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Abstract 

 

WS2, MoS2 and ZrS2 nanomaterials in various forms, such as nanoflakes, 

inorganic fullerene-like nanoparticles and nanorattles, were synthesised using 

two modified conventional techniques: solid-gas reaction and chemical vapour 

deposition. Both of these techniques are essentially based on reactions 

between metal oxides/chlorides and sulphur at a relatively low temperature in 

the range of 350-950°C in H2/Ar. Compared with other common techniques, 

these techniques are cost effective and environmentally friendly and produce 

well-crystallised WS2, MoS2 and ZrS2 nanomaterials with controllable sizes and 

morphologies, arising from the involvement of simple equipment and a H2S-free 

process. 

 

With the solid-gas reaction technique, the formation of WS2 and MoS2 inorganic 

fullerene like (IF) particles follows a so-called "template growth" mechanism, 

which implies that the sizes of the final products resemble their metal oxide raw 

materials. Therefore, because of the usage of WO3 nanoparticles and MoO3 

submicron particles as precursors, nanosized WS2 (<100 nm) and submicron-

sized MoS2 (approximately 500 nm) particles were generated, respectively. 

Further investigation of the reaction mechanism reveals that H2 is a vital factor 

in the formation of WS2 IF nanoparticles. Without H2, WS2 nanoflakes are 

instead produced, which is attributed to that the formation of WS2 IF 

nanoparticles based on the synergy between H2 reduction and S sulphidation.  

 

Using the CVD technique, WS2 IF nanoparticles with sizes below 100 nm were 

readily produced. However, the initially formed WS2 IF nanoparticles were 

poorly crystallised with numerous defects and disconnections, which is 

consistent with the results of other researchers. In this project, an additional 

annealing process was introduced to eliminate these defects and 

disconnections. After this process, well-crystallised WS2 IF nanoparticles were 

formed, which should exhibit improved mechanical properties and stability. In 

addition to the WS2 IF nanoparticles, ZrS2 was also prepared using the same 

route from the reaction of ZrCl4 with S. Unlike the WS2, the generated ZrS2 was 

in the form of nanoflakes with sizes below 30 nm. Consequently, these 
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nanoflakes exhibited a strong quantum confinement effect and good 

photocatalytic performance for the decomposition of 4-NP. 

 

Based on the investigation of the WO3 sulphidation mechanism, novel W@WS2 

and WS2@WS2 nanorattles were designed and first synthesised using a simple 

gas-solid reaction. The as-synthesised nanorattles were composed of tiny, 

moveable W/WS2 cores and continuous WS2 shells with much larger sizes. By 

simply tailoring the processing parameters, several types of nanostructures, 

including WS2 nanoflakes, IF nanoparticles and nanorattles (with desirable core 

size and shell thickness) were selectively prepared. Moreover, it was observed 

for the first time that the as-prepared nanorattles exhibited excellent catalytic 

activities, which were close to or even better than their much more expensive 

Au- and Pt-based counterparts.  
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Chapter One    Introduction 

Metal dichalcogenides such as MoS2 and WS2 are currently under extensive 

investigation because of the successful fabrication of monolayer WS2 and MoS2 

nanoflakes, which have excellent catalytic properties [1-3]. In addition to this 

latest graphene-like structure, metal dichalcogenides have many other forms 

such as nanoflakes, inorganic fullerene-like (IF) nanoparticles and nanotubes, 

which exhibit good mechanical properties [4-6], tribological performance [7-11] 

and biocompatibility [12]. These properties make metal dichalcogenides 

attractive as composite reinforcements, lubricants and drug carriers [11-13]. 

Therefore, it is necessary to develop efficient routes to produce metal 

dichalcogenides on a large scale and at low cost.  

 

Many approaches have previously been, or are still being, investigated 

worldwide to synthesise metal dichalcogenides with various morphologies, 

including gas-solid reaction, physical ablation, and hydrothermal synthesis 

processes. Among these techniques, the most efficient route is the so-called 

“falling bed synthesis”, which has already been used for the commercial 

production of MoS2 and WS2 IF nanoparticles and nanotubes. Using this 

technique, a solid-metal-containing precursor (e.g., MoO3 and WO3) reacts with 

H2S vapour, forming corresponding metal dichalcogenides with designed 

structures [14]. However, this technique has two main drawbacks: the usage of 

special equipment and toxic H2S gas, which largely increases the production 

cost and causes safety/environmental concern. Therefore, it is necessary to 

develop a simple, cost-effective, and high-efficiency technique to prepare the 

carbide materials for large-scale productions. 

 

In the present thesis, two simple scalable routes that do not require special 

equipment or toxic H2S are proposed to produce well-crystallised WS2 and 

MoS2 IF nanoparticles and nanoflakes. Using these techniques, metal oxides or 

chlorides were reacted with S and H2 in a conventional tube furnace to produce 

corresponding metal dichalcogenides with controllable nanostructures on a 

large scale. In addition to MoS2 and WS2 based nanomaterials, ZrS2 nanoflakes 

with sizes below 30 nm were produced from the reaction between ZrCl4 and S; 
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these materials exhibited good photocatalytic performance. Based on the 

investigation of the sulphidation mechanism of the oxides, novel W@WS2 and 

WS2@WS2 nanorattles were designed and synthesised. Because these 

materials were first prepared by the author, future investigations of the 

properties of the synthesised nanorattles would be valuable. For example, the 

as-synthesised nanorattles were observed to exhibit excellent catalytic 

properties. Because of this unique nanorattle structure, the WS2 shell can 

prevent W and WS2 nanocores from agglomeration, while a sufficient volume 

remains for the later catalytic reaction (e.g., hydrogenation and the hydrogen 

evolution reaction (HER)). Therefore, the catalysts enclosed in the nanorattles 

exposed much more active surface, leading to better catalytic performance than 

their naked counterparts. Because these nanorattles were produced via a 

simple, environmentally friendly and scalable technique with relatively 

inexpensive raw materials (WO3 and S) and exhibited excellent chemical and 

electrochemical catalytic performance, they have good potential to replace 

many commonly used expensive catalysts such as Au and Pt.        

   

Thesis outline 

This thesis contains eight chapters. Chapter one provides an overall 

introduction to the thesis, including the inspiration and innovation of this project 

and project objectives. Chapter two is a comprehensive literature review on 

various synthesis techniques and properties of metal dichalcogenides 

nanoflakes, IF nanoparticles, nanotubes and nanorattles. In Chapter three, the 

experimental techniques for the characterisation and property measurements 

used in this thesis are introduced. Chapters four and five present the reaction 

parameters and mechanisms for the formation of the WS2, MoS2 IF 

nanoparticles and nanoflakes via solid-gas reaction. Chapters six discuss the 

effects of the reaction parameters and mechanisms for the formation of the WS2 

IF nanoparticles and ZrS2 nanoflakes via the chemical vapour deposition 

technique. The synthesis procedures, mechanism and properties of novel 

W@WS2 and WS2@WS2 nanorattles are presented and discussed in Chapters 

seven. Chapter eight ends with final conclusions and suggestions for future 

work. 
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Chapter Two     Literature Review 

2.1 Structures and properties of metal dichalcogenides  

Many metal dichalcogenides (MX2, M = Mo, W, Zr and Ti. and X = S or Se) 

have a similar hexagonal graphite-like layered structure (Table 1.1). Graphite is 

composed of mono-atomic carbon sheets containing hexagonal honeycomb unit 

cells, which have strong in-layer covalent bonds and weak van der Waals forces 

between adjacent layers (Figure 1.1). Unlike graphite, the layer of MX2 is made 

of “sandwich-like” unit cells with three atomic planes. For example, WS2 has a 

typical “sandwich-like” layered structure. Each “sandwich” is composed of two 

planes of S atoms and an intermediate plane of W atoms, which are all 

arranged in a hexagonal shape (Figure 1.1). Depending on the stacking 

sequences, metal dichalcogenides have two different crystal structures: 2H 

hexagonal polymorph and 3R rhombohedral polymorph. Compared with the 3R 

structure, the 2H hexagonal structure packing with AbA BaB sequence is the 

most stable phase under ambient conditions [15].  

 

Table 1.1 Basic physical properties of some common MX2 [15] 

Materials Melting point 
(°C) 

Density 
(g/cm3) 

Appearance Crystal 
structure 

WS2 1250 
decompose 

7.5 blue-grey 
powder 

hexagonal 
polymorph 

MoS2 1185 
decompose 

5.06 black/lead-
grey solid 

hexagonal 
polymorph 

ZrS2 1480 3.82 red-brown 
crystals 

rhombohedral 
polymorph 

TiS2 N/A 3.22 yellow 
powder 

hexagonal 
polymorph 

WSe2 N/A 9.32 grey powder hexagonal 
polymorph 

MoSe2 N/A 6.98 crystalline 
solid 

hexagonal 
polymorph 
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Figure 1.1 Layered structures of WS2 and graphite [16]. 

 

Because of the layered structure, most MX2 materials can exist in many forms 

such as multilayer flakes, fullerene-like nanoparticles, nanotubes and graphene-

like flakes.  

 

Multilayer flakes: Among all forms of MX2, multilayer flakes are the most stable 

phase [17]. By adjusting the synthesis conditions, the sizes of produced MX2 

flakes can be controlled from several nanometres to tens of micrometres. 

Because the adjacent layers of MX2 are connected by weak van der Waals 

bonds, the layers can easily slide away under a shear force. Therefore, MX2 

flakes exhibit excellent tribological performance and have been used to replace 

graphite as dry lubricants [7-10]. When the sizes of MX2 particles are reduced to 

the nanoscale, their specific surface areas are increased dramatically, which 

makes them attractive as catalysts [18, 19].     
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Figure 1.2 Computer simulation of (a) IF nanoparticles and (b) nanotubes [20]. 

 

IF nanoparticles and nanotubes: Similar to carbon, which can exist as carbon 

fullerenes or carbon nanotubes [21], MX2 can also form seamless nanotubular 

and spherical structures with all the M and X atoms being fully bonded (Figure 

1.2). In most cases, the sizes of the synthesised MX2 fullerenes and nanotubes 

are below 200 nm, above which MX2 platelets become the main phase because 

this structure is thermodynamically favourable [17]. The synthesis of MX2 

nanotubes and fullerenes with single wall structure is also possible but much 

more difficult than that of multiwalled structures [22]. Hence, mutiwalled MX2 

nanotubes and fullerenes are most commonly selected for both laboratory and 

industry uses. 

 

MX2 fullerenes and nanotubes exhibit outstanding lubricating performance 

compared with MX2 flakes because of their rolling friction mechanism [11]; thus, 

these structures are considered alternative ideal lubricants. In addition to this 

common application, MX2 fullerenes and nanotubes can be used as hydrogen 

storage components [23, 24] and drug carriers [12] because of their high 

specific surface area and good biocompatibility. 

 

a b 

a b 
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Figure 1.3 AFM image of a WS2 island and the corresponding height profile 

along the dashed line [25]. 

