at 280°C in the presence 

of octadecane (ODE) and oleylamine exclusively produced single-layer MoS2 

nanosheets (Figure 4-1a). Purification of the crude solution produced substantial 

amount of dried MoS2 nanosheets, i.e. 1.26 g with a yield of >95% (Figure A3-1), 

which are about two orders of magnitude larger than the amount of nanoparticles 

obtained in a conventional colloidal synthesis. The low-magnification transmission 

electron microscopy (TEM) image (Figure A3-2) showed that the products were 

deposited on the amorphous carbon film. The 2D features of the products are able to 

be resolved at a larger magnification. As shown in Figure 4-1a, roselike 2D MoS2 

nanosheets with distinct ripples and corrugations were clearly observed, 

demonstrating their ultrathin features. TEM measurements on nanosheets standing on 

their edges reveal a uniform thickness of ~0.6 nm (Figure 4-1a, inset), which is 

consistent with the thickness of the single-layer MoS2 nanosheets.32 Such single-

layer nanosheets intertwined into a network structure owing to their ultrathin 

thickness. The atomic force microscopic (AFM) measurement further confirmed 

their uniform thickness of 0.6 nm corresponding to single-layer MoS2 nanosheets 

(Figure 4-1b, Figure A3-3).  

    UV-vis absorption spectroscopy was measured to correlate the optical properties 

to the number of layers of MoS2 nanosheets (Figure 4-1c). The UV-vis spectra in 

Figure 4-1c reveals that the as-synthesized nanosheets have two absorption peaks at 

A (600 nm) and B (401 nm). These two absorption peaks can be attributed to the 

direct-gap transition between the maxima of split valence bands and the minimum of 

the conduction band located at the K point of the Brillouin zone. The absorption peak 

at 401 nm of the products is in good agreement of that of single-layer MoS2 

nanosheets and is significantly different from that of the three-layer (416 nm) and 

five-layer (424 nm) MoS2 nanosheets.33 The as-prepared single-layer MoS2 

nanosheets could be easily re-dispersed in a variety of organic solvents ranging from 

chloroform, hexane to toluene for further use (Figure 4-1c, inset).  
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X-ray diffraction (XRD) measurement (Figure 4-1d) confirms the 2H phase of

MoS2 (JCPDS card no. 37-1492) of the products. Two obvious peaks at 33° and 56° 

can be well indexed to the (100) and (110) planes of 2H MoS2. At the same time, the 

disappearance of the diffraction peak at 14.4° of the (002) lattice plane further proves 

the obtained products are single-layer MoS2 nanosheets, which is in consistent with 

the reported experimental results.34,35 X-ray photoelectron spectroscopy (XPS) 

analysis was performed to explore the surface conditions and valence state of the 

single-layer MoS2 nanosheets. The XPS survey spectrum shows that Mo and S 

elements coexisted in the system (Figure A3-4). The high-resolution XPS spectra of 

the individual Mo3d and S2p charge states of MoS2 nanosheets show that the XPS 

spectrum of Mo3d can be resolved into four peaks at around 235.4 eV, 232.5 eV, 232 

eV and 229 eV, respectively (Figure 4-1e). The strongest peaks located at 232 eV 

and 229 eV can be assigned to Mo4+ 3d3/2 and Mo4+ 3d5/2, respectively.36,37 As Mo4+ 

3d3/2 and Mo4+ 3d5/2 of 1T phase MoS2 show characteristic XPS peaks at 228.2 and 

231.2 eV, the absence of additional peaks at above energy indicates that the prepared 

MoS2 is 2H phase instead of 1T phase.36 The peaks at 235.4 eV and 232.5 eV match 

well with the binding energy of Mo6+ 3d. The high oxidation state of Mo may be 

attributed to presence of MoO3 species, which is often observed in solution prepared 

MoS2 nanosheets.38 Two peaks (Figure 4-1f) located at 162.2 eV and 163.4 eV can 

be assigned to S 2p3/2 and S 2p1/2 of S(-2), respectively. The XPS results confirm the 

formation of the 2H phase MoS2 nanosheets in terms of XPS peak positions and 

shapes for both Mo and S. The elemental mapping of MoS2 nanosheets collected 

from high-angle annular dark-field (HAADF)-scanning TEM (STEM) reveals the 

homogeneous distribution of Mo (red) and S (green) through the whole nanosheets 

(Figure 4-1g-i). Both STEM-EDX mapping and EDX spectrum (Figure A3-5) further 

confirm the co-presence of both Mo and S in the obtained samples. 

Growth mechanism of single-layer MoS2 nanosheets. In this section, we will 

discuss how the thermal decomposition of single source precursor of ammonium 

tetrathiomolybdate [(NH4)2MoS4] produce single layer MoS2 nanosheets in the 

presence of oleylamine and ODE. Previous differential thermal analysis (DTA) and 

thermogravimetric analysis (TGA) indicate (NH4)2MoS4 compound may decompose 

under vacuum by the following equation:39 

(NH4)2MoS4 → MoS2 + NH3 + H2S + S 
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    Although the thermal decomposition of (NH4)2MoS4 in oleylamine and ODE 

solutions may be very complex, the species formed in the reaction are similar to the 

products of the above equation. As MoS2 has layered structures with relatively weak 

interlayer van der Waals interactions, whether thermal decomposition of MoS2 

produces single-layer or multi-layer sheets will mostly likely depend on how strong 

of the adhesion energy among the MoS2 layers in comparison to the adsorption 

energy of molecules binding on MoS2.
40 

    Possible adsorbates are the product molecules NH3 and H2S and the surfactant 

oleylamine. Since oleylamine exhibits affinity to surfaces through the -NH2 

functional unit, we would expect a similar surface adsorption energy for both 

oleylamine and NH3. Usually it can be modelled by NH3. We therefore, investigated 

the effects of adsorbates on the interlayer cohesion of MoS2 by comparing the 

interlayer cohesion strength of MoS2 with the binding strength of NH3 and H2S on 

MoS2 (See Methods for details). The calculated Ecoh are plotted in Figure 4-2b and 4-

2c. The calculated adsorption energy per NH3 molecule at a sparse occupancy of 25% 

(0.126 eV/molecule) agrees with previous data of 0.127 eV/molecule.41 Inset in 

Figure 4-2c shows the obtained most stable adsorption configurations for NH3 and 

H2S molecules on single-layer MoS2. It should be noted that the obtained most stable 

configurations may not be the ground-state configurations, but for the ground state, 

the true adsorption energy should not be lower than the calculated ones. As can be 

seen in Figure 4-2b and 4-2c, the interlayer cohesion is very weak for MoS2, which 

can be surpassed by the adsorption of either NH3 or H2S molecules. The binding 

between molecules and MoS2 can only be further strengthened in case of the 

presence of both NH3 and H2S. Therefore, the presence of adsorbate like NH3, H2S 

and oleylamine can hinder the stacking growth of MoS2 layers. Therefore, we 

attribute the exclusive formation of single-layer MoS2 nanosheets to the effective and 

efficient interaction of adsorbate molecules between the MoS2 interlayers. Such a 

scenario can be illustrated by the three-dimensional representation in Figure 4-2a. 

Synthesis and characterizations of single-layer WS2 and ReS2 nanosheets. 

Importantly, our synthetic approach based on the decomposition of a single precursor 

is widely applicable. A series of nanocrystals of monolayer WS2 and ReS2 

nanosheets were successfully synthesized. For example, when ammonium 

tetrathiomolybdate [(NH4)2MoS4] was replaced by ammonium tetrathiotungstate 
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[(NH4)2WS4], single-layer WS2 nanosheets with an average thickness of 0.6 nm 

(Figure 4-3a-c, Figure A3-6) were synthesized. The high-resolution TEM image 

(Figure A3-7) shows that a lattice fringe of 0.309 nm, which corresponds to the (004) 

plane of WS2 nanosheets. The diffraction peaks in the XRD pattern at 32.7° and 58.4° 

correspond to (100) and (110) planes of the 2H-WS2 nanosheets, respectively 

(JCPDS card no. 08-0237) (Figure 4-3d). The XRD pattern of WS2 nanosheets shows 

no crystal plane diffraction peak appearance at 14.4o, illustrating there is no stack 

along (002) plane, and thus proving the product is single layer WS2 nanosheets, 

which are in consistent with the results obtained from the TEM, STEM and AFM 

characterizations (Figure 4-3a-c). The UV-vis absorption spectrum (Figure A3-8) 

does not show any obvious peak at 607 nm, which is in consistence with the previous 

results on single-layer WS2 nanosheets.42,43 The XPS survey scan (Figure A3-9), 

EDX spectrum (Figure A3-10) and STEM-EDX mapping (Figure A3-11) of the as-

prepared nanosheets show W and S co-exist in the obtained nanosheets. Figure 4-3e 

and 4-3f show the high-resolution Mo 3d and S 2p XPS spectra of the single-layer 

WS2 nanosheets. The characteristic W 4f energy peaks of the prepared single-layer 

WS2 nanosheets are shown in Figure 4-3e. The presence of two characteristic peaks 

at 35.5 eV and 33.3 eV which correspond to 4f5/2 and W 4f7/2 of W4+, respectively, 

confirm the formation of 2H-WS2, as they are different from the characteristic peaks 

at 34 eV and 32 eV of 1T-WS2. In addition, the XPS spectrum shows two weak 

peaks at ~36.3 eV and 39.2 eV, which can be assigned to the W-O species. The XPS 

peaks at 163.3 eV and 162.1 eV correspond to S 2p1/2 and S 2p3/2 respectively, of S (-

2) (Figure 4-3f).44 

Similarly, when single precursors such as tetrabutylammonium 

tetrathiorhenate(VII) [(C4H9)4-NReS4] were thermal decomposed in solutions 

containing oleylamine and ODE, the single-layer ReS2 nanosheets (Figure 4-3g-l, 

Figures A3-12−A2-15) were also synthesized via the one-pot process, demonstrating 

the generality of this synthetic approach.  