 

Graphene-like flakes: The successful synthesis of single-layer graphene by 

Geim and Novoselov [26] showed that a single-layer carbon molecular could be 

produced and could exist under ambient conditions. Because MX2 has a similar 

layer structure as graphite, it is possible to produce stable MX2 analogues of 

graphene with less than five layers. According to Ramakrishna Matte’s research 

[27], graphene-like WS2 and MoS2 with only 1-3 layers could be prepared using 

the intercalation and exfoliation method (Figure 1.3). Recently, the graphene-

like MX2 nanoflakes were confirmed to exhibit excellent HER catalytic 

performance [1-3]. Although many other properties of such graphene-like MX2 

structures are not clear, these materials have good potential to be used as 

lubricants or reinforcements of composites. For the latter, the thermal and 

electrical conductivities of the composites could be improved dramatically.  

 

2.2 Introduction to nanorattles 

With the development of modern synthetic technologies and analytical 

instruments, various types and forms of nanoparticles have been synthesised 

and widely used in many areas. For example, transition metals are good 

catalysts for many reaction systems because these materials can easily donate 

or receive electrons from reactants by changing their metal oxidation states 



7 
 

over a wide range (normally from 0 to +6). Upon reducing their sizes to the 

nanoscale, their catalytic performance can be improved dramatically. This 

improvement is attributed to the increased specific surface areas of the 

catalysts, which increases the chances of collision between catalysts and 

reactants [28, 29]. However, due to their high specific area, nanoparticles are 

also extremely unstable and tend to aggregate easily, which will sharply 

decrease their surface area and the activity. To overcome this issue, many 

countermeasures have been taken. In general, two routes are widely used: 

ligand protection and core–shell configuration. The former is an efficient route to 

stabilise nanoparticles against agglomeration by modifying their surface with a 

layer of organic groups [30-32]. However, because of the poor high temperature 

stability of most coated organic materials, the ligand protection layer will 

decompose at high temperatures. Therefore, such coated materials are not 

suitable for high-temperature applications. Alternatively, organic ligand layers 

are replaced by some more stable inorganic materials, such as silicon oxide 

and carbon, forming core-shell-structured particles [33]. Such core-shell 

nanoparticles can be easily dispersed and remain stable in harsh environments 

(e.g., high temperature and corrosion). However, this route is still not suitable 

for the dispersion of nano catalysts because the active surface of nano catalysts 

is covered by a dense shell of inorganic material. Hence, the reactants must 

diffuse through the shell to reach the surface of the catalyst, which will result in 

a dramatic decrease in the catalytic activity of the core materials.  

 

 

Figure 1.4 TEM image of typical silica nanorattles [34] 
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To address these problems, materials with novel core-hollow structures 

(“nanorattles”) were synthesised [34]. These materials had similar shells as the 

normal core-shell particles; however, the enclosed core was much smaller than 

the hollow chamber, leaving a sufficient volume for catalytic reactions (Figure 

1.4). This novel structure not only effectively isolates nanoparticle cores and 

prevents their agglomeration but also enables more active surface to be 

exposed. Consequently, the nanorattles perform much better as catalysts 

compared with their naked nanoparticle and conventionally coated nanoparticle 

counterparts. Because MX2 IF nanoparticles exhibit good high temperature 

stability and corrosion resistance [35], these materials are suitable for use as 

nanorattle shells that can survive under harsh conditions [36]. Thus, WS2-based 

nanorattles may also exhibit good properties.  

  

2.3 Synthesis routes of metal dichalcogenides  

Since the first preparation of WS2 IF nanoparticles by Tenne et al.[16], MX2 

materials have received considerable attention because these materials can 

form unique, stable and controllable structures that could be potentially used in 

many areas. The commonly used synthesis methods for MX2 include the 

following four routes: (1) physical ablation, (2) hydrothermal reaction, (3) solid 

assisted reaction and (4) chemical vapour deposition (CVD). 

 

2.3.1 Physical ablation      

Laser ablation is an effective route to produce nanoparticles. Compared with 

other techniques, such as solid-phase and gas-solid phase reactions, laser 

ablation has been observed to be feasible in the preparation of nanocrystals 

with specific shapes and sizes [37]. Using this technique, a pellet that is 

composed of the same material as the target product is exposed to a pulsed 

laser. Because of the high incidence energy, numerous tiny particles are 

ablated from the pellet, forming a hot plume, which is then condensed and 

collected in a cold gas or solvent. The entire process can be divided into four 

steps: light-absorption, photoionisation, heat diffusion and the evaporation of 
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the plume consisting of atoms, clusters and ions. Because of the high energy of 

the laser, the duration of the ablation process is very short, a few nanoseconds 

at most. The subsequent fast quenching process prevents atoms from diffusing 

and growing, leading to the formation of small atom clusters composed of only a 

few thousands atoms [37].     

 

 

Figure 2.1 (a) Computer simulation and (b) TEM images of synthesised MoS2 IF 

nanoparticles via ablation [37]. 

 

Although the detailed formation mechanism of carbon fullerenes remains 

unclear, this technique has already been applied to the synthesis of C60 by 

Kroto et al. [38]. Considering the structural similarity between C and MX2, it is 

reasonable to extend this technique to fabricate MX2 nanoparticles such as IFs, 

nanoflakes and nanotubes. In 1999, the laser ablation technique was first 

applied to the preparation of MoS2 IF nanoparticles (Figure 2.1) [37]. MoS2 

powder was initially pressed to form MoS2 pellets, followed by laser ablation 

with various levels of power. Then, the ablated tiny particles were quenched in 

He or Ar. Finally, MoS2 IF nanoparticles were synthesised with sizes of 
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approximately 3-5 nm. According to this research, the target temperature 

controlled by the laser power was vital for the formation of IF nanoparticles. If 

the temperature was above 550 °C, only crystalline folded sheets of MoS2 were 

produced. In addition to MoS2, many other metal dichalcogenides with IF 

structures, such as WS2, MoSe2, Hf2S, TaS2 and SnS2/SnS [39-43], were 

prepared using the same technique. Because of the fast condensation process, 

the sizes of these produced IF particles were below 20 nm.  

 

The formation of the IF structure is driven by energy minimisation, which is 

achieved through the connection of dangling bonds on layer edges [37]. During 

ablation, small MX2 particles (<15 nm) made of some parallel basal planes are 

formed instantaneously. Then, these planes grow and connect with each other 

to minimise their thermodynamic energy, leading to the formation of closed 

caged particles. The sizes and morphologies of the final products can generally 

be controlled by adjusting the non-equilibrium plasma conditions, i.e., the laser 

power and quench rates [44].  

 

 

Figure 2.2 (a) Schematic diagram of laser ablation in water. (b) TEM image of 

deposited nanoparticles [45]. 

 

In addition to IF nanoparticles, WS2 nanoflakes with an average size of 10 nm 

were fabricated using a similar laser ablation method. Because of the usage of 

a high energy laser and water quenching, the initially formed tiny particles could 

not fold to form a closed cage structure, leading to the formation WS2 

nanoflakes smaller than 10 nm (Figure 2.2) [45].   

 

a b 
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Arc discharge synthesis is an alternative physical ablation route for the 

synthesis of MX2 nanoparticles. In this technique, the energy source is changed 

from the high-cost pulsed laser to the low-cost arc discharge, and MoS2 IF 

nanoparticles can still be produced [46]. Moreover, the resultant particles are 

condensed in water rather than in an inert gas. This water-condensing device is 

much more flexible and cost effective. During the ablation process, large 

particles mostly fall on the bottom of the water tank, while small nanoparticles 

float on the surface of water, leading to easy collection and high purity of the 

products. Similar to the laser and arc discharge, electron irradiation, as another 

high-energy source, has also been used to produce MoS2 IF nanoparticles [47].  

 

 
Figure 2.3 (a) Schematic illustration of solar ablation device. Images of sample 

(b) before irradiation and (c) during irradiation [48]. 

  

In addition to these artificial high-energy sources, solar energy, as a natural, 

green energy source, has recently drawn much attention. Tenne et al. [48] first 

fabricated MoS2 IF nanoparticles via solar ablation. The solar radiation was 

concentrated and transmitted from outdoors to an indoor device using optical 

fibres (Figure 2.3). The incident light was controlled by the numerical aperture 

and aimed on MoS2 precursors in a sealed ampoule for 300-900 s. Both IF 

nanoparticles and single-walled nanotubes were produced with an average size 

of 50 nm. This technique was modified using Pb as a catalyst during solar 

ablation [49]. MX2 precursors were mixed with PbO-coated Pb powder and 

sealed in quartz ampoules under a vacuum of 3×10-5 Torr. The ampoules were 

then irradiated with highly concentrated solar beam radiation to produce MX2 

nanotubes. Depending on the precursors, well-crystallised WS2, WSe2 and 
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MoS2 nanotubes with approximately 50-nm diameters and 100-nm-10-µm 

lengths were generated. Because of the presence of Pb, MX2 first reacted with 

water−air residues in the ampoule to form M(Pb)O3-x nanowhiskers, which were 

gradually transformed into MX2 nanotubes by reacting with the X vapour 

generated from the decomposition of nearby MX2. Although the physical 

ablation technique is an effective route to prepare high-purity MX2 nanoflakes, 

IF nanoparticles and nanotubes, this technique suffers from several drawbacks, 

including complexity in operation and low yield, which makes it unsuitable for 

large-scale production.  

 

2.1.2 Hydrothermal/solvothermal reaction      

Hydrothermal/solvothermal synthesis is a common route that exploits the high-

temperature properties of solvents to produce nanoparticles. Depending on the 

types of solvents, this technique can be classified into two types: hydrothermal 

synthesis (water solvent) and solvothermal synthesis (non-water solvent). Using 

this technique, reactant solutions are sealed in a vessel and heated to 

temperatures well above the boiling points of the solvents. Because the entire 

system is sealed, the evaporated solvents are trapped in the vessel, leading to 

the generation of high-pressure vapour. Combined with the relatively high 

temperatures, this process greatly changes the structures of the solvent 

materials. For example, when water is used as the solvent, there is a critical 

point at 374 °C and 218 atm, above which supercritical water is formed that 

exhibits characteristics of both liquid and gas states, such as low surface 

tensions between solids and supercritical water, high viscosities and obvious 

solubility improvements of insoluble materials. When a reaction is conducted 

under this critical condition, the properties of the dissolved reactants are also 

changed. These changes make this route applicable to the fabrication of certain 

materials that are difficult to produce under normal conditions. In addition, even 

if the reaction temperature and pressure are below the critical point, the 

increased solubility and reactivity of reactants can also promote the reaction. 

Because of these advantages, this technique has already been applied to the 

synthesis of several types of nanomaterials, including TiO2[50], ZrO2[51], 

CrN[52] and GaN[53].  
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2.1.2.1 Hydrothermal synthesis of metal chalcogenide nanoparticles 

 

 

Figure 2.4 TEM image of prepared nanocrystalline ZnSe [54]. 

  

Nanocrystalline ZnSe was successfully synthesised via a hydrothermal route by 

the straightforward reaction between elemental Zn and Se [55]. With the help of 

pyridine, these elements easily reacted with each other at only 180°C for 8 h. 

Nanocrystalline ZnSe that was approximately 10 nm in size was generated. 

Upon replacement of the toxic solvent pyridine with water, ZnSe could still be 

synthesised from the reaction between Zn and Se at 180°C for 24 h but with 

much larger sizes (70-100 nm) (Figure 2.4). [54].  

 

Apart from metal precursors, metal chlorides are alternative precursors for the 

hydrothermal synthesis of MX2. For example, MSe2 (M=Ni, Co, Fe) was 

produced by reacting the corresponding metal chlorides with Se powder [56]. All 

the reactants were added to a solution composed of 6 solvents (distilled water, 

N,N-dimethyl formamide, pyridine, acetyl acetone, hydrazine and 

ethylenediamine) and sealed in a vessel. These reactions were performed at 

80-200°C for 12-48 h. The final products were filtered and washed with distilled 

water to remove any residual impurities. Depending on the reaction time, the 

resultant products had a large size distribution from 25 nm to 1.5 µm. Similar to 

MSe2 (M=Ni, Co, Fe), MS2 (M=Ni, Co, Fe) was also generated by the reaction 

between MCl2 (M=Ni, Co, Fe) and Na2S2O3 via hydrothermal synthesis when 

water was used as the only solvent [57]. In this case, all the products had large 

specific areas due to their extremely tiny sizes (average 5 nm).  
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Figure 2.5 (a) Schematic illustration and (b-e) TEM images and (f) ball-and-stick 

model of as-synthesised ZrS2 nanodiscs [58]. 

 

Recently, ultrathin ZrS2 nanodiscs were synthesised at 300°C in Ar using ZrCl4, 

CS2 and oleylamine as the reactants [58]. The produced ZrS2 nanodiscs were 

well dispersed with an almost uniform size distribution (30 nm in diameter and 

1.6 nm in thickness) (Figure 2.5). When testing with Li+ intercalation, these 

nanodiscs exhibited excellent nanoscale size effects, enhancing the discharge 

capacity by 230% and greatly improving their stability compared with bulk ZrS2. 

By adjusting the diameters of the nanodiscs, the nanoscale size effects could 

be controlled, and smaller nanodiscs exhibited higher discharge capacity.    

 

For the hydrothermal synthesis of MX2, (NH4)2MO4 materials are also efficient 

precursors because of their high water solubilities. To produce MoS2, 

(NH4)2MoO4 was first mixed with Na2S2O4 in the presence of ammonia solution 

and thioacetamide [59]. Then, this mixture was sealed in a Teflon-lined 

autoclave and fired at 180°C for 1 h. The resulting product had a unique flower 

structure with a size distribution from approximately 200 nm to 1 µm. These 

flowers were made up of tens to hundreds of self-assembled petals growing in 

all directions. Each petal was a thin flake with a size of approximately 100-200 

nm and thickness of approximately 5-10 nm. Similar WS2 nanoflakes with 

thicknesses of 10-15 nm were also fabricated by changing the starting materials 

to (NH4)2 WS4, NaBH4, pyridine and trioctylamine [60]. After the hydrothermal 
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synthesis, the products were annealed at 850°C to form discrete nanoflakes 

instead of nanoflowers.  

 

2.1.2.1 Hydrothermal synthesis of metal chalcogenide nanowires and 

nanorods 

In addition to common nanoflakes, metal chalcogenide nanowires were 

prepared via hydrothermal synthesis. According to Li et al., MoO3 can react with 

Na2S in HCl solution at 260°C [61]. After a 12-h reaction in a sealed stainless 

steel autoclave, MoS2 nanowires with an average diameter of approximately 4 

nm and length of 50 nm were successfully synthesised. By adjusting the 

reaction temperature and concentration of the precursors, the sizes and 

morphologies of the MoS2 products could be controlled. In addition, the use of 

additive agents such as CH3COONa and NH4Cl increased the sizes of the 

nanowires, which might be due to the shielding effect of these additives at the 

interfaces of the initial MoS2 nuclei [61].    

 

 

Figure 2.6 TEM images of resulting MoS2 (a) nanotubes and (b) nanorods [62]. 
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MoS2 clusters with “rag”-like morphology were first synthesised by the 

hydrothermal reaction of (NH4)6Mo7O24 with S in a hydrazine solution at 170-

200°C [63]. The reaction time was extended to 30 days to promote the 

crystallisation of MoS2. Because of this long holding time, the generated 

nanowires intertwined with each other to reduce their surface energy, forming a 

“rag” structure. Upon adjustment of the reaction parameters, the generated 

MoS2 nanowires could also stack to form relatively large nanotubes and 

nanorods. This unique stacking mode was also investigated by Tian et al. [62]. 

MoO3 reacted with potassium thiocyanate in water at 160-220°C for 24 h. 

Crystalline MoS2 nanorods and nanotubes were readily generated (Figure 2.6). 

The synthesised nanotubes were approximately 200 nm in diameter and 

several microns in length, while the nanorods had similar lengths but smaller 

diameters (60-100 nm). Because these nanotubes and nanorods were 

composed of numerous stacked MoS2 nanowires, their edges were neither 

regular nor trimmed. 

 

 

Figure 2.7 SEM image of MoS2 nanorods obtained using sillicontungstic acid as 

the additive [64].  

 

When sillicontungstic acid, Na2MoO4, CH3CSNH2 and water were used as the 

reactants, MoS2 nanorods with diameters of approximately 20-50 nm and 

lengths of 400-500 nm were fabricated via hydrothermal synthesis (Figure 2.7) 

[64]. Unlike the morphology of the assembled nanorods (Figure 2.6b), the as-

synthesised nanorods were discrete with smooth edges. When sillicontungstic 
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acid was absent, MoS2 could still be produced using the same route. However, 

agglomerated nanoparticles were produced instead, which implied that the 

sillicontungstic acid was crucial in the formation of MoS2 nanorods.      

 

2.1.2.2 Hydrothermal synthesis of metal chalcogenide IF nanoparticles 

and nanotubes 

Although the hydrothermal route has already been widely used to synthesise 

metal chalcogenides, there are few reports on the synthesis of metal 

chalcogenide IF nanoparticles and nanotubes because the formation of these 

structures is based on the folding and recrystallisation of the formed MX2 layers, 

which requires more energy than flake formation. During hydrothermal 

synthesis, the supplied energy is not sufficient to complete this process. 

Therefore, annealing is an essential step to supply additional energy for the 

post-hydrothermal-reaction process.  

 

 

Figure 2.8 TEM image of MoS2 nanoparticles prepared by annealing the 

solution product of Na2MoO4 and CH3CSNH2 at 700°C[65].  
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MoS2 IF nanoparticles were successfully produced by the reaction of Na2MoO4 

with CH3CSNH2 via a two-step synthesis route: hydrothermal synthesis and 

annealing. Similar to the above mentioned hydrothermal synthesis, a sealed 

vessel containing the well-mixed Na2MoO4, CH3CSNH2 and HCl mixture was 

heated at 180°C for 24 h [65]. The resulting precipitates were then washed with 

distilled water and dried in vacuum at 80°C. The following annealing step at 

700°C was vital to obtain IF nanoparticles. When this step was absent, poorly 

crystallised MoS2 thin layers were formed instead of MoS2 IF nanoparticles. The 

generated MoS2 IF nanoparticles after annealing exhibited a typical closed 

hollow cage structure with an average size of approximately 60 nm (Figure 2.8). 

This two-step method has been extended to fabricate MoS2 IF nanoparticles 

using various starting materials, such as (NH4)6Mo7O24, CS2, CCl4 and S [66]; 

(NH4)6Mo7O24, Na2S·9H2O and NH2OH·HCl [67]; and (NH4)6Mo7O24·4H2O, 

monoethanolamine and S [68]. After annealing, MoS2 IF nanoparticles with 

sizes below 50 nm were generated using all three routes. 

  

Hydrothermal synthesis is a powerful technique for the production of various 

MX2 nanoparticles. However, the high pressure in a sealed vessel during 

synthesis is always considered a potential danger. Moreover, the yield of this 

method is usually not high even under well-controlled conditions. All these 

reasons make this technique unpopular for large-quantity production.    

 

2.1.2 Solid-assisted reaction.   

2.1.2.1 Synthesis of metal dichalcogenides from metal oxides/metals 

Some metal oxides and metals, such as MoO3, WO3, ReO3, W and Mo, can 

react with chalcogen elements and/or hydrogen chalcogenides to form 

corresponding metal dichalcogenides. Depending on the morphologies of the 

solid precursors and heat-treatment parameters, nanoflakes, IF nanoparticles 

and nanotubes can be generated.  
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1). Synthesis of metal dichalcogenide nanoflakes from various precursors 

 

 

Figure 2.9 TEM image of (a) type I and (b) type II WS2 films synthesised in the 

presence of low sulphur concentration [69]. 

  

WS2 thin films were first produced by the direct reaction of W thin films 

(approximately 50-nm thick) with H2S in the temperature range from 500°C to 

1000°C [69]. Because the sizes of the W thin films were very small, the 

complete reaction temperature was decreased to as low as 650°C. Different 

WS2 films were obtained by varying the reaction temperatures. Low 

temperatures (less than 950°C) resulted in the common type I texture (van der 

Waals (vdW) planes vertical to the substrate), while high temperatures (950°C 

or above) generated type II texture (vdW planes parallel to the substrate) 

(Figure 2.9). When W thin films and H2S were replaced by WO3 thin films and S 

vapour, respectively, WS2 films were also fabricated at as low as 400°C in a 

sealed ampoule [70]. Unlike the WS2 films synthesised from W and H2S, the 

b 

a 

b 

10nm 
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effect of temperature on the orientation of WS2 in this case was not apparent. 

The products were composed of both type I (thin films with 50-nm thicknesses) 

and type II (films with larger thickness) films at all temperatures. This route was 

also applied to the synthesis of ZrS2 via the solid-gas reaction of Zr foil with S 

powder [71]. Depending on the reaction temperature, ZrS3 or ZrS2 nanobelts 

grew from the surface of the Zr foils with approximately 200-2000-nm widths 

and 5-70-µm lengths. The turn-on field (the electric field to get an emission 

current density of 0.1µA/cm2) and threshold field (the electric field to get an 

emission current density of 1mA/cm2) of the as-synthesised ZrS2 nanobelts 

were 0.95 V/µm and 3.6 V/µm, respectively, indicating that these materials were 

decent field emitters [58, 72].  

 

 

Figure 2.10 SEM images of synthesised WS2 nanoflakes 

 

When the film precursors were replaced by powder, metal dichalcogenides 

flakes could also be produced. For example, tungsten and molybdenum 

nanopowders with an average particle size of 100-120 nm were mixed with 

sulphur and sodium chloride diluent and then pressed into cylindrical pellets [73]. 

The self-combustion reaction was trigged by the electric current applied to the 

metal coil in Ar at P=30 atm. Depending on the amount of NaCl diluent, the 

maximum temperature could reach 2000°C. Because of this high temperature, 
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the generated WS2 materials were well crystallised and had a regular 

hexagonal shape and lamellar structure that was approximately 100 nm in 

thickness and several microns in size. According to Pol et al. [74], micron-sized 

Mo and W powders reacted with S at 750°C in a stainless steel reactor in N2. 