The as-prepared MoS2 nanosheets are evaluated as electrocatalysts for HER in 

both acidic and basic aqueous solutions. During the HER test, we used a standard 

three-electrode electrochemical test system to evaluate the HER catalytic activity of 

the MoS2 nanosheets (300 oC) at a N2-saturated 0.5 M H2SO4 electrolyte. We also 

tested the electrocatalytic activity of a bare glassy carbon (GC) electrode without 

MoS2 nanosheets as a comparative reference. Detailed measurements can be seen in 
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the section 4.2.3. All catalyst solutions were deposited and loaded on a glassy carbon 

electrode (diameter ca. 3 mm) for testing (loading amount of 0.255 mg cm-2). The 

polarization curve of the sample in 0.5 M H2SO4 acid electrolyte is shown in Figure 

4-4, and pure GC electrode exhibits poor HER activity. The HER catalytic activity of 

MoS2 nanosheets is much better than that of GC electrode without catalyst but far 

away from satisfactory results.  

Then we checked the HER activity of MoS2 nanosheets in alkaline 1 M KOH 

electrolyte. The LSV plot of MoS2 nanosheets obtained at different calcination 

temperatures (300 oC, 350 oC, 400 oC), denoted as MoS2-300, MoS2-350 and MoS2-

400, respectively, is shown in Figure 4.5a. As the calcination temperature increases 

MoS2-400 exhibits the best HER catalytic activity. The overpotential is only 179 mV 

at the current density is below 10 mA cm-2. Figure 4.5b shows Tafel plots of 

corresponding MoS2-300, MoS2-350 and MoS2-400 electrocatalysts derived from the 

early stages of HER polarization curves. As shown in Figure 4.5b, MoS2-300, MoS2-

350 and MoS2-400 achieve similar Tafel slope of 110 mV per decade, confirming 

there was no significant change in the mechanism of HER reaction for three kinds of 

nanosheets-like electrocatalyst. We compared our materials to some of the other 

MoS2-based catalysts in Table 4-1. From the table we can find that our samples show 

excellent HER catalytic activity. The high catalytic activity of MoS2 nanosheets can 

be attributed to the facilitated electron transport by the removal of surface ligands.  

4.4 Conclusions 

    In summary, we suggest that synergistic structural and size modulations of the 

MoS2 nanosheets serve as an efficient strategy to improve the HER catalytic activity. 

The as-prepared single layer MoS2 nanosheets consist of increasing active-edge-site 

density. Benefiting from the desirable nanostructure, these single layer MoS2 

nanosheets exhibit remarkable electrocatalytic activity for HER in basic solutions. 

Additionally, our method is scalable and general for the synthesis of WS2 and ReS2 

nanosheets, generating a family of metal chalcogenide nanosheets with atomic 

thickness. This design opens up a new feasible and scalable avenue producing 

ultrathin single-layer nanosheet as a promising low-cost and high-performance 

catalyst for optimization of electrocatalytic activity for hydrogen production. 
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4.5 Tables and Figures 

Figure 4-1. Characterizations of single-layer MoS2 nanosheets. a, The high-

magnification TEM image of single-layer MoS2 nanosheets. Inset: Zoom in TEM 

image showing the thickness of MoS2 nanosheets. Scale bar: 2 nm. b, AFM image 

shows the thickness of a single layer MoS2 nanosheet. c, UV-vis absorption spectrum 

of single-layer MoS2 nanosheets. Inset: Photograph of as-synthesized MoS2 

nanosheets dissolved in chloroform. d, XRD pattern of single-layer MoS2 nanosheets 

assembled on a Si wafer. e,f, XPS spectra of (e) Mo3d, and (f) S2p of MoS2 

nanosheets. g, HAADF-STEM image of MoS2 nanosheets. h,i, STEM-EDS 

elemental mapping of (h) Mo and (i) S of as-synthesized MoS2 nanosheets. 
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Figure 4-2. Growth mechanism of single-layer MoS2 nanosheets. a, Three-

dimensional representation of NH3 and H2S molecular intercalated between 3-layer 

MoS2 nanosheets. b, Interlayer cohesion energy (Ecoh) in bulk MoS2 (R3m) and 

between single-layer MoS2 nanosheets and molecules. A is the area of basal plane. 

Data at 4% is from the reference.41 c, The converted cohesion energy (Ecoh) and the 

adsorption energy (Eads) for NH3 and H2S on basal plane of single-layer MoS2 

nanosheets with different molecule coverage. Inset: Configurations of NH3 and H2S 

molecules adsorbed on single-layer MoS2 nanosheets. Mo, S, N and H are 

represented by green, yellow, blue and pink balls, respectively. 
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Figure 4-3. Characterizations of single-layer WS2 and ReS2 nanosheets. a, The 

high-magnification TEM image of WS2 nanosheets. b, STEM image of WS2 

nanosheets. c, AFM image shows the thickness of a single layer WS2 nanosheet. d, 

XRD pattern of WS2 nanosheets assembled on a Si wafer. e,f, XPS spectra of (e) W4f, 

and (f) S2p of WS2 nanosheets. g, The high-magnification TEM image of ReS2 

nanosheets. h, STEM image of ReS2 nanosheets. i, AFM image showing the 

thickness of a single layer ReS2 nanosheet. j, XRD pattern of ReS2 nanosheets 

assembled on a Si wafer. k,l, XPS spectra of (k) Re4f, and (l) S2p of ReS2 nanosheets. 
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Figure 4-4. HER polarization curve of monolayer MoS2 nanosheets in 0.5 M H2SO4. 
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Figure 4-5. HER performance of MoS2-300, MoS2-350 and MoS2-400 nanosheets 

in 1.0 M KOH. a, Polarization curves at 5 mV s-1. b, Tafel plots of the 

corresponding electrocatalysts derived from the early stages of HER polarization 

curves. 
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Table 4-1. Summary of alkaline HER activity (in 1 M KOH) of MoS2 catalysts 

reported in previous literature.  

Entry Catalyst Overpotential at  

10 mA cm-2 

Tafel slope Ref. 

1 MoS2 370 124 45 

2 in‐plane 1T–2H 

MoS2 

~280 

320 at 20 mA cm-2 

65 46 

3 Edge-terminated and 

interlayer-expanded 

MoS2 (R-MoS2) 

111 105 47 

4 MoS2/CC 187 145 48 

5 defect-rich MoS2 (GC) 189 98 49 

6 2D MoS2 (GC) 95 68 50 

7 MoS2 308 201 51 

8 n-type MoS2 single 

crystal 

760 (1M NaOH) 52 

9 3D macroporous MoS2 

thin film on Mo foil 

(MoS2/Mo) 

184 87 53 

10 MoS2 nanosheet-300 

oC 

213 110 This work 

11 MoS2 nanosheet-350 

oC 

187 109 This work 

12 MoS2 nanosheet-400 

oC 

179 109 This work 
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Chapter 5: Conclusions and Recommendations 

5.1 Conclusions 

In this thesis, we mainly focus on 2D atomic-thick metal chalcogenide nanomaterials. 

A series of 2D metal chalcogenides, including ZnS, ZnSe, MoS2, WS2 and ReS2, 

were synthesized and their intrinsic properties or potential applications in 

photodetection and HER were also systematically investigated. 

The conclusion for each chapter is summarized as follows: 

Firstly, Chapter 1 gives an overview of the state-of-the-art of 2D metal chalcogenide 

nanomaterials in terms of their synthetic methods and characterization means. The 

applications ranging from electronic/optoelectronic devices, electrocatalysis, and 

batteries to sensing were emphasized as well. 

Secondly, Chapter 2 offers an idea why these 2D ZnSe, ZnS, ZnTe and CdTe 

nanoplatelets have a uniform thickness of 1.4 nm, being of 8 layers. We conducted 

corresponding experiments coupled with DFT calculation to certify this idea. The 

major advance of this work lies on the theoretical explanation of the growth of 

several wurtzite semiconductors into atomically precise eight monolayers, employing 

the first-principles method based on DFT to investigate the surface energy. It was 

found that, from the perspective of formation energy, the 7th layer and 8th layer 

growth along the [11-20] direction of ZnSe nanoclusters is accessible (formation 

energy is achievable in the reaction temperature) while the 9th layer growth is 

unlikely to occur (formation energy is too high). Therefore, the ZnSe nanoplatelets 

would be grown into a precise eight monolayers. Together, this work provides 

insight into the fundamental understanding of controlling the thickness of several 

wurtzite materials.  