Although the sizes of the starting materials were quite large, the synthesised 

WS2 and MoS2 particles had much smaller sizes (the sizes were in the range of 

a hundred to a few hundred nm, while the thicknesses were between 5 and 80 

nm) (Figure 2.10). This conversion was due to the direct diffusion and reaction 

between the metal and S vapour, resulting in the generation and exfoliation of 

layered MS2 plates.     

 

MX2 flakes could also be produced from corresponding metal oxide powder. For 

instance, both WS2 and MoS2 flakes were readily synthesised from micron-

sized WO3, MoO3 and S reactants [19, 75, 76]. Complete conversion was 

achieved at as low as 600°C. Ball milling of the starting materials and the usage 

of extra S vapour during the reaction had a clear effect on the decrease of the 

reaction temperature. Unlike the raw materials, which had micron sizes, tiny 

WS2 and MoS2 nanoflakes were produced with average widths and sizes of 

approximately 50 nm and 10 nm, respectively. This size change was attributed 

to the mechanical activation process of ball milling. After ball milling, the sizes of 

the raw materials were decreased, and the materials were mixed uniformly with 

close contact. Therefore, the reaction was much faster than the reaction without 

ball milling. MX2 thin flakes were generated immediately, leaving no time for the 

growth of oxide precursors and thus restricting the sizes of the products.  

 

Li et al. prepared WS2 from WO3 precursors with two sizes: WO3 microparticles 

(average size of approximately 2 µm) and nanoparticles (average size of 

approximately 100 nm) [77]. WO3 and S powders were mixed without ball 

milling and sealed in an evacuated ampoule, followed by heating to 850°C-

900°C for 4 h. The sizes of the tungsten oxide precursors were observed to be 

closely related to the formation and morphologies of the final product. At 900°C, 

WS2 irregular microparticles with an average size of approximately 2 µm and 

WS2 hexagonal nanoflakes with an average size of approximately 700 nm were 

produced from micron-sized and nanosized WO3 precursors, respectively. 

Based on their analysis, the appearance of these two different morphologies 
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was due to the different S diffusion rates on WO3 microparticles and 

nanoparticles.  

 

Similarly, ZrS2 was produced by the sulphidation of ZrO2. Unlike WO3 and MoO3, 

ZrO2 could not react with H2S at as high as 1300°C [78]. Therefore, C was used 

as a reducing agent to activate this reaction at lower temperature. During 

reaction, ZrOS appeared as an intermediate phase and finally converted into 

ZrS2 after a 2-h heat treatment at 1300°C. This temperature could be reduced 

to 1000°C when CS2 was used as the reactant and the holding time was 

extended to 24 h [79]. 

 

Very recently, MoS2 monolayer flakes with thicknesses of approximately 0.72 

nm were synthesised from the reaction of MoO3 with S on SiO2/Si substrates 

[80]. To generate the MoS2 monolayer flakes, some ultra-large, monolayer 

reduced graphite oxide (rGO) nanosheets were spun on substrates. The sizes 

and thicknesses of the final MoS2 products could be controlled by varying the 

morphologies of the rGO flakes.  
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Figure 2.11 SEM image of (A) MoO3 nanoribbons and (B) resulting MoS2 

nanoflakes [18]. 

   

Apart from the common metal oxide microparticles with irregular shapes, many 

metal oxide nanoparticles with various morphologies have been used to 

produce MX2. WO3 nanorods [77], W18O49 nanobundles [81], MoO3 nanoribbons 

[18] and MoO3 nanobelts [82] and all reacted with H2S or S in the temperature 

range of 500°C-1000°C. Although these precursors have different morphologies, 

the final products were similar hexagonal MX2 nanoflakes with various sizes 

and thicknesses. Moreover, these generated nanoflakes stacked together and 

retained the morphologies of the precursors (Figure 2.11).  

 

2). Synthesis of metal dichalcogenide IF nanoparticles and nanotubes from 

various precursors 

 

 

Figure 2.12 HRTEM of synthesised WS2 IF nanoparticles[16] 

  

In 1992, WS2 IF nanoparticles were first synthesised from the straightforward 

reaction of thin W films with H2S [16]. The synthesised WS2 IF nanoparticles 

had a typical onion-like hollow structure with sizes of approximately 20 nm 

(Figure 2.12). Then, MoS2 IF nanoparticles with sizes in the range of 20 nm-100 

nm were generated by heating MoO3 powder in a H2S/H2 atmosphere at 
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approximately 840°C [22]. Because MoO3 was very volatile and would sublime 

above 650°C, the formation of MoS2 was essentially via the gas-gas reaction 

between the sublimed MoO3 and H2S vapour. Therefore, the morphologies and 

sizes of the MoS2 products would be irrelative to those of the raw material MoO3. 

To improve the yield of IF MoS2, two opposite nozzles flowing with H2S and 

MoO3 vapour were placed in the hot zone of the furnace. During the reaction, a 

turbulent flow containing both H2S and MoO3 vapour was formed to improve the 

contact of the reactants. Consequently, more MoS2 IF nanoparticles were 

generated.  

 

Similarly to MoO3, WO3 also reacts with H2S to form WS2. However, because of 

its high boiling point (1700°C), the gas-solid reaction between H2S and WO3 

was instead involved to produce WS2 IF nanoparticles. Therefore, the sizes and 

morphologies of the WO3 precursor had a clear effect on the formation of IF 

WS2. To obtain WS2 IF nanoparticles, the maximum size of the WO3 precursor 

should be 200 nm; above this size, 2H-WS2 platelets were predominantly 

obtained under the same conditions (820°C, 2 h) [83]. Further investigations to 

improve the quality and quantity of WS2 and MoS2 IF nanoparticles by 

optimising the heat-treatment parameters and designing new reactors were 

performed by Tenne’s group [14, 84]. The so-called “falling bed synthesis” 

technique was proposed and has been applied for commercial production. 
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Figure 2.13 Schematic representation of growth mechanism for (A) MoS2 and 

(B) WS2 form corresponding oxides [83]. 

  

After many years of investigation, the formation mechanism of WS2/MoS2 IF 

nanoparticles from the reaction between the corresponding oxides and H2S has 

been understood. Figure 2.13 illustrates the step-by-step conversion from 

oxides to IF nanoparticles. First, the metal oxides are rapidly reduced to the 

corresponding metal suboxides. Then, these suboxides are sulfurised to the 

metal sulphides layer by layer from the surface to the core. With the proceeding 

of the reaction, metal sulphide IF nanoparticles are generated. Based on this 

mechanism, ReS2 IF nanoparticles are also produced from the reaction of ReO2 

with H2S [85].  

 

When H2S was replaced by CS2, WS2 could still be generated at 900°C [86]. 

However, because the raw WO3 powder was quite large (approximately 620 

nm), WS2 flakes with an average size approximately 2 µm were produced rather 

than the IF nanoparticles. To form IF nanoparticles, the above route was 

modified by simply reducing the sizes of the raw material WO3 to <100 nm. WS2 

IF nanoparticles with sizes of 50-70 nm were fabricated at 800°C via the same 

route after this modification [87]. In addition to WS2 IF nanoparticles, some 

nanotubes (approximately 10%) were formed.  

 

When the starting materials were changed from WO3 nanoparticles to 

nanowires and nanowhiskers, WS2 nanotubes were produced that resembled 

the oxide precursors [88-91]. However, for the synthesis of MoS2 nanotubes, 

direct reaction between MoO3 nanowires with H2S is not feasible due to the low 

sublimation point of MoO3. Because of MoO3 sublimation, the sizes and 

morphologies of the MoO3 precursor did not resemble those of the synthesised 

MoS2 [92]. 
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Figure 2.14 (a) SEM and (b) TEM images of synthesised WS2 IF nanoparticles 

from the reaction between WO3 and S under H2 atmosphere [11]. 

 

It is apparent that the involvement of toxic H2S and CS2 in the above cases was 

harmful and largely increased production costs. Yang et al. [11] overcame this 

drawback by replacing H2S with S powder in a simple tube furnace under H2 

atmosphere. To produce pure WS2 IF nanoparticles, the temperatures and 

holding times were limited below 630°C and 10 min, respectively. If either the 

temperature or holding time exceeded these values, 2H-WS2 platelets were 

generated. Compared with WS2 IF nanoparticles fabricated from “falling bed 

synthesis”, the sizes of the resulting products were quite similar (approximately 

45 nm). However, most of the products had large hollow cores with very thin 

walls (approximately 5 nm in thickness), leading to poor high-temperature 

stability and mechanical properties (Figure 2.14). Another alternation was 

performed by replacing all these reactive gas phases (H2 and H2S) with solid 

precursors (NaBH4 and S) [93]. WS2 and MoS2 IF nanoparticles were readily 

formed after 15-min heating of the NaBH4, S and WO3/MoO3 mixture at 800°C. 

The reaction time could be reduced to less than 1 min when photothermal solar 

was used as the heating source. However, few WS2 and MoS2 IF nanoparticles 
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were generated  because the extreme high temperature generated by solar 

radiation during synthesis resulted in the collapse of the IF structure.      

 

 

Figure 2.15 HRTEM images of W/IF-WS2 synthesised at 500°C[94]. 

 

Unlike the metal-oxide-based reactions, Chang et al. managed to fabricate WS2 

and MoS2 using nano Mo and W powders as the raw materials. These metal 

nanoparticles could react with S and H2 to form corresponding WS2 and MoS2. 

Unlike MoO3 and WO3, which were easily sulfurised to phase-pure sulphides at 

relatively low temperatures, Mo and W could not completely react with S and 

H2S even after a 2-h heat treatment at 900°C [94, 95]. Notably, when the 

temperature was below 600°C, residual W and Mo particles were not isolated 

from the formed sulphides but coated by them, leading to the formation of a 

core-shell structure with metal cores and continuous metal sulphide shells 

(Figure 2.15). GaS was also produced from the reaction between Ga and S 

powder at 900°C via a similar route [96]. Because Ga has a very low melting 

point (30°C) but an extremely high boiling point (2204°C), this synthesis process 

was essentially based on a liquid-gas reaction mechanism. Therefore, GaS-Ga 

core-shell nanoparticles could not be formed. After the reaction, GaS 

nanoflakes were generated, which was followed by annealing at 650°C for 2 h 

in Ar. The annealing process provided extra energy, which caused self-rolling of 

these nanoflakes; therefore, numerous GaS nanotubes were produced.         
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2.1.2.2 Synthesis of metal dichalcogenides from the decomposition of 

metal chalcogenide precursors 

Apart from the sulphidation of metals and metal oxides, WS2 and MoS2 could be 

produced by decomposing (NH4)2WS4 and (NH4)2MoS4, respectively. According 

to DSC analysis, both (NH4)2MoS4 (decomposition temperature of 155°C) and 

(NH4)2WS4 (decomposition temperature of 180°C) exhibited poor high-

temperature stability [97, 98]. The decomposition products at these 

temperatures were NH3, H2S and corresponding MoS3 or WS3. Upon increasing 

the temperature to approximately 350°C, the initially formed metal trisulphides 

would then decompose into metal disulphides and sulphur. Using this technique, 

the sizes of the synthesised MoS2 and WS2 particles were quite large. For 

example, MoS2 particles with sizes up to 50 microns were produced from the 

decomposition of (NH4)2MoS4 in Ar [99, 100].  

 

 

Figure 2.16 TEM image of MoS2 nanotubes prepared from template synthesis 

route [101]. 

 

When the decomposition process of (NH4)2WS4 occurred in a porous Al2O3 

template, WS2 nanotubes were produced rather than large bulk materials [101]. 
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To obtain WS2 nanotubes, (NH4)2WS4 powder was dissolved in pyridine solvent 

to form a homogeneous solution. Then, the precursor solution was dropped on 

a porous Al2O3 template (pore diameters of approximately 50 nm), followed by 

low-temperature heating to evaporate the pyridine. Finally, the loaded template 

was heated at 450°C for 1 h in H2/N2. The synthesised products were 

composed of MoS2 “bamboo-like” nanotubes with diameters of 50 nm and 

lengths of 30 µm (Figure 2.16). Because these nanotubes were evenly coated 

on the entire inner surface of the Al2O3 template, the nanotubes had uniform 

diameters, which were the same as the Al2O3 pore size.  

 

 

Figure 2.17 TEM image of a WS2 nanotube [102]. 

  

Without the help of a porous template, Nath et al. were able to fabricate MoS2 

and WS2 nanotubes by directly heating (NH4)2WS4 and (NH4)2MoS4 powder at 

1200°C-1300°C in a H2/Ar atmosphere [103]. The outer diameters of the 

synthesised nanotubes ranged from 15-35 nm, with a wall thickness of 

approximately 15 nm. The synthesis temperature was decreased dramatically to 

360°C-450°C when thiophene vapour was used as the catalyst in H2 [102, 104]. 

Before heat treatment, the (NH4)2WS4 precursor was ball-milled at 800 rpm for 1 

h in H2. After this process, amorphous (NH4)2WS4 nanoparticles were generated. 

This “activation” process was an essential step to decrease the synthesis 

temperature to as low as 360°C; otherwise, nanotubes could not be observed 

even at 600°C. The average length and outer diameter of the synthesised 

nanotubes were approximately 5 µm and 25-50 nm, respectively (Figure 2.17).  
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When (NH4)2WS4-ethanol solution was used as a precursor, unique WS2 

nanoboxes were formed via spray pyrolysis [105]. First, uniform micrometre-

sized (NH4)2WS4 droplets were generated from the pneumatic spray generator. 

The subsequent pyrolysis of these droplets lasted for only 1 s at 900°C in Ar, 

leading to the formation of WS2 nanoboxes. The produced WS2 nanoboxes had 

closed parallelepiped shapes with all the dimensions below 300 nm. By varying 

the pyrolysis temperatures, amorphous and crystallised WS2 nanoboxes were 

generated at 300°C and 900°C, respectively. Yin et al. [106] extended this route 

to synthesise MoS2 IF nanoparticles at 220°C. MoS3 hollow microspheres were 

initially formed by the spray pyrolysis of (NH4)2MoS4 water solution. Further 

decomposition of these MoS3 microspheres was performed at 850°C for 5 h in 

H2/Ar to produce MoS2, which retained a similar hollow spherical morphology as 

the MoS3 precursor. According to the HRTEM images, these microspheres 

were composed of numerous MoS2 IF nanoparticles with diameters ranging 

from tens to hundreds of nanometres. 

 

Because MS3 is an intermediate associated with the decomposition of 

(NH4)2MS4, it can be directly used as a precursor for the synthesis of MS2. For 

example, NbS3 and TaS3 were heated at 1000°C for 30-60 min in H2, forming 

NbS2 nanotubes and TaS2 nanotubes, respectively [107]. The diameters of 

these nanotubes ranged from 4-15 nm with closed ends. Inspired by this result, 

MoS3 obtained from the reaction between (NH4)2MoS4 solution and 

H2C2O4·2H2O was also heated at 800°C for 1 h in N2 [108].  However, MoS2 

nanolamellas that were approximately 80 nm in size and 20-30 nm in thickness 

were formed rather than nanotubes. This finding was consistent with a previous 

investigation by Afanasiev et al. [109]. The MoS3 precursor was synthesised 

from the reaction between (NH4)2MoS4 and N2H4 or NH2OH·H2SO4. After the 

heat treatment of the generated MoS3 at 400°C in N2, the resulting MoS2 

consisted of amorphous nanoparticles with high specific surface areas (as high 

as 210 m2/g).  
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Figure 2.18 TEM image of MoS2 IF nanoparticles [110]. 

 

To obtain IF nanoparticles, polyethylene glycol (PEG) was added into the 

reactant solutions to stabilise the initially formed MS3. This method was first 

used for the formation of MoS2 IF nanoparticles [110]. In this case, (NH4)2MoO4 

solution was mixed with the (NH4)2S solution and PEG. The pH value of the 

solution was adjusted using HCl. MoS3 precipitates were collected and then 

fired at 900°C for 6 h in a H2 atmosphere. MoS2 IF nanoparticles with sizes 

ranging from 60 nm to 200 nm were generated (Figure 2.18). Due to the usage 

of PEG, the initially formed metal trisulphide was coated and separated by the 

PEG, preventing their further agglomeration. Consequently, during the 

subsequent firing process, the resulting MoS2 nanoparticles would not sinter 

with surrounding particles to form large flakes. [110]. If the S source was 

changed from (NH4)2S to Na2S·9H2O, MoS2 could still be produced via the 

same route after firing at 800°C for 30 min in a H2 atmosphere. Differently, 

however, numerous MoS2 nanospheres with an average diameter of 300 nm 

were produced [111]. HRTEM revealed that these nanospheres were composed 

of numerous IF nanoparticles with an average size of approximately 30 nm. 

This route was extended to fabricate WS2 IF nanoparticles with sizes of 50-78 

nm using (NH4)2WS4 as a precursor [112].  
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2.1.2 Chemical vapour deposition 

Chemical vapour deposition (CVD) is another traditional technique to produce 

nanoparticles. Using this technique, gaseous reactants react with each other to 

form tiny product nuclei, followed by crystallisation and deposition processes. 

For the synthesis of metal dichalcogenides, two types of metal precursors were 

used: metal halides and metal carbonyls. All these compounds have high 

vapour pressures at temperatures below 300°C and are active enough to react 

with chalcogenide vapour instantaneously at high temperatures.  

 

2.1.2.1 Synthesis of metal dichalcogenides from metal halides 

 

Figure 2.19 (a) SEM image of MoS2 nanoflowers and TEM images of (b) MoS2 

IF nanoparticles and (c) nanotubes [113]. 

 

WS2 and MoS2 IF nanoparticles and nanotubes were successfully produced via 

CVD using WCl6, MoCl5 and S as the reactants [113]. WCl6/MoCl5 and S were 

loaded into two separate quartz boats. A tube furnace was preheated to 850°C 
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and flushed with Ar to exhaust the residual air. When the furnace was fully filled 

with Ar, two quartz boats were rapidly pushed into its hot zone. S powder was 

placed in the upstream gas flow, while WCl6/MoCl5 was placed in the 

downstream gas flow. A silicon substrate was used to collect the products. The 

entire reaction lasted for 1 h in an Ar atmosphere. Pure MoS2 was synthesised 

at as low as 550°C. When the temperature was increased to 650°C, MoS2/WS2 

nanoflowers were produced (Figure 2.19a). These nanoflowers were made of 

many petals that were approximately 100–300 nm in size and 40 nm in 

thickness. When the temperature was further increased to 750°C, the 

morphology of the MoS2 product was changed dramatically to open-ended 

nanotubes with diameters ranging from 30 to 100 nm (Figure 2.19c). MoS2 IF 

nanoparticles with average diameters of approximately 40 nm were generated 

only when the temperature reached 850°C (Figure 2.19b), indicating that the 

generation of this morphology required high thermodynamic energy. The 

formation of these IF nanoparticles was attributed to the fast nucleation 

associated with the very rapid reaction at 850°C. Consequently, numerous WS2 

nuclei were created, followed by crystal growth. When the crystals reached a 

critical size, the clusters tended to bend to form IF structures and deposited on 

the silicon substrate.    

 

 

 

Figure 2.20 TEM images of (a) WS2 IF nanoparticles and (b) nanotubes 

synthesised from the reaction between WCl6 and H2S [114]. 

 

a b 
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Upon replacement of S with H2S, WS2/MoS2 IF nanoparticles and nanotubes 

could also be synthesised via CVD [114, 115]. A specially designed facility 

composed of two connected furnaces (an auxiliary furnace and a vertical 

furnace) was designed to facilitate the formation of IF structures. First, metal 

chloride precursors were heated to temperatures close to their boiling points 

(approximately 300°C) to generate corresponding gas phases. Then, the metal 

chloride vapour was carried by flowing N2 and/or H2 to the top of the preheated 

vertical furnace. Simultaneously, H2S was blown to the same location from the 

opposite direction and mixed with the metal chloride vapour. The typical 

reaction period was 30 min. After reaction, the products were deposited on a 

filter that was placed in the middle of the furnace. The sizes of the resultant IF 

MoS2 nanoparticles were in the range of 20-80 nm, while the sizes of the IF 

WS2 nanoparticles were approximately 50 nm. When the reaction temperatures 

were restricted to 800°C-900°C, all the produced IF nanoparticles contained 

large voids. If the reaction temperatures were below 800°C, these voids were 

filled with amorphous materials. When the temperature was increased to above 

900°C, some open-ended WS2 and MoS2 nanotubes were formed instead. The 

diameters of the WS2 and MoS2 nanotubes were in the range of 20-30 nm and 

30-35 nm, respectively (Figure 2.20). The formation mechanism of this route 

was similar to that of the above method. The sulphidation process of metal 

chlorides could be indicated by the following reaction:  

 

Reactants ------- WClxSy/MoClxSy-------WS3/MoS3-------WS2/MoS2 

 

The formation of the IF structure was also attributed to the self-folding of the 

initially formed WS2/MoS2 nuclei.  

 

In addition to MoS2 and WS2, many other metal sulphides, such as TiS2, TaS2, 

and NbS2 [41, 58, 116, 117], have been synthesised via CVD. TiS2, TaS2 and 

NbS2 IF nanoparticles with sizes below 100 nm were readily produced via high-

temperature treatment. The formed TiS2 IF nanoparticles were not hollow, 

which is quite different from others, due to their low boiling point (136°C). Some 

Nb-doped MoS2 IF nanoparticles were also synthesised via CVD using a NbCl5-

MoCl5-H2S mixture gas as the staring material [118]. The mixture was heated to 

800, 850 and 900°C in the same special furnace mentioned in ref. [114]. 
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Depending on the temperature, the synthesised Mo1-xNbxS2 were either 50-nm 

spherical IF nanoparticles (below 850°C) or 40-nm faceted IF nanoparticles 

(above 850°C).           