Following by Chapter 1 and Chapter 2, Chapter 3 mainly presents the scalable 

synthesis of ZnS and ZnSe nanoplatelets, achieving 10-gram scale production. Also, 

the optical properties of ZnS, ZnSe, and their alloyed ZnSe0.50S0.50, and ZnSe0.25S0.75 

were investigated in detail. The ZnSe nanoplatelets-based ultraviolet (UV) 
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photodetectors in this work shed light on the future applications of 2D nanoplatelets 

in optoelectronics. 

 

Chapter 4 focused on the current hot materials transitional metal dichalcogenides 

(TMDs). In this chapter, a series of 2D TMDs of MoS2, WS2, ReS2 nanosheets were 

prepared at a large scale. The resulting monolayer MoS2 nanosheets exhibited 

superior HER catalytic activity as evidenced by small overpotentials of 179 mV in 1 

M KOH at 10 mA cm−2. This work will put forward a new attempt for chasing 

efficient electrocatalysts for high-efficient hydrogen generation. 

5.2 Recommendations 

The work of this thesis focuses on the efficient construction of 2D atomic-thick metal 

chalcogenides (ZnSe, ZnS, ZnTe, MoS2, WS2, ReS2) and the adjustment of their 

structure and electronic properties for photodetectors and HER electeocatalysis. 

Based on the above research foundation, aiming to exert and improve the 

photoelectric and electeocatalytic performance of such 2D atomic-thick metal 

chalcogenides, there are still some works worthy of further research and exploration: 

 

1. Most research works follow now with interest in increasing on the number of the 

catalytically active sites of 2D layered TMDs, such as MoS2, WS2, ReS2, but how to 

develop the reaction active sites of their basal planes to the greater extent still faces a 

huge challenge. In future work, the active sites of the basal planes of MoS2, WS2, 

ReS2,  and other layered TMDs can be further increased by constructing defects and 

ion doping on the basal planes to enhance the electrocatalytic activity of HER. Then 

we can study the specific kinetic process and reaction mechanism of electrocatalytic 

HER under such conditions. If a breakthrough can be made in this respect, the 

structure-performance relationship of the 2D layered TMDs will be more clearly 

understood, and thus it is helpful to design more efficient HER electrocatalysts of 2D 

TMDs. 

 

2. For non-layered metal chalcogenide systems, such as ZnSe, ZnS, and ZnTe, the 

construction of heterojunction systems has become an emerging direction, but how to 

break through the bottleneck of the photoelectric and catalytic performance of single-
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component 2D metal chalcogenide compounds is a huge challenge. In future, 

ongoing efforts can be made in search of methods for systematic control of structural 

features and properties of 2D metal chalcogenides to produce core/shell metal 

chalcogenides, alloyed/doped metal chalcogenides, metal-semiconductor 

heterostructures, and self-assembly of metal chalcogenides to further enhance their 

potential applications, such as lighting and displays, optoelectronics and catalysis. 

In short, the growth of 2D metal chalcogenides seems to be simple, yet, there are still 

many complex processes and mechanisms that have not been revealed. Through the 

trinity of the experiment, characterization, and simulation, we are able to understand 

the mechanism of 2D metal chalcogenides growth, and provide effective technical 

guidance for the reproducibility and batch production of 2D metal chalcogenides 

with specific functions.  

Stimulated by the great stride in the synthesis, and properties related to 2D metal 

chalcogenides nanomaterials, explosive progress has been achieved in these kinds of 

materials, from fundamental study and practical applications.  

Great development of 2D metal chalcogenides is often accompanied by new 

challenges. First, from the sustainable and eco-friendly development point of view, 

green chemistry is highly desired. We should put our emphasis on heavy metal-free 

green zinc-based semiconductor NPL alternatives, converting from the study of the 

conventional cadmium chalcogenides. Second, from the material synthesis point of 

view, a general and method should be developed to meet the industry requirement of 

high-yield and massive production of 2D metal chalcogenides. Third, from the 

characterization point of view, the growth mechanism of ultrathin 2D metal 

chalcogenides should be further in-situ explored and identified with in situ 

characterization techniques, such as in situ XRD, in situ TEM and in situ XPS. 

Finally, from the application point of view, another critical challenge in this field lies 

in the development of reliable methods to stabilize these 2D metal chalcogenides, 

including tuning the parameter windows from surfactant molecules to kinetics 

control and thermodynamics control of the chemical reaction. 
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Appendix 1: Supplementary information of Chapter 2 

Mechanistic study of the formation of ZnS nanoplatelets 

We characterize the intermediate products by the combination of TEM techniques 

with absorption spectroscopy to investigate the growth mechanism of ZnS 

nanoplatelets. As the reaction evolved for 10 min at 90 oC, we obtained bundled ZnS 

nanowires (Figure A1-8a), which manifests a band gap at 270 nm (Figure A1-8f). As 

the reaction proceeded for 1 min at 110 oC, bundled nanowires were partially 

fragmented (Figure A1-8b), and the absorption onset slight shifts to 272 nm (Figure 

A1-8f). In additional to the existing peaks, the absorption spectrum in Figure A1-8f 

indicates the formation of thicker species with an absorption onset at 283 nm. This 

suggests that some fragmented species already convert into thick ones via monomer 

diffusion and reconstruction. As the reaction evolved for 10 min at 110 oC (Figure 

A1-8c), this conversion finished as the absorption onset corresponding to the 

fragmented species vanished (Figure A1-8f). A further reaction at 170 oC for 30 min 

produced nanoplatelets with hollow and patchy features (Figure A1-8d). The 

absorption onset at 283 nm (Figure A1-8f) is identical to the proceeding species. This 

further corroborates that the mechanism on the formation of nanoplatelets with 

wurtzite structure, as proposed in the main article. As the reaction proceeded for 2 h 

at 170 oC, we obtained uniform ZnS nanoplatelets (Figure A1-8e) manifesting an 

absorption onset at 283 nm (Figure A1-8f). The mechanistic study clearly reveals 

that the monomer diffusion and reconstruction are accompanied by a thickness 

increase of the species, which is followed by oriented attachment that lead to the 

formation of monodisperse ZnS nanoplatelets. This further demonstrates the 

generality of the growth mechanism of nanoplatelets with wurtzite structure, as 

discussed in the main article.   
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Computation details 

    We employed the first principles method based on the density functional theory 

(DFT) and the first principles pseudopotential method to investigate the growth 

mechanism of ZnSe nanoplatelets. The DFT calculations were carried out by the 

Vienna Ab Initio Simulation Package (VASP) code3,4 with the projector-augmented 

wave (PAW) method using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional.5,6 The plane wave cutoff was set as 500 eV, with the total energy 

convergence at 10-6 eV for the self-consistent iterations. The Gaussian smearing 

method with σ = 0.05 eV was considered for Brillouin-zone integration and the 

geometry optimizations were stopped until the forces on the atoms were < 0.01 eV/Å. 

Figure A1-11 presents the mainly growth directions of ZnSe nanoplatelets. 

Perpendicular to the viewing plane is the [0002] direction (being parallel to the c-axis 

of wurtzite ZnSe) and this direction corresponds to the three index [002] direction. 

The dominant surface is (11 2 0) along the [11 2 0] direction, which corresponds to 

the three index (110) surface. The direction that intersects [11 2 0] with an angle of 

30 degree is [101
__

0] direction. Along this direction, there are two different surface

structures such as (10 1
__

0)A and (10 1
__

0)B, which correspond to the three index

surfaces (100)A and (100)B, respectively. Another growth direction perpendicular to 

[11 2 0] direction is [11
__

00]. This direction corresponds to the three index [11
__

0] 

direction. Along this direction, there are two different surface structures of (11
__

00)A

and (11
__

00)B, both of which correspond to the three index (100) surface. Note the
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surface structure of (11
__

00)A is equivalent to that of (101
__

0)A whereas the surface 

structure of (11
__

00) is equivalent to that of (101
__

0)B. 
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Surface energy 

    We used the finite-sized slab technique to calculate the surface energy of ZnSe 

nanoplatelets. The slab models were built from the wurtzite ZnSe crystal structure 

determined by Korneeva.7 The lattice parameters of bulk ZnSe, optimised with a 

12×12×6 k-point grid, were a = b = 3.996 Å, c = 6.626 Å, which are in good 

agreement with the experimental values. According to the exposed surfaces of 

wurtzite ZnSe nanoplatelets, five different surfaces were studied: three non-polar 

surfaces of (11 2 0), (101
__

0)A/(11
__

00)A and (101
__

0)B/(11
__

00)B, and two polar surfaces

(Zn-terminated (0002) and Se-terminated (000 2 )) (Figure A1-12). All these slab 

models in periodical super cell were separated by a vacuum region of 20 Å thick. 