 

2.1.2.1 Synthesis of metal dichalcogenides using metal organic chemical 

vapour deposition (MOCVD) 

MOCVD is an alternative route to fabricate metal dichalcogenides by reacting 

metal hexacarbonyls with chalcogenides in an inert atmosphere. Similar to 

metal halides, metal hexacarbonyls have relatively low melting points and 

boiling points. Therefore, these materials can be easily evaporated and then 

reacted with chalcogenide vapour to form metal dichalcogenides. According to 

Chung et al., this route can be used to fabricate WS2 thin films [119]. In this 

case, W(CO)6 powder was initially evaporated in a bubbler. The generated 

W(CO)6 vapour was carried by flowing N2 and mixed with H2S in a fused quartz 

reactor. A silicon substrate was placed in the reactor and heated to 900 K by a 

small halogen lamp on its back. After the reaction between W(CO)6 and H2S, 

well-crystallised WS2 films were generated on the substrate. The formed WS2 

films had two different orientations: basal planes parallel or nonparallel to the 

substrate. Upon increasing the deposition time, the thicknesses of the products 

increased from 65 nm (5 min) to 350 nm (15 min). Some other MoS2 and MoSe2 

films could also be produced via this route with no substrate [120]. For example, 

Mo(CO)6 and S/Se were mixed and sealed in a stainless container in a 

nitrogen-filled glove box. This container was heated to 750°C for 1-3 h to 

complete the reaction. Because C generated from the decomposition of 

Mo(CO)6 was also sealed in the container, the formed products were composed 

of MoS2/MoSe2 and C. The average length and thickness of the produced films 

were approximately 100 nm and 20 nm, respectively. The products also 

assembled to form bulk particles with sizes of approximately 800 nm.    

 

In addition to films, MOCVD is suitable to produce metal dichalcogenides IF 

nanoparticles. WS2 and MoS2 IF nanoparticles were synthesised by the reaction 

of M(CO)6 (M=W and Mo) with H2S in Ar [121]. The reactants were heated by a 

microwave plasma generator with controllable frequency from 0.915 to 2.45 

GHz. The reaction temperatures were controlled in the range of 260-580°C by 
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adjusting the generator frequency, and the reaction time was limited to below 8 

ms. When the frequency was set to 2.45 GHz, both the resulting WS2 and MoS2 

were irregular nanoparticles with average 5-nm sizes. Some slightly bent lattice 

fringes with lager lattice spacing (0.65 nm) than those of the bulk materials 

(0.62 nm) could be observed from these nanoparticles. Decreasing the 

frequency to 0.915 GHz did not significantly change the sizes of the 

nanoparticles. However, WS2 and MoS2 IF nanoparticles with irregular, open-

cage structures were generated. This route has already been extended to 

fabricate other metal dichalcogenides (MoSe2, WSe2, SnS2, ZrSe2) under the 

same condition (0.915 GHz and 2.45 GHz) [122]. All these products were 

irregular flakes except for ZrSe2, which were IF nanoparticles with a closed 

cage structure.         

 

Figure 2.21 Schematic representation of the equipment for the synthesis of 

MoS2 and MoS2 IF nanoparticles [123]. 

 

To improve the yield of metal dichalcogenide IF nanoparticles synthesised via 

MOCVD, a special instrument was designed (Figure 2.21) [123]. Similar to other 

MOCVD routes, gaseous reactants (Mo(CO)6 and S/Se) were initially generated 

by heating corresponding powders. These evaporated reactants were delivered 

by constant Ar flow into a quartz cylinder that was placed in the heating zone of 

the furnace. A graphite receptor, situated in the quartz cylinder, was used to 

control the reaction temperature at 450°C for MoS2 and 500°C for MoSe2. After 

a few minutes of reaction, a fine black powder was collected from the inner wall 

of quartz cylinder, followed by a 1-h annealing process at 700°C or 800°C in Ar. 
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According to their research, both MoS2 and MoSe2 samples before annealing 

were composed of sintered nanoparticles with sizes ranging from 5-20 nm. 

Each particle consisted of amorphous components and some slightly curved 

layers.  After 1-h annealing at 700-800°C, these nanoparticles were converted 

into hollow, closed spherical particles that were 30-60 nm in size. A further 

increase of the temperature led to the generation of MoS2 and MoSe2 

nanotubes and nanorods.  

 

The detailed mechanism of MOCVD in the formation of metal dichalcogenide IF 

nanoparticles was investigated using in situ heating TEM examination using 

W(CO)6/Mo(CO)6 and S as the staring materials [124, 125]. In the absence of 

the annealing process, the products generated from MOCVD were composed of 

two types of nanoparticles: whisker-like particles with sizes of approximately 10 

nm (called S-type particles) and sphere-like particles with diameters ranging 

from 25 to 200 nm (called R-type particles). The formation of these two different 

types of particles was due to different retention times in the hot zone. During the 

reaction, some reactants were trapped on the inner wall of the quartz cylinder 

and were only heated for a short time, resulting in the formation of an irregular 

whisker shape. However, the fully heated particles exhibited agglomerated 

spherical morphology because this phase was the most energetically preferred 

phase. The amount of R-style particles increased with increasing temperature 

and reaction time. After annealing at high temperature, these S-style particles 

and R-style particles crystallised to form nanowhiskers (10–15 nm in size and 

1.9-6.0 in aspect ratios) and IF nanoparticles (hollow cages with sizes ranging 

from 15-100 nm), respectively.  
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Figure 2.22 TEM image of an R-type particle in a MoS2 sample at (a) 24°C, (b) 

100°C, (c) 300°C, and  (d) 500°C. 

 

The step-by-step changes in the R-style particles with increasing temperature 

were also investigated (Figure 2.22). For MoS2, the reaction was completed at a 

relatively low temperature (<300°C), and crystallisation occurred simultaneously 

throughout the entire particle. A higher temperature promoted the healing of 

defects, leading to better crystallisation. Compared with MoS2, the complete 

reaction temperature for WS2 was higher (400-500°C), and the crystallisation 

process started at the outer particle boundaries. This difference in reaction 

temperature and crystallisation between WS2 and MoS2 might be attributed to 

the stronger W-W bond compared with the Mo-Mo bond, which suppressed the 

reaction with S. The entire reaction for synthesising WS2 could be described as 

the following: at high temperature, W(CO)6 vapour initially decomposed into W 

and reacted with S to form amorphous WS2. Crystallised WS2 was initially 

formed on the outer surface of the amorphous WS2 particles, leading to the 

generation of WS2 core-shell nanoparticles with crystallised WS2 shells and 
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amorphous WS2 cores. Because the density of the WS2 crystal was higher than 

its amorphous phase, mass transport driven by the concentration gradient from 

the interior of the particle to the outer surface occurred. This process caused 

the depletion of particle cores, resulting in the formation of the hollow structure. 

The same MOCVD route was modified by adding I2 during the synthesis of 

MoS2 [126]. Nanoparticles with similar morphology as the original route were 

generated before annealing. However, after annealing, MoS2 IF nanoparticles 

with “giant” voids were formed rather than common IF nanoparticles. These 

synthesised IF nanoparticles were composed of MoS2 and Mo2S5I3, with shell 

thicknesses of approximately 5 nm and void sizes of approximately 120 nm. 

This finding was attributed to the generation of I2 vapour during the annealing 

process, which led to high vapour pressure within the IF cage. Upon increasing 

the pressure, the IF cage was enlarged and sometimes crushed if the pressure 

was higher than a critical value.        

 

2.4 Properties of metal dichalcogenide nanoflakes, IF 

nanoparticles and nanotubes 

The theoretical stability of the IF structure was investigated by Seifert et al. on 

MoS2 IF nanotubes and flat molecular sheets using a combination of a semi-

empirical model and the density-functional tight-binding (DFTB) method [127]. 

Because of the strain energy generated by bending layers in IF nanoparticles, 

this bending structure is less energetically favoured than the flake structure. 

However, when the sizes of the nanoparticles are above a critical value, the 

strain energy stored in the bending layers is compensated by the elimination of 

dangling bonds on the edges of the layers due to the reconnection to the closed 

structure. 

 

For MoS2 nanotubes, the critical outer diameter is 12 nm and 7 layers. When 

initial nanotube nuclei are formed, they tend to grow in two directions: radially or 

longitudinally depending on the balance between the energy obtained by Van 

der Waals interaction among layers and the stored strain energy. If the former is 

higher, then longitudinal growth is predominant, and if the latter is higher, then 

radial growth is predominant [127].  For the spherical IF nanoparticles, the 
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stored energy in the folded layers is higher than the energy in the nanotubes 

due to the involvement of two directions bending in IF nanoparticles rather than 

one direction in nanotubes. Therefore, defects are generated to stabilise this 

spherical structure by reducing the strain energy. Furthermore, the stability of IF 

nanoparticles is affected by the number of their layers. Thin-layer nanoparticles 

can maintain spherical shapes, while thick-layer nanoparticles always exhibit 

facet shapes with some defects. The reason for this difference is related to the 

stored strain energy, which is higher in thick-layer nanoparticles than in thin-

layer ones. The appearance of facet shapes and defects is necessary to relieve 

this energy and maintain the structure [128]. For WS2 IF nanoparticles, when 

their sizes are above a critical value (usually 200 nm), the strain energy will 

become too high to maintain balance with the energy loss from elimination of 

dangling bonds and the introduction of defects. The IF nanoparticles and 

nanotubes will unfold and crush, forming flakes to eventually relieve the extra 

energy. 

 

The thermal stability of NbS2, WS2 and MoS2 IF nanoparticles and nanoflakes 

were examined by TG-DTA in oxidising and inert atmospheres [35]. The results 

revealed that metal dichalcogenide nanoflakes had higher thermal stability than 

the corresponding IF nanoparticles. The decomposition temperatures for all 

these particles were similar, approximately 1350°C in N2 atmosphere and 350-

400°C in the oxidising atmosphere. In addition, the sizes of the particles had 

little effect on the decomposition temperatures. After the decomposition in N2 

atmosphere, WS2 IF nanoparticles were converted into a mixture of WS2, W and 

W18O49. All the IF nanoparticles were transformed into nanoflakes, indicating 

that the IF structure was not as stable as the flake structure at this temperature.   
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Figure 2.23 Schematic illustration of the likelihood of damage of Ifs under shock 

wave pressure. All the damage may occur at the ends (arrow). Perfectly shaped 

spherical WS2 IF nanoparticles may exhibit the best shock wave resistance 

because these particles do not have obvious ends [129]. 

   

The mechanical properties of IF nanoparticles and nanotubes can be measured 

under AFM and HRSEM. AFM was used to measure the force applied on the 

samples while their movement was controlled by HRSEM. The Young’s 

modulus, tensile strength, fracture strain and shear modulus of the synthesised 

WS2 nanotubes were measured to be approximately 150-170 GPa, 16 GPa, 14% 

and 2 GPa, respectively [4]. Because the yield strength/Young’s modulus ratio 

of the WS2 nanotubes (calculated to be 0.11) was very high, the cracking of the 

nanotubes was due to the rupture of an individual chemical bond rather than 

other macroscopic mechanisms, i.e., dislocation and intergranular fracture [5].  