Each slab of nonpolar surface models contains four zinc and four selenium atoms 

within each Zn-Se layer in a repeated slab configuration. As for the polar surface 

models, each one contains eight zinc or eight selenium atoms within each Zn-Se 

layer in a repeated slab configuration. Reasonable slab models were constructed by 

testing the slab thickness, as illustrated in Table S2. The surface free energy of the 

particular slab with a repeated geometry is given by the following equation: 

  / 2slab i ii
E n A  

Where ni and μi are the number of atoms and the chemical potential of the ith 

constituent of the slab, respectively, A is the surface area and Eslab is the total energy 

of the particular slab. The factor of 2 accounts for two equivalent surfaces in the 

particular slab. The surface energies of non-polar surface were found to converge 

with slab thickness and were converged to <0.001 eV/Å2 with respect to eight-layer 

slab thickness. We therefore used the eight-layer thick ZnSe slabs for studying the 



  99 

 

surface energies of (11 2 0) surface and of (101
__

0)/(11
__

00) surfaces with 3×6×1 and 

6×3×1 Monkhorst-Pack k-point grid, respectively.  

    Special care should be taken in the computational treatment of the polar surface, in 

particular to avoid the buildup of an overall artificial dipole field. Here, we adopted 

symmetric structures of the nine-layer slab model for the Zn-terminated (0002) and 

Se-terminated (000 2 ) surfaces, as shown in Figure A1-12.8 The surface free energy 

equation is a thermodynamic function of the chemical potential of the constituent in 

the slab.9 Therefore, the surface energy is governed by the chemical potentials of the 

constituents of the slab, i.e. μZn and μSe. Invoking equilibrium of ZnSe bulk, μZn+ μSe 

= , the dependence of the surface free energy on the chemical potential can be 

further simplified by eliminating μSe, leading to a dependence of the surface free 

energy on μZn only. We restrict the values of μZnto + ∆Hf[ZnSe] ≤ μZn ≤ , i.e. 

∆Hf[ZnSe] ≤ ∆μZn = μZn- ≤ 0, according to the thermodynamically allowed 

ranges. These ranges are determined by the assumed constraints, μZn ≤  and μSe≤ 

, which means that the Zn and Se do not crystallize on the surface. Moreover, the 

formation enthalpy of bulk ZnSe was given by ∆Hf[ZnSe] = - μZn- μSe. We have 

calculated the surface energies as a linear function of μZn, -2.360 eV ≤ ∆μZn ≤ 0, as 

shown in Figure 3a in the main article. The chemical potential ∆μZn = 0, i.e. μZn= , 

represents the Zn-rich condition while ∆μZn= -2.360 eV represents the Se-rich 

condition. Our surface energy calculation results show that (11 2 0) surface is the 

dominant facet. The growth of ZnSe would be fast along [000 2 ] (c-axis) and [11
__

00], 

and will terminate at (000 2 ) and (101
__

0)A/(11
__

00)A surfaces, respectively. These 
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preferred growing processes will finally result in the formation of ZnSe nanoplatelets 

with well-developed facets, as shown schematically in Figure A1-5c. 
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ZnSe monomer and alkylamine binding energies in the slab model 

    According to the experiment, the reaction solution for the growth of wurtzite ZnSe 

nanoplatelets contains the Zn cation, Se anion, and alkylamine ligand, which may 

directly affect the growth behavior of ZnSe nanoplatelets. Therefore, it is essential to 

investigate the binding behavior of alkylamine ligands and ZnSe monomer on the 

exposed surfaces of the ZnSe nanostructure. Here we also used the slab model with 

eight atomic layers separated by a vacuum space of 20 Å thick to study the features 

of molecule binding on the surfaces. The surface sizes of the models are the same as 

those for studying the surface energy above with similar k-point meshes. In order to 

suppress any long-ranged interference between Zn- and Se-terminated ends of the 

slab, the dangling bonds of the bottom atoms of ZnSe (0002) and (000 2 ) slab 

models were saturated by adding one monolayer of pseudo hydrogen atoms with 

nuclear charge Z = 1/2|e| and Z = 3/2|e|, respectively.  

    The binding energy is calculated as Ebinding = Etot-Eslab-Eamine for alkylamine 

adsorption and Ebinding = (Etot-Eslab)/n-EZn-ESe for ZnSe monomer adsorption. Where 

Etot and Eslab, are the total adsorption energies of the system, the energy of the slab 

model without adsorption, respectively; Eamine, EZn and ESe are the energies of the 

alkylamines, bulk Zn, and bulk Se, respectively; n is the number of ZnSe monomers. 

To simplify the calculations, methylamine served as a representative for alkylamines. 

For the adsorption of methylamine, we simulated four-symmetry adsorption sites 

such as top(Zn)-site, top(Se)-site, bridge-site, and hexagonal close packed (hcp)-site. 

For the ZnSe monomer, we consider ZnSe monomer adsorption on crystal space 

lattice site.  

    Table S4 shows the binding energies of the methylamine and ZnSe monomer 

adsorption states on different sites of each surface. Their adsorption optimized 
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structures were all presented on Figure A1-13. The most stable methylamine 

adsorption for each surface were listed as follow: (11 2 0) hcp-site with -0.9317 eV, 

(101
__

0)A/(11
__

00)A hcp-site with -0.8876 eV, (101
__

0)B/(11
__

00)B hcp-site with -2.9506

eV, (0002) with hcp-site with -3.8125 eV, (0002) top-site with -5.1486 eV and (000

2 ) hcp-site with -1.4514 eV. By contrast, ZnSe monomer adsorption on the crystal

space lattice site of each surface was (11 2 0) with -1.8565 eV, (101
__

0)A/(11
__

00)A

with -1.7029 eV, (101
__

0)B/(11
__

00)B with -3.7583 eV, (0002) with -5.6899 eV and

(000 2 ) with -3.5373 eV. It is evident that ZnSe monomer adsorption states have 

much lower binding energy than that of methylamine adsorption. These results show 

that all the surfaces prefer to bind ZnSe monomer prior to the alkylamines. Therefore, 

the ZnSe growth is unlikely to be inhibited by the binding of alkylamines, and the 

epitaxial growth of all the surface will be promoted by the strong binding with ZnSe 

monomer. The surfaces of (101
__

0)B/(11
__

00)B, (0002) and (000 2 ), which also have

large surface energy, show large binding energies with ZnSe monomer. These 

surfaces will lead to the fast growth along c-axis and [11
__

00] direction.
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ZnSe monomer and alkylamines binding energy in nanowire model 

    As the diameter of initially formed zinc-alkylamine lamellar structure is 

determined by the template,10 we used the ZnSe nanowire model with a diameter of 

~0.99 nm to calculate the binding energy. Figure A1-14 shows the structure of the 

nanowire model. For the [11 2 0] direction, there are six atomic layers with a 

thickness of 0.99 nm whereas for the [11
__

00] direction, the distance between two 

terminated (11
__

00)B surfaces is 0.92 nm (Figure A1-14). It is to be noted that in the 

case of nanowire, it is periodic along the c-axis, and sufficient vacuum of 20 Å has 

been kept along the [11 2 0] and [11
__

00] directions, and 8×1×1 Monkhorst-Pack k-

point grid has been taken for the total energy calculations. These ZnSe nanowire 

models are built after careful consideration. In the first case, five or seven atomic 

layers along [11 2 0] direction have a thickness of 0.79 nm or 1.19 nm while in the 

second case the distance between (11
__

00)B and (11
__

00)A or two (1
__

100)A along [11
__

00] 

direction are 1.04 nm and 1.17 nm, respectively. So distances in the latter case are far 

away from the diameter of the nanowires (0.9 nm in our experiment). So in the next 

section, we will use the nanowire models of the first case as the starting point to 

study the growth kinetics of ZnSe nanoplatelets. 

    As seen from Figure A1-15a, all average binding energies with different binding 

number of ZnSe monomer for (11 2 0) surface of the nanowire are below -2.3 eV. As 

for (11
__

00)B surface, the average binding energy has a slight increasing trend, but all 

average binding energies with different binding number of ZnSe monomer are below 

-3.0 eV. Thus the nucleation may proceed on both (11 2 0) and (11
__

00)B surfaces. In 

addition, we also studied binding behavior of octylamine and ZnSe monomer with 
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the nanowire model, which is similar to the behavior of the methylamine with slab 

models. The octylamine shows physisorption state neither on (11 2 0) nor (11
__

00)B

surface as the binding energies for (11 2 0) and (11
__

00)B surfaces are -0.842 eV and -

0.983 eV, respectively (Figure A1-15b). Overall, the ZnSe monomer shows much 

stronger binding behavior on both (11 2 0) and (11
__

00)B surfaces than octylamine

does and therefore nanowire prefers bind with ZnSe monomer. This behavior can 

promote the epitaxial growth along the [11 2 0] and [11
__

00] directions.
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Growth kinetics of ZnSe nanoplatelets  

In this section, we will use the atomic scale step structures to study growth of ZnSe 

nanoplatelets.11 The step structures and corresponding formation energies show the 

differences of surface morphologies and growth rate between two different surfaces. 

From this we proposed the effects of step structures and the formation energies on 

the formation of ZnSe nanoplatelets. Our atomic scale step model starts with the 

nanowire with a diameter of ~0.99 nm, as shown schematically in Figure A1-14. 