Because the WS2 IF nanoparticles were much smaller than WS2 nanotubes, 

only the stiffness and compression failure strength were measured. Both the 

stiffness and compression failure strength varied with the sizes and shapes of 

the IF nanoparticles, ranging from 55-480 N/m and 1-3.5 GPa, respectively [6]. 

In addition to these properties, the shock wave resistance of WS2 and MoS2 IF 

nanoparticles and nanotubes were measured to be approximately 25 GPa and 

21 GPa, respectively [129-131]. Their crushing might follow two mechanisms: 
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direct stress-induced breakage failure and diffusion-controlled oxidation (Figure 

2.23). This superbly high shockwave resistance makes these structures 

potentially applicable to a high-pressure environment, i.e., bullet-proof armour. 

 

Because many metal dichalcogenides (WS2, NbS2, MoS2 etc.) have graphite-

like layer structures, they could be ideally used as solid lubricants. For the 

corresponding IF nanoparticles, their lubricating performance is also superb, 

arising from two reasons: (1) the closed cage structure makes IF nanoparticles 

chemically inert. This property retards the reaction with other materials and the 

formation of oil sludge. (2) The spherical shape changes the friction mechanism 

from sliding friction to rolling friction, leading to a low friction coefficient. To 

measure the friction coefficient, 0.1-2 wt% IF nanoparticles were mixed into the 

base oil and pressed under 0.66-1.5 GPa pressure. The friction coefficients of 

IF WS2 [11], NbS2 [41], TiS2 [116] and TaS2 [41] were measured to be 0.08, 

0.07, 0.03 and 0.09, respectively. The friction coefficients were observed to be 

closely related to the sizes and shapes of the sample.         

 

 

Figure 2.24 Volcano plot of the exchange current density as a function of the 

DFT-calculated Gibbs free energy of adsorbed atomic hydrogen for MoS2 and 

pure metals [132].  
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Recently, the excellent hydrogen evolution reaction (HER) performance of WS2 

and MoS2 has drawn significant attention as H2 becomes increasingly important 

in the fuel area. In general, the HER process can be divided into three possible 

reaction steps [133]. The first step is the primary discharge step (Volmer 

reaction): 

 

H3O
+ + e- = Hads + H2O                 (2.1). 

 

This step is followed by either an electrochemical desorption step (Heyrovsky 

reaction), 

 

Hads + H3O
+ + e- = H2 + H2O           (2.2), 

 

or a recombination step (Tafel reaction), 

 

Hads + Hads = H2                               (2.3). 

 

Because of the extremely high Hads coverage (Өh is approximately 1), Pt 

exhibits the best HER performance [133] and follows the Volmer-Tafel 

mechanism. For MoS2, the Gibbs free energy of adsorbed atomic hydrogen is 

similar to that of Pt (Figure 2.24), indicating that these materials might also 

exhibit decent HER performance. However, the HER performance results of the 

MoS2 bulk materials were quite poor (the overpotentials were above 200 mV, 

and the Tafel slops were approximately 100 mV/dec). These results were 

attributed to two reasons: (1) the poor electrical conductivity of MoS2 and (2) for 

normal 2H MoS2, active sites are only limited to the edges of the flakes, which 

are not a large part of a bulk material [134]. To improve the HER performance, 

many measures have been attempted, including adding highly conductive 

reduced graphene oxide [135], introducing more defects to increase the number 

of active sites [136] and preparing single-layer 1T MoS2 which has high 

conductivity and contains many more active sites [3].  All these techniques 

efficiently lower the overpotentials and Tafel slopes to approximately 100 mV 

and 60 mV/dec, respectively. Compared with MoS2, WS2 also exhibits similar 

but slightly inferior HER performance, which might due to its poor electrical 

conductivity [2, 137, 138].          
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Although many techniques for the fabrication of MX2 have been developed in 

the past 20 years, most of these techniques are complicated or require the 

involvement of toxic reactants such as H2S, hydrazine hydrate, which largely 

increase the production cost and cause safety/environmental concern. 

Therefore, it is necessary to develop a new route to overcome these drawbacks.  

 

2.5   Synthesis techniques and properties of core-in-

hollow-shell spheres 

Because the core-in-hollow-shell structure has only been developed recently, 

this structure does not have a specific name and is called the rattle-type 

structure [139-142] or yolk-shell structure [143-145]. Nanoparticles that have 

this structure are denoted as A@B, where A and B mean the materials of the 

core and shell, respectively. To synthesise nanorattle materials, a few 

techniques have been proposed, among which the template synthesis 

technique is the most commonly used because of its good reliability and 

controllability. In this technique, a core-shell structured precursor is used. This 

precursor is initially coated with another material, forming a three-layered egg-

like composite particle (analogous to ‘yolk, egg white, and eggshell’). This 

composite particle is further subjected to chemical etching or calcination, after 

which, the ‘egg white’ part can be removed, and a nanorattle, with a core 

inherited from the precursor and a shell from the coating, is generated. 

 

 

Figure 2.25 TEM images of Au-SiO2-PbzMa composite (a) before and (b) after 

HF solution etching [146]. 

 

Based on the above theory, Xia and co-workers synthesised Au-poly(benzyl 

methacrylate) (PbzMA) nanorattles [146]. The produced egg-like composite was 

a b 
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composed of Au-SiO2-PbzMA, which was then etched with HF solution to 

remove the SiO2 “egg white”. Moveable Au nanoparticles with an average 

diameter of approximately 10 nm were enclosed in a 12-nm-thick PbzMA shell 

(Figure 2.25). Based on this route, many nanoparticles with the rattle-type 

structure have been synthesised, including Au@ZrO2 nanorattles from a Au-

SiO2-ZrO2 composite precursor [147], Au-Pt hybrid cores in a α-Fe2O3 shell 

from a Au-Pt- polyelectrolyte multilayer (PEM)-α-FeOOH precursor [148], Pt@ 

hollow porous carbon (hmC) nanorattles from a Pt-SiO2- phenol-formaldehyde 

resin (PF) precursor [149] or a Pt-TiO2-phenol precursor [150], and SiO2@TiO2 

from SiO2-polystyrene-sulfonated polystyrene-TiO2 composites [151]. For the 

synthesis of Au@SiO2 nanorattles, it is difficult to directly apply the above 

procedure because SiO2 easily reacts with the etching agent (e.g., HF solution). 

Therefore, several modified routes were developed to overcome this problem. 

Song and co-workers first coated porous SiO2 on the surface of Au 

nanoparticles. Then, the coated sample was selectively etched with KCN 

solution. Because the porous SiO2 coating is permeable, KCN can easily diffuse 

through the coating to react with the Au cores, leading to the formation of 

smaller Au nanoparticles and Au(CN)2 enclosed in the original SiO2 shell. The 

gold core sizes were controllable by adjusting the amount of KCN solution [143, 

152]. Alternatively, Au@SiO2 nanorattles were also produced via NaOH solution 

etching of Au-SiO2 core-shell nanospheres. Because NaOH can react with SiO2, 

poly(vinyl pyrrolidone) (PVP) layers were first coated on the surface of the Au-

SiO2 composites as a protecting ligand. Therefore, OH- could not rapidly react 

with SiO2 on the surface. Instead, these ions diffused into and reacted the 

interior of the SiO2 coatings, leading to a relatively rapid reaction rate compared 

with that on the surface. Finally, with continuous etching, Au@SiO2 nanorattles 

were produced [153].  
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Figure 2.26 TEM images of (A, B) single-walled α-Fe2O3@SnO2 nanococoons 

and (C, D) double-shelled SnO2 nanococoons [154]. 

 

Because of the usage of spherical templates, all the synthesised nanorattles 

mentioned above had a spherical shape. Therefore, it is possible to produce 

nanorattles with different shapes by varying the shapes of the templates [154-

156]. Archer et al. successfully synthesised α-Fe2O3@SnO2 nanorattles with a 

cocoon-like shape [154]. The key operation to generate nanococoons rather 

than nanospheres was to select α-Fe2O3 nanospindles as templates. After 

coating with SiO2 and SnO2, the formed α-Fe2O3-SiO2-SnO2 composites were 

etched by NaOH solution to remove SiO2, resulting in the generation of α-

Fe2O3@SnO2 nanorattles (Figure 2.26). By reducing the amount of α-Fe2O3-

SiO2 in the SnO2 coating process, some porous double-shelled SnO2 

nanococoons were produced. This result was attributed to the Ostwald ripening 

of extra SnO2 deposition on the surface of the Fe2O3@SnO2 nanorattles.  
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In general, the main advantage of this template synthesis method is its 

controllability. By tuning the experimental parameters, the core sizes, shell sizes, 

shell thicknesses and shapes can be precisely controlled. Unfortunately, this 

technique suffers from several drawbacks, including the requirement of a core-

shell structured precursor, which is not readily available, relying on a complex 

multi-step process and the usage of hazard etching agents. 

 

Figure 2.27 Schematic for the preparation of rattle-type silica particles with 

metal cores by pre-shell/post-core method [140]. 

 

 An alternative strategy for the synthesis of nanorattles is the preshell/postcore 

method [157]. The key procedure of this method is the application of hollow 
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nanospheres as nanoreactors. The reactants can diffuse and react with each 

other in the hollow chamber of these nanoreactors [140, 158-160]. For instance, 

Koo and co-works successfully synthesised Cu@SiO2 nanorattles via this route 

[140]. Hollow SiO2 nanoreactors were prepared in advance. Then, ethanolic 

solution containing copper nitrate hydrate (Cu(NO3)2 2H2O) was mixed with the 

SiO2 precursor. After sonication for 1 h in an ultrasonic bath, the mixture was 

added to hydrazine monohydrate (N2H4 H2O) and stirred for 3 h. Finally, Cu 

nanoparticles were generated within the SiO2 nanoreactors from the reaction 

between the copper nitrate and hydrazine, leading to the formation of Cu@SiO2 

nanorattles. The detailed schematic procedure for this route is presented in 

Figure 2.27. It is apparent that the main drawback of this route is the difficulty of 

ensuring that the Cu production reaction occurs in the nanoreactors. Therefore, 

the produced nanorattles were always accompanied with numerous impurities. 

As a response, Chan and co-workers improved this method to produce 

Ag@polypyrrole-chitosan (Ppy-CS) nanorattles [160]. Similar to the above 

synthesis, Ppy-CS hollow nanospheres were used as nanoreactors and mixed 

with AgNO3 solution. Then, the pH of the solution was lowered to 2.2. Because 

Ppy-CS had the least permeability at this pH, Ag+ ions were sealed in the 

nanospheres. Then, the Ag+ ions outside the nanospheres were removed by 

dialysis using a membrane bag. Finally, Ag nanoparticles were generated by 

the further reaction between AgNO3 and hydroxymethyl radicals under 

ultraviolet irradiation using a low-pressure mercury lamp. Although this modified 

route can improve the purity of the product, the complex reactions and 

involvement of ultraviolet irradiation make it difficult to scale up.  
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Figure 2.28 HRTEM images of reaction between Co an Se at 455 K; from top-

left to bottom-right: 0 s, 10 s, 20 s, 1 min, 2 min and 30 min [161]. 