    As discussed above, the growth along [0002] (c-axis) is energetic and fast due to 

the large surface energy of the (0002) polar surface. The final morphology of ZnSe 

nanoplatelets may be mainly dominated by the growth behavior along the directions 

of [11 2 0], [101
__

0] and [11
__

00], so we would mainly focused on growth behavior 

along these directions. There may be two possible growth pathways along these two 

directions (see Figure 5A-C, 5D1, 5D2 in the main article). One is that ZnSe 

monomers may diffuse onto the surface of the nanowire, then reconstruct and form 

the new surface layer. Thereafter more ZnSe monomers would repeat this process, 

resulting in layer-by-layer stacking, which increases the thickness of that direction. 

The other pathway is the oriented fuse between two or more nanowires followed by 

reconstruction which promotes the growth along the fuse direction. We studied both 

growth pathways along [11 2 0] and [11
__

00] direction, and elucidated why ZnSe 

nanoplatelets have a uniform thickness of 1.39 nm with (11 2 0) as the dominated 

surface. 

    The formation energy can be defined and calculated as:  

Eformation = Etotal - Etererac - nZn*μZn- nSe*μSe  
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Here, Etotal and Eterrace are the DFT total energies of the as-simulated step model and 

the pure terrace parts in the same model, and nZn, μZn, nSe and μSe are the number of 

Zn atoms and Se atoms in the system and their chemical potential, respectively. We 

assumethat the terrace parts of ZnSe nanocrystal always has the thermodynamic 

equilibrium conditions as μZn + μSe= Etererac/nmonomer. Here nmonomer is the number of 

ZnSe monomers in terrace parts of ZnSe nanocrystal.  

    Then, we calculated the formation energy of new ZnSe nanostructures which were 

formed by layer-by-layer stacking along [11 2 0] and [11
__

00] (Table S5). For the [11

2 0] direction, the formation energy of ZnSe nanostructure after stacking the first,

second and third atomic layer is 0.0359 eV, -0.2489 eV and 0.0654 eV, which

corresponds to the thickness of 1.19 nm, 1.39 nm and 1.59 nm along [11 2 0] 

direction, respectively. While for the [1100] direction, the formation energy of ZnSe 

nanostructures after stacking first, second and third atomic layer is -2.7828 eV, 

0.8364 eV and -2.5247 eV, respectively. Furthermore, we also calculated the 

formation energy of new ZnSe nanostructure formed by oriented fuse between two 

nanowires along [11 2 0] and [11
__

00] directions (Figure 5A-C in the main article).

The formation energies are -7.058 eV, -6.937 eV, and -0.598 eV for the horizontal 

type [1
__

100] oriented direction, ladder type [11
__

00] oriented direction and [11 2 0]

oriented direction, respectively (see Figure 5A-C in the main article for the detailed 

fuse configurations). The optimized structures of all atomic scale step models in 

relation to the two growth pathways are illustrated in Figure A1-18. 
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Growth kinetics of ZnS, CdSe and ZnTe nanoplatelets  

In this section, we used the same approach as conducted for ZnSe to study the 

reason why ZnS, CdSe and ZnTe nanoplatelets also present a uniform thickness of 

eight monolayers along [11 2 0] direction.  

The experimental growth of wurtzite platelets shows that most wurtzite platelets 

with thickness of eight monolayers undergo the similar growing behavior as that of 

ZnSe. Most of them appear the intermediate products with nanowire morphology and 

six monolayers, which can dominate the following trend of growth. According to the 

theoretical study of growth behavior of ZnSe nanoplatelets above, the final thickness 

of ZnSe nanoplatelets corresponds to the lowest formation energy of eight monolayer 

and a sharp rise of formation energy of adding another atomic layer in diffusion 

process along [11 2 0] direction. Therefore, we also chose the nanowire with six 

monolayers as the atomic scale step model for the ZnS, CdSe and ZnTe, and study 

their diffusion process along the [11 2 0] direction through the formation energy 

when depositing more atomic layers as that of ZnSe above (Figure A1-19). 

The calculated result of formation energy as shown schematically in Figure A1-

19, which clearly show that all theZnS, CdSe and ZnTe have the similar growing 

trajectory as that of ZnSe in the diffusion process along [11 2 0] direction. From 

Figure A1-20, all the formation energies of eight monolayers of ZnS, CdSe and ZnTe 

are negative and lowest among the seven to nine depositing monolayer processes. 

Then for all of ZnS, CdSe and ZnTe, further deposition of any additional atomic 

layer to reach the nine layers are very difficult, because their formation energies all 

significantly increase to positive value. These imply that all the ZnS, CdSe and ZnTe 

are favor to stable with the thickness of eight monolayers along [11 2 0] direction. 

Furthermore, ZnS and CdSe can very easily to reach the thickness of eight layers as 
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their low formation energies of seven layers. However, distinguish to the ZnS and 

CdSe, ZnTe should overcome a little bit high energy barrier as the formation energy 

of seven layer is 0.095eV. In our opinion, ZnTe could reach the seven layers through 

other path, one of which might be the ladder fusion by the magic size or lateral size, 

whose thickness is six monolayers as shown in Figure A1-21. The formation energy 

of this attachment is very low of -6.15 eV. So the ladder type of fusion would be very 

favorable, and help to overcome the energy barrier of seven monolayer formation of 

ZnTe, and then finally reach the thickness of eight monolayers through the diffusion 

process. In summary, the ZnS, CdSe and ZnTe are favor to stable with the thickness 

of eight monolayers along [11 2 0] direction as that of ZnSe. 
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Figure A1-1. TEM image and UV-vis spectrum of the sample with adding Br-

Hep. a, TEM image. b, UV-vis spectrum. 
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Figure. A1-2. AFM characterization of ZnS and ZnSe nanoplatelets. AFM 

images of a, ZnS and b, ZnSe nanoplatelets. Thickness histograms of c, ZnS and d, 

ZnSe nanoplatelets. 
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Figure A1-3. HAADF-STEM image of ZnSe nanoplatelets. Hollow feature and 

patches of nanoplatelets are highlighted by white dashed circles, indicating 

nanoplatelets may form from small nanoplatelets via oriented attachment. 
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Figure A1-4. The photoluminescence spectra of ZnS (blue line) and ZnSe (red line) 

nanoplatelets. 
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Figure A1-5. Structural characterization of nanoplatelets. a, XRD pattern of ZnS, 

ZnSe and CdSe nanoplatelets. b, SAED pattern of ZnTe nanoplatelets. c, Schematic 

illustration of a single ZnSe nanoplatelet, revealing the predominant basal (112̅0) 

facet, the side (101̅0) and (0002) facets.  
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Figure A1-6. TEM and HAADF-STEM images of the sample obtained after the 

reaction evolved for 2 min at 150 oC. a, TEM image showing the length scale of 

bundled wires is a few micrometers. Inset is the HRTEM image of bundled wires, 

showing the width of each wire is ~0.99 nm. b-d, HAADF-STEM image showing 

each bundled structure contains 2-6 individual wires with different magnifications.  
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Figure A1-7. ICP-OES statistics of ZnSe bundled nanowires. 
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Figure A1-8. Mechanistic study of the formation of ZnS nanoplatelets. a-e, TEM 

images of ZnS nanoparticles. a, 10 min at 90 oC yielding bundled ZnS nanowires. b, 

1 min at 110 oC yielding a mixture containing fragmented nanowires and small 

lateral size nanoplatelets. c, 10 min at 110 oC yielding small lateral size nanoplatelets. 

d, 30 minutes at 170 oC yielding nanoplatelets showing hollow and patchy features. e, 

2 h at 170 oC yielding monodisperse ZnS nanoplatelets. f, Absorption spectra of ZnS 

nanocrystals at different growth stages showing the red-shift of the absorption onset, 

which is in consistence with the increase of the thickness of the nanocrystals. All 

scale bars are 50 nm.  



  117 

 

 

 

Figure A1-9. TEM and HAADF-STEM images of the sample obtained after the 

reaction evolved for 4 min at 150 oC. a, TEM image showing the product contains 

both fused nanowires and nanoplatelets with small lateral size, with the former being 

the dominant phase. b-d, HAADF-STEM images confirming the fragmented feature 

of the fused nanowires with different magnifications. It also shows that the small 

lateral size nanoplatelets have larger contrast in comparison to fused fragmented 

nanowires, confirming the larger thickness of the nanoplatelets with small lateral size. 
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Figure A1-10. Thickness (black circles) and length (blue squares) of 

nanoplatelets as a function of reaction time at 150 oC showing the increase of 

thickness of nanoplatelets from 0.99 nm to 1.39 nm via monomer diffusion and 

reconstruction. 
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Figure A1-11. The growth directions of ZnSe nanoplatelets. Normal to the surface 

plane is the [0002] direction being parallel to the c-axis of the wurtzite structure of 

ZnSe. Note that the surface structure of (11
__

00)A is equivalent to that of (101
__

0)A 

whereas the surface structure of (11
__

00) is equivalent to that of (101
__

0)B.  
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Figure A1-12. The slab model structures. The slab model structures of (11 2 0), 

(101
__

0)A/(11
__

00)A, (101
__

0)B/(11
__

00)B, Zn-terminated (0002) and Se-terminated (000 2 )

surfaces. Top panel and bottom panel correspond to top-view and side view of the 

structures.  
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Figure A1-13. The optimized structures of alkylamine ligand and ZnSe 

monomers adsorption on different sites of exposed surfaces of the ZnSe 

nanostructure. 
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Figure A1-14. Optimized structures of nanowire models. Upper panel shows the 

three-dimensional (3-D) view of the nanowire model, middle panel gives side views 

of the two equivalent structures of the nanowire models, and the bottom panel 

presents the optimized structures of two equivalent structures of the nanowire models. 
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Figure A1-15. Binding behavior of monomers and octylamine ligand on (11 2 0) 

and (11
__

00)B surface of nanowires. a, ZnSe monomer. b, Octylamine. 
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Figure A1-16. Evolution of ZnSe nanoplatelets at different reaction 

temperatures. a, TEM image of ZnSe nanoplatelets obtained after 90 min at 170 oC. 

b, TEM image of product obtained after 30 min at 200 oC showing a mixture 

containing both nanoplatelets and nanowires was obtained. c, TEM image of product 

obtained after 30 min at 220 oC showing thick nanowires were obtained. All scale 

bars are 100 nm. d, Absorption spectra of ZnSe nanoparticles.  



  125 

 

 

Figure A1-17. Diffusion and nuclei construction forming (10 1 0) and (1 1 00) 

terminated surfaces. The optimized structures corresponding to (Figure 1-5A, 1-5B, 

1-5D1, and 1-5D2) were shown in Figure A1-15. 
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Figure A1-18. The optimized structures associated with the diffusion and nuclei 

construction during the formation of ZnSe nanoplatelets. Optimized structures 

corresponding to the figures in the main article: a, Figure 5A. b, Figure 5B. c, Figure 

5C. d, Additional seven layers of Figure 5D1. e, Additional eight layers of Figure 

5D1. f, Additional nine layers of Figure 5D1. g, Additional seven layers of Figure 

5D2, h, Additional eight layers of Figure 5D2. i, Additional nine layers of Figure 

5D2. 
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Figure A1-19. Formation energies of diffusion and nuclei construction of ZnS, CdSe 

and ZnTe along [11 2 0] for three additional layers. 
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Figure A1-20. The calculated formation energy of ZnS, CdSe and ZnTe. 
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Figure A1-21. Ladder type-oriented fusion of ZnTe. 
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Appendix 2: Supplementary information of Chapter 3 

Synthesis yield of ZnSe and ZnS nanoplatelets 

For ZnSe: 

We use Zn(NO3)2·6H2O (100 mmol, 29.7 g) and selenium powder (300 mmol, 

23.7 g) as raw materials. The molar ratio of Zn(NO3)2·6H2O : Se = 1 : 3. We assume 

that all of the Zn(NO3)2·6H2O is converted 100% to the product of ZnSe 

nanoplatelets, then the final ZnSe nanoplatelets is 100 mmol and the mass is 

approximately 14.435 g. In our experiment, when the ligand weight is considered, 

the final weight of ZnSe is 19.9411 g (see manuscript Figure 1D). In order to know 

the exact amount of ligand in our final product, we conduct thermal property analysis 

of ZnSe nanoplatelets (See Figure A2-4). As is shown in Figure A2-4a, TGA curves 

present a dominant weight loss of the samples (48.4% for ZnSe) in the temperature 

range of 150-460 oC accompanied by small endothermic peaks, as marked by red 

circles on the DTA curves. The weight loss and endothermic feature correspond to 

the evaporation of amine ligands.  

So the actual weight of ZnSe is 19.9411 * (1 - 48.4%) = 10.290 g 

The synthesis yield of ZnSe nanoplatelets is 10.290/14.435 = 71.3% 

For ZnS: 

We use Zn(NO3)2·6H2O (100 mmol, 29.7 g) and sulfur powder (300 mmol, 9.6 

g) as raw materials. The molar ratio of Zn(NO3)2·6H2O : S = 1 : 3. We assume that 

all of the Zn(NO3)2·6H2O is converted 100% to the product of ZnS nanoplatelets, 

then the final ZnS nanoplatelets is 100 mmol and the mass is approximately 9.746 g. 

In our experiment, when the ligand weight is considered, the final weight of ZnSe is 

15.9098 g (see Figure A2-1D). In order to know the exact amount of ligand in our 

final product, we conduct thermal property analysis of ZnSe nanoplatelets. As is 

shown in Figure A2-4b, TGA curves present a dominant weight loss of the samples 

(49.7% for ZnS) in the temperature range of 150-460 oC accompanied by small 

endothermic peaks, as marked by red circles on the DTA curves. The weight loss and 

endothermic feature correspond to the evaporation of amine ligands. 

So the actual weight of ZnSe is 15.9098 g* (1 – 49.7%) = 8.003 g 

The synthesis yield of ZnSe nanoplatelets is 8.003/9.746 = 82.1% 
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Surface ligand exchange of nanoplatelets 

Surface ligandexchange of {ZnSe[n-amine]x} nanoplatelets with TBP: In a 

typical procedure, ZnSe powder (80 mg, 0.55 mmol) was dissolved in toluene (2 mL) 

with continuous sonication for 30 min, which led to the formation of the transparent 

solution. Then the clear and colorless solution was transferred to a glove box. In the 

glove box, TBP (1 mL) was added in the reaction mixture with constant stirring for 

60 min at room temperature. The obtained product was directly used or diluted with 

toluene for further characterizations.  

Surface ligand exchange of {ZnS0.75Se0.25[n-amine]x} nanoplatelets with 

TBP: 0.5 mL crude solution ofZnSe0.25S0.75nanoplatelets was purified with the same 

purification procedure as that for ZnSe. The purified {ZnS0.75Se0.25[n-amine]x} 

nanoplatelet solids were dispersed in toluene (0.5 mL) and then the solution was 

transferred to a glove box. In the glove box, TBP (0.25 mL) was added in the 

solution under constant stirring for 60 min at room temperature. The obtained 

product was directly used or diluted with toluene for further characterizations. 

Surface ligand exchange of {ZnS0.50Se0.50[n-amine]x} nanoplatelets with 

TBP: 0.5 mL crude solution ofZnSe0.50S0.50nanoplatelet was purified with the same 

purification procedure as that for ZnSe. The purified {ZnS0.50Se0.50[n-amine]x} 

nanoplatelet solids were dispersed in toluene (0.5 mL) and then the solution was 

transferred to a glove box. In the glove box, TBP (0.25 mL) was added in the 

solution under constant stirring for 60 min at room temperature. The obtained 

product was directly used or diluted with toluene for further characterizations. 

Surface ligand exchange of {ZnS[n-amine]x} nanoplatelets with TOP: In a 

typical procedure, ZnS (2 mg, 0.02 mmol) was dissolved in toluene (0.5 mL) with 

continuous sonication for 30 min until the solution became transparent. Then the 

clear and colourless solution was transferred to a glove box. In the glove box, TOP 

(3.75 mL) was added in the solution with constant stirring for 120 min at room 

temperature. Then the temperature was raised to 50 oC and kept at this temperature 

for 40 min to remove the toluene before cooling down to the room temperature. The 

obtained product was directly used for further characterizations. 

Surface ligand exchange of {ZnSe[n-amine]x} nanoplatelets with TBP: In a 

typical procedure, ZnSe (2 mg, 0.014 mmol) was dissolved in toluene (0.5 mL) with 

continuous sonication for 30 min until the solution became transparent. Then the 

clear and colourless solution was transferred to a glove box. In the glove box, TBP 

https://www.sigmaaldrich.com/catalog/substance/trinbutylphosphine2023299840311
https://www.sigmaaldrich.com/catalog/substance/trinbutylphosphine2023299840311


  133 

 

(3.75 mL) was added in the solution with constant stirring for 120 min at room 

temperature. Then the temperature was raised to 50 oC and kept at this temperature 

for 40 min to remove the toluene before cooling down to the room temperature. The 

obtained product was directly used for further characterizations. 
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ZnSe nanoplatelets synthesized using a variety of amine and zinc precursors 

    We have employed a variety of alkylamines (Figure A2-2) and zinc precursors 

(Figure A2-3) to investigate their effects on the formation of ZnSe nanoplatelets, as 

summarized in Table S1. When single amine including octylamine (C8H19N) (Figure 

A2-2c), decylamine (C10H23N) (Figure A2-2d), and oleylamine (Figure A2-2e), was 

used in the synthesis, densely stacked ZnSe nanoplatelets with lamellar structures 

were formed (Figure A2-2c-e). The synthesis using hexylamine as the solvent 

produced white powders without any distinct absorption features that are associated 

with ZnSe. A mixed solvent containing oleylamine with a short chain amine (e.g. 

hexylamime, octylamine and decylamine) in the synthesis produced nearly 

monodisperse ZnSe nanoplatelets with good dispersity (Figure A2-2f-h). Synthesis 

using different zinc precursors, i.e. Zn(NO3)2·6H2O (Figure A2-3a), ZnI2 (Figure A2-

3b), and Zn(ac)2·2H2O (Figure A2-3c), also produced monodisperse ZnSe 

nanoplatelets. All of the obtained nanoplatelets show sharp absorption features with 

the first exciton peak at 348 nm (Figures A2-2b and A2-3d), indicating their uniform 

thickness of the basal plane of ZnSe nanoplatelets. 
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Thermal property analysis of nanoplatelets 

    Figure A2-4a and 4b show TGA-DTA curves of ZnS and ZnSe nanoplatelets, 

respectively. In the first scan conducted in N2 from room temperature to 743 oC, 

TGA curves present a dominant weight loss of the samples (49.7% for ZnS and 48.4% 

for ZnSe) in the temperature range of 150-460 oC accompanied by small endothermic 

peaks, as marked by red circles on the DTA curves. The weight loss and endothermic 

feature correspond to the evaporation of decylamine (boiling point 220.5 oC)1 and 

oleylamine (boiling point 350 oC)2 ligands. Thermal property measurements 

conducted in air show a second weight loss (8.8% for ZnS and 20.6% for ZnSe) in 

the TGA curves which are accompanied by sharp exothermic peaks (635 oC for ZnS 

and 465 oC for ZnSe). Close inspections on the second weight loss and the 

exothermic feature suggest that zinc chalcogenide nanoplatelets convert into ZnO 

due to oxidation in air at elevated temperatures.  

2ZnS + 3O2 → 2ZnO + 2SO2↑ (Equation 1) 

    Theoretical weight loss for ZnS based on Equation 1:  

 

2ZnSe + 3O2 → 2ZnO + 2SeO2↑ (Equation 2) 

Theoretical weight loss for ZnSe based on Equation 2:  

 

    The values of measured weight loss for ZnS and ZnSe nanoplatelets conducted in 

air are 8.8% and 20.6%, being in consistent with those of the theoretical weight loss 

of 8.3% and 22.5%, respectively. This consistency confirms that the presence of the 

exothermic peaks on the DTA curves corresponds to the decomposition and 

oxidization of zinc chalcogenide nanoparticles in air at elevated temperatures. 

Compared with ZnSe nanoplatelets, ZnS nanoplatelets are more stable in air and they 

do not show evident oxidization below 560 oC. 

  



  136 

 

TEM and HAADF-STEM characterizations of nanoplatelets 

TEM (Figure A2-5a, A2-5c) and HAADF-STEM images (Figure A2-5b, A2-5d) of 

zinc chalcogenide nanoplatelets with a large population are used to illustrate the 

particles shown in Figure 3-1e, 3-1f, 3-1h and 3-1i in the main article are 

representative of the entire samples. Sizing histograms on both ZnS and ZnSe 

nanoplatelets (Figure A2-5e, A2-5f) show narrow size distributions.  

 

Lateral size control of ZnSe nanoplatelets 

    Sizing histograms of ZnSe nanoplatelets (Figure A2-6) show narrow size 

distributions, indicating the monodispersity of ZnSe nanoplatelets. 

 

Contraction of lattice of zinc chalcogenide nanoplatelets induced by surface 

ligands  

    In order to provide further insight on the amine ligand induced compressive stress 

that leads to the contraction of lattices of zinc chalcogenide nanoplatelets, we 

interpreted these results based on theory of elasticity.3 For a linearly elastic material, 

the bulk modulus, K, is defined as the ratio of pressure increment, ΔP, required to 

induce unit change in volume per unit volume, ΔV/V. 

K = (ΔP/((ΔV)/V) (Equation 3) 

K = E/(3(1 - 2ν)) (Equation 4) 

Wherein E is modulus of elasticity, ν is Poisson’s ratio.  

ΔV/V = 3((Δa)/a) + 3((Δa)/a)^2 + ((Δa)/a)^3(Equation 5) 

        If we ignore the terms with square and cubic of Δa/a for small strain in 

Equation 5, we obtain the following equation. 

ΔP = (E/(1 - 2ν))/((Δa)/a) (Equation 6) 

EZnSe(bulk) = 67.2 GPa, EZnS(bulk) = 74.5 GPa; νZnSe = 0.28, νZnS = 0.27.4-7 

        The d(0002) spacings calculated based on the XRD patterns in Figure 1n in the 

main article are dZnSe = 0.32206 nm, and dZnS = 0.29901 nm.  

        The d(0002) spacings in the standard XRD patterns of wurtzite ZnSe and for 

ZnS are 0.32501 nm and 0.31292 nm, respectively.  

ΔPZnSe = 1.38 GPaΔPZnS = 5.91 GPa  
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Figure A2-1. One-pot ultralarge scale synthesis of ZnS nanoplatelets under 

ambient conditions. a, Reaction setup. b, Crude solution. c,d, Photographs of a 

dried sample, showing the Petri dish containing 15.9 g ZnS nanoplatelets. A US 

quarter dollar coin is given in (c) for comparison.  
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Figure A2-2. ZnSe nanoplatelets synthesized using different alkylamines. a, 

Schematic illustration of amines, including hexylamine (C6H15N), octylamine 

(C8H19N), decylamine (C10H23N) and oleylamine (C18H37N). b, Absorption spectra of 

ZnSe nanoplatelets with an absorption onset at 348-350 nm, suggesting the uniform 

thickness of nanoplatelets. c-h, TEM images of ZnSe nanoplatelets synthesized in (c) 

Octylamine, (d) Decylamine, (e) Oleylamine, (f) Hexylamine + oleylamine, (g) 

Octylamine + oleylamine, and (h) Decylamine + oleylamine. Inset in (e) is the 

HAADF-STEM image of ZnSe nanoplatelets, showing the nanoplatelets are standing 

on their edges with a uniform thickness of ~1.39 nm. For a mixed solvent, the 

volume ratio between the short amine and oleylamine for (f-h) is 1:2.  
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Figure A2-3. ZnSe nanoplatelets synthesized using different zinc precursors. a-c, 

TEM images of ZnSe nanoplatelets synthesized using a, Zn(NO3)2·6H2O, b, ZnI2, 

and c, Zn(ac)2·2H2O as the zinc precursor. d, Absorption spectra of ZnSe 

nanoplatelets with the absorption onset at 348 nm, suggesting the uniform thickness 

of nanoplatelets.   
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Figure A2-4. Thermal gravimetric analysis-differential thermal analysis (TGA-

DTA) of nanoplatelets. a, ZnS. b, ZnSe. Each DTA plot contains two scans: the first 

scan starts from room temperature under N2 and finishes at 743 oC, then the system 

cools down to a temperature below 200 oC, from which the second scans starts under 

air and finishes at 743 oC. 
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Figure A2-5. Electron microscopy images and sizing histograms of nanoplatelets. 

a, TEM image of ZnS nanoplatelets. b, HAADF-STEM image of ZnS nanoplatelets. 

c, TEM image of ZnSe nanoplatelets. d, HAADF-STEM image of ZnSe 

nanoplatelets. Size histograms (e) width and (f) length of nanoplatelets. Blue and red 

columns correspond to (a,b) ZnS and (c,d) ZnSe nanoplatelets, respectively. 
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Figure A2-6. Lateral size control of ZnSe nanoplatelets. a, 9.5±0.7 nm × 33.9±4.6 

nm. b, 13.0±2.5 nm × 57.4±16.0 nm. c, 18.0±2.3 nm × 76.9±17.9 nm. d, 14.4±2.4 

nm × 84.2±12.5 nm. e, 17.2±2.9 nm × 98.3±12.2 nm. f, 16.0±2.1 nm × 103.2±12.7 

nm. The sizing histogram of each sample is shown on right side of its TEM image. 

All scale bars are 50 nm.  
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Figure A2-7. AFM images and cross-section height analyses of individual zinc 

chalcogenide nanoplatelets. a, ZnS. b, ZnSe. AFM images show the lateral 

elongation of ZnS and ZnSe nanoplatelets and the height analyses confirm the 

uniform thickness of ~1.39 nm for both ZnS and ZnSe nanoplatelets.  
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Figure A2-8. HAADF-STEM image of ZnSe nanoplatelets. Hollow feature and 

patches of nanoplatelets are highlighted by white dashed circles, indicating 

nanoplatelets may form from small nanoplatelets via oriented attachment. 
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Figure A2-9. HAADF-STEM images and element maps of zinc chalcogenide 

nanoplatelets. a-c, ZnS nanoplatelets. d-f, ZnSe nanoplatelets.  
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Figure A2-10. STEM-EDX spectrum of ZnS nanoplatelets. 



  147 

 

 

Figure A2-11. STEM-EDX spectrum of ZnSe nanoplatelets. 
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Figure A2-12. STEM-EDX spectrum of alloyed ZnS0.75Se0.25 nanoplatelets. 
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Figure A2-13. HRTEM images and FFT analyses of selected areas of ZnSe 

nanoplatelets. a-c, HRTEM images of ZnSe nanoplatelets. Inserts show FFT 

analyses of selected areas, as marked by red rectangles, revealing the 

crystallographic relations. White dashed lines in (c) are used to guide the boundary 

of each individual ZnSe nanoplatelet. 
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Figure A2-14. Structural characterization of ZnS nanoplatelets. a, HRTEM 

image. b, FFT analysis of a selected area in (a) marked by a red rectangle, revealing 

the crystallographic relation. The arrow in (a) indicates the orientation of the long 

axis of ZnS nanoplatelets is parallel to the crystallographic c-axis of the wurtzite 

structure. c, SAED patterns showing a set of well-defined rings indexed to wurtzite 

ZnS.  
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Figure A2-15. HRTEM images and FFT analyses of selected areas of ZnS 

nanoplatelets. a-d, HRTEM images of ZnS nanoplatelets. Inserts show FFT 

analyses of selected areas, as marked by red rectangles, revealing the 

crystallographic relations. 
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Figure A2-16. FFT reconstructed image of ZnSe nanoplatelets showing both zinc 

(yellow) and selenium (cyan) atoms are visible. 
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Figure A2-17. HRTEM image and FFT analyses of selected areas of twisted 

ZnSe nanoplatelets. a, HRTEM image of twisted ZnS nanoplatelets. Inserts show 

FFT ananlyses of selected areas, as marked by red rectangles, revealing the 

crystallographic relations. The presence of two sets of diffraction patterns are marked 

by arrows in inset (top) revealing different orientation of the lattice planes of an 

individual nanoplatelet due to the twisting. b, Scheme of a twisted nanoplatelet 

associated with (a).  
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Figure A2-18. Comparison of absorption spectra of nanoplatelets before and 

after ligand exchange. TBP was used to substitute the surface passivating ligand of 

alkylamine for ZnSe and alloyed nanoplatelets whereas TOP was used ZnS 

nanoplatelets. The absorption spectra for all nanoplatelets retain the features of the 

original nanoplatelets after the surface ligand has been changed into TBP or TOP 

although a slight red-shift was observed. 
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Figure A2-19. Comparison of XRD patterns of nanoplatelets before and after 

ligand exchange. TBP was used to substitute the surface passivating ligand of 

alkylamine for ZnSe nanoplatelets whereas TOP was used for the case of ZnS. The 

diffraction peaks in the XRD patterns for both ZnSe and ZnS after the surface ligand 

has been changed into TBP or TOP do not show any shift with respect to those of the 

original nanoplatelets. The standard XRD patterns for both wurtzite ZnSe and ZnS 

were given for reference.  
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Figure A2-20. Fluorescence emission spectra of nanoplatelets at room 

temperature (RT) and 77 K. The fluorescence emission spectra for all nanoplatelets 

at RT are much broader than those at 77 K, with a shift to the lower energy due to 

thermal broadening.  
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Figure A2-21. Fluorescence lifetime of zinc chalcogenide nanoplatelets at 77 K. 

The fluorescent emission lifetime curve for ZnS0.75Se0.25 (toluene + TBP) at 77 K 

show a bi-exponential decay, with 𝛕1= 1.76 ns and 𝛕2=3.92 ns. 
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Figure A2-22. Optical spectroscopy, TEM and STEM images of ZnSe bundled 

wires and small nanoplatelets. a,d, Absorption (black lines) and fluorescence 

emission (red lines) b,e, TEM images and c,f, STEM images. Inset in d is the 

fluorescence lifetime of ZnSe small nanoplatelets at room temperature. 
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Figure A2-23. Stability of ZnS nanoplatelets under ambient conditions. a, TEM 

image of freshly made ZnS nanoplatelets. b, Absorption spectrum of freshly made 

ZnS nanoplatelets. Inset shows ZnS nanoplatelets dispersed in toluene. c, TEM 

image of ZnS nanoplatelets after keeping under ambient light in air for 8 months, 

showing the morphology of nanoplatelets was retained. d, Absorption spectrum of 

ZnS nanoplatelets after keeping under ambient light in air for 8 months, showing the 

sharp features of the absorption exciton peaks are preserved, although a 2 nm red-

shift of the first exciton peak is observed. Inset shows ZnS nanoplatelets dispersed in 

toluene, showing good dispersity of the nanoparticles. All scale bars are 100 nm. 
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Figure A2-24. Stability of ZnSe nanoplatelets under ambient conditions. a, TEM 

image of freshly made ZnSe nanoplatelets. b, Absorption spectrum of freshly made 

ZnSe nanoplatelets. Inset shows ZnSe nanoplatelets dispersed in toluene. c, TEM 

image of ZnSe nanoplatelets after keeping under ambient light in air for 8 months, 

showing the morphology of nanoplatelets are retained. d, Absorption spectrum of 

ZnSe nanoplatelets after keeping under ambient light in air for 8 months showing the 

sharp features of the absorption exciton peaks are preserved, although a 2 nm red-

shift of the first exciton peak is observed. Inset shows ZnSe nanoplatelets dispersed 

in toluene, showing good dispersity of the nanoparticles. All scale bars are 100 nm. 
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Figure A2-25. Photograph of ZnSe nanoplatelets dispersed in toluene solution. 
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FigureA2-26. Size and geometry of the interdigitated electrodes used in this work. 
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Figure A2-27. Transient responses of the ZnSe photodetector suggesting that the 

response time of current rise and fall is about 0.3 s when the UV light is switched on 

and off. 
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Appendix 3: Supplementary information of Chapter 4 

 

Figure A3-1. Photograph showing a weighing paper containing 1.26 g of single-

layer MoS2 nanosheets. 
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Figure A3-2. Low-magnification TEM image of single-layer MoS2 nanosheets. 
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Figure A3-3. AFM image showing the uniform thickness of ~0.6 nm of five 

individual single-layer MoS2 nanosheets. 
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Figure A3-4. XPS survey spectrum of single-layer MoS2 nanosheets. 
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Figure A3-5. EDX spectrum of single-layer MoS2 nanosheets. 
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Figure A3-6. AFM image showing the thickness of individual single-layer WS2 

nanosheet.  



  171 

 

 

Figure A3-7. High-resolution TEM image of single-layer WS2 nanosheets. 
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Figure A3-8. UV-vis absorption spectrum of single-layer WS2 nanosheets. 
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Figure A3-9. XPS survey spectrum of single-layer WS2 nanosheets. 
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Figure A3-10. EDX spectrum of single-layer WS2 nanosheets. 
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Figure A3-11. a, STEM image of single-layer WS2 nanosheets. b,c, STEM-EDS 

elemental mapping of (b) W and (c) S of as-synthesized single-layer WS2 nanosheets. 
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Figure A3-12. AFM image showing the thickness of ~0.6 nm of individual single-

layer ReS2 nanosheet.  
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Figure A3-13. XPS survey spectrum of single-layer ReS2 nanosheets. 
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Figure A3-14. EDX spectrum of single-layer ReS2 nanosheets. 
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Figure A3-15. a, STEM image of single-layer ReS2 nanosheets. b,c, STEM-EDS 

elemental mapping of (b) Re and (c) S of as-synthesized single-layer ReS2 

nanosheets. 



180 

Appendix 4: Statement of Contribution by Others 

Statement of Contribution by Others 

To Whom It May Concern I, [Yingping Pang], contributed (Y.P. designed and 

conducted the experiments. Y.P. wrote the manuscript and analysed the experimental 

data with support from G.J.) to the paper/publication entitled (Y. Pang, M. Zhang, D. 

Chen, W. Chen, F. Wang, Shaghraf Javaid, M. Saunders, M, Rowles, L. Liu, S. Liu, 

A. Sitt, C, Li, G. Jia, Why Do Colloidal Wurtzite Semiconductor Nanoplatelets Have

an Atomically Uniform Thickness of Eight Monolayers? J. Phys. Chem. Lett. 2019, 

10, 12, 3465-3471). 

(Signature of Candidate) 

I, as a Co-Author, endorse that this level of contribution by the candidate indicated 

above is appropriate. 

Minyi Zhang

(Full Name of Co-Author 1) (Signature of Co-Author 1) 

Dechao Chen

(Full Name of Co-Author 2) (Signature of Co-Author 2) 

Wei Chen

(Full Name of Co-Author 3)     (Signature of Co-Author 3) 

Fei Wang

(Full Name of Co-Author 4) (Signature of Co-Author 4) 

Shaghraf Javaid

(Full Name of Co-Author 5) (Signature of Co-Author 5) 

Martin Saunders

(Full Name of Co-Author 6) (Signature of Co-Author 6) 



181 

Matthew R. Rowles

(Full Name of Co-Author 7) (Signature of Co-Author 7) 

Lihong Liu

(Full Name of Co-Author 8) (Signature of Co-Author 8) 

Shaomin Liu

(Full Name of Co-Author 9) (Signature of Co-Author 9) 

Amit Sitt

(Full Name of Co-Author 10) (Signature of Co-Author 10) 

Chunsen Li

(Full Name of Co-Author 11) (Signature of Co-Author 11) 

Guohua Jia

(Full Name of Co-Author 12) (Signature of Co-Author 12) 




















	Yingping Pang phd submission 2
	Yingping Pang phd submission-no annotation
	Yingping Pang phd submission 193
	Yingping Pang phd submission 194
	Yingping Pang phd submission 195
	Yingping Pang phd submission 196
	Yingping Pang phd submission 197
	Yingping Pang phd submission 198
	Yingping Pang phd submission 199
	Yingping Pang phd submission 200
	Yingping Pang phd submission 201