 

In addition to the template-based synthesis routes described above, nanorattles 

can be produced by controlling the interdiffusion process between different 

components based on the Kirkendall effect and Ostwald ripening mechanism. 

The Kirkendall effect refers to different material interdiffusion rates in a bulk 

diffusion couple [162]. During the diffusion, the net flow of mass is compensated 

by a flux of vacancies, resulting in the generation of voids near the interface. 

Although this phenomenon becomes more complicated when applied on the 

nanoscale because of the effects of curvature and surface energetics cannot be 

neglected, it has been applied to the synthesis of nanoparticles and nanotubes 

[161, 163, 164]. By controlling the diffusion rate, this effect can also be applied 

to the nanorattle synthesis. Yin and co-workers first produced Co@CoSe 

nanorattles using this technique [161]. A Co solution and a Se solution were 

mixed by stirring at 455 K. Initially, the Co nanocrystals were covered with a 

very thin layer of CoSe. Because of the different diffusion rates between Co and 

CoSe, further reaction required the outward diffusion of Co from the interior 

through the formed CoSe layer. Therefore, the Co cores were consumed 

gradually and reacted with the outside Se to form a CoSe shell, leading to the 

final production of CoSe hollow nanospheres (Figure 2.30). During the reaction 

process, Co@CoSe nanorattles were formed as an intermediate of the 

Kirkendall diffusion.  
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The Ostwald ripening mechanism is a crystal growth process in solution from 

small crystals to large crystals, which is a thermodynamically driven 

spontaneous process and occurs because larger particles are more 

energetically favoured than smaller particles. Because molecules on the surface 

of a particle are energetically less stable than those in the interior, small 

particles tend to stick on large particles to reduce the surface energies. 

Therefore, large particles grow larger, while small particles are consumed. 

Based on this mechanism, many hollow particles were produced [165, 166]. 

Recently, nanorattles have also been fabricated via this approach [167-170]. 

For instance, Zeng and co-workers synthesised ZnS nanorattles using this self-

assembly process [171]. The ZnS nanoparticles first aggregated with each other 

to form large spheres. The surface of the large spheres was composed of 

loosely packed, tiny crystals. During the crystallisation process, crystals below 

the initially crystallised surface were consumed, and voids were generated 

between the shell and core, resulting in the formation of ZnS nanorattles.  

 

 

Figure 2.29 Liquid-phase hydrogenation of nitrobenzene into aniline by various 

Pt catalysts at 303 K [149]. 

 

As mentioned earlier (section 2.2), this novel nanorattle structure can improve 

the catalytic performance of enclosed nanoparticles. For example, to improve 

the catalytic performance of Pt on the hydrogenation of nitrobenzene, Ikeda and 

co-workers prepared Pt@hollow porous carbon (hmC) nanorattles via the 

template synthesis route [149]. Pt nanoparticles were first coated with double-
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layer SiO2 (a SiO2 layer and a mesoporous SiO2 layer). Then, a layer of carbon 

was added on the surface of the outer mesoporous SiO2 layer, leading to the 

formation of Pt-SiO2-C composites. After etching with HF solution, Pt@hmC 

nanorattles were produced. To investigate the catalytic performance of the 

Pt@hmC nanorattles, several other Pt-based composites were used for 

comparison, such as Pt-poly(N-vinyl-2-pyrrolidone)(Pt-PVP), Pt-activated 

carbon (Pt-AC), Pt-SiO2 and reused Pt@hmC nanorattles. Figure 2.29 shows 

the conversion rates of nitrobenzene using various catalysts. Compared with 

other catalysts, Pt@hmC nanorattles had the best conversion rate, which was 

almost 100%. Moreover, these nanorattles also exhibited good reused 

efficiency. After being washed and centrifuged, the catalytic performance of the 

reused Pt@hmC nanorattles was the same as that of the original nanorattles. 

The high-temperature catalytic performance of Au@ZrO2 nanorattles was 

investigated by Arnal and co-workers [147]. The performance was measured by 

the catalytic oxidation of CO in air. The as-synthesised Au@ZrO2 nanorattles 

exhibited much better catalytic performance than the Au nanoparticles, with 

values of almost 100% and 50% at 320°C, respectively. In addition, nanorattles 

calcined at 800°C exhibited very similar catalytic performance as the original 

nanorattles, indicating that the Au@ZrO2 nanorattles exhibited good high 

temperature stability.   
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Figure 2.30 (A) UV-visible-NIR extinction spectra of nanorattles produced by 

mixing Au/Ag alloy-Ag core-shell nanoparticles with different volumes of 1 mM 

HauCl4 solution: (a) 0, (b) 0.4, (c) 0.5 and (d) 0.6 ml. (B) Extinction spectra of 

nanorattles with fixed inner and outer shell diameters of 70 nm and 80 nm, 

respectively, and various core sizes [172].  
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In addition to the improved catalytic performance, the nanorattles exhibited 

some unique optical properties. Xia et al. investigated the optical properties of 

Au/Ag@Au/Ag nanorattles [172]. Au/Ag alloy-Ag core-shell nanoparticles were 

first produced and used as a precursor. These nanoparticles were added to 

HauCl4 solution to generate Au/Ag alloy- Au/Ag alloy core-shell nanoparticles. 

Because of the different diffusion rates between Au and Ag, materials on the 

interface between the core and shell were consumed, and Au/Ag@Au/Ag 

nanorattles were generated based on the Kirkendall effect. According to the UV-

visible-NIR extinction spectra, the synthesised nanorattles exhibited different 

surface plasmon resonance (SPR) properties from those of the original Au/Ag 

alloys. Figure 2.30A demonstrates that only one obvious peak was observed in 

the spectrum of the original Au/Ag alloy centred at approximately 502 nm, while 

all the extinction spectra acquired from the synthesised nanorattles exhibited an 

additional peak in the range of 350-1250 nm. Therefore, the formed nanorattles 

could be called dual-colour nanoparticles, which means that their extinction 

peaks were located in two different regions, such as the green and red regions. 

The appearance of this new peak was attributed to the formation of the Au/Ag 

shell, which would emit SPR scatter signals. In addition, the volume of added 

HauCl4 solution was also observed to be related to the red shift of all the 

extinction peaks, which could be attributed to the decrease in the wall thickness 

for the outer shells as well as the generation of pinholes in the walls arising from 

selective removal of Ag. Moreover, the sizes of the cores also affected the 

extinction spectra. The intensity of the peak originating from the Au/Ag cores 

decreased with decreasing core sizes. When the core size was below 15 nm, 

no peak was observed because the core was screened by the shell, and no 

SPR would be excited in the core.  

 

Recently, several types of nanorattles have been used as drug-delivery vehicles 

because of their good biocompatibility, large specific surface areas and 

mesoporous structure. More importantly, modification of the cores and shells 

(i.e., magnetic-material-based nanorattles) can make the targeted delivery 

possible, which will dramatically improve the pharmaceutical effect [173-176].   

For instance, Stucky and co-workers successfully delivered drug molecules to a 

target area. During their experiments, Fe3O4@SiO2@α-NaYF4/Yb, Er magnetic 

upconversion fluoride nanorattles (MUC-F-NR) were synthesised as delivery 
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vehicles. The small-molecule drug doxorubicin (DOX) was loaded into the free 

volume of these nanorattles. By applying an external magnetic field, MUC-F-

NRs loaded with DOX were transferred to xenograft tumours. This transfer was 

confirmed by the high luminescence intensity in the tumour, indicating that an 

external magnetic field had accumulated MUC-F-NRs with DOX at the target.  

 

Although nanorattles have numerous beneficial properties, these structures 

have still not been used on a large scale, which is most likely due to the 

complex operation process, high cost and low yield in all the current synthesis 

routes mentioned above. To address these issues, in this work, a novel one-

step route has been developed to produce W@WS2 nanorattles via the 

reduction and sulphidation of WO3 nanoparticles. Because this reaction is 

based on a simple gas-solid reaction among WO3, S and H2, the batch size 

could be easily increase to tens of grams, which makes the process suitable for 

large-scale production. In addition, the usage of non-toxic raw materials 

ensures that this process is environmentally friendly. As mentioned before, WS2 

has good high temperature stability and corrosion resistance. Therefore, the 

WS2-coated nanorattles could survive under harsh conditions, which could 

extend their applications. By further reacting these produced W@WS2 

nanorattles with S or CH4 for example, new nanorattles could also be prepared, 

such as WS2@WS2 and WC@WS2 nanorattles, which should exhibit good HER 

catalytic properties. In addition to WS2-based nanorattles, this technique could 

be potentially used to produce a range of different types of nanorattles, such as 

MoS2 and TiS2 on a large scale. 
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Chapter Three    Experimental Techniques 

3.1 Characterisation techniques  

 3.1.1 X-ray diffraction (XRD) 

 

 

Figure 3.1 Schematic representation of Bragg’s law 

  

XRD is a non-destructive technique based upon the Bragg-Brentano 

parafocusing geometry and is used to identify the crystal structure and chemical 

composition of a phase. X-rays incident on a crystal will be diffracted by the 

atoms in the crystal in many specific directions. The positions and intensities of 

these diffracted X-rays can be measured by a sensor film. The calculation of the 

spacing between diffracting planes of crystal is based on Bragg’s law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆,     (3.1) 

where d, Ө, λ and n are the spacing between diffracting planes, incident angle, 

wavelength of the beam and any positive integer, respectively (Figure 3.1).  
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In this project, phase analysis on the reacted powders was performed using an 

X-ray diffractometer (D500 Siemens) at 30 mA and 40 kV with Ni-filtered Cu Kα 

radiation (λ=0.154 nm). The scan rate (2Ө) was 2°/min, and a step size of 0.02º 

was used within a scan range of 10-80°. Because all of the samples were in the 

powder form, they were pressed on a glass substrate to ensure that the height 

of the entire sample was uniform. ICDD cards used for phase identifications 

included WS2 (No. 84-1398), WO3 (No. 32-1395), W18O49 (No. 36-101), WO2 

(No. 32-1393), α-W (No. 47-1319), MoS2 (No. 37-1492), MoO3 (No. 5-508), 

MoO2 (No. 32-671), (NH4)2WS4 (No. 48-1663), ZrS3 (No. 15-790) and ZrS2 (11-

679). 
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3.1.2 Transmission electron microscopy (TEM) 

 

Figure 3.2 Schematic of the layout of an analytical transmission electron 

microscope [177]. 

 

TEM is an efficient technique to obtain images with ultra-high resolution. 

Therefore, this technique is indispensable in the nanomaterial analysis area. 

Figure 3.2 presents a schematic illustration of the basic components and layout 

of a TEM. On top of this equipment, electrons are generated and accelerated by 

a high voltage (100-400 kV). Because of this high voltage, the electron 

wavelength is decreased dramatically, leading to the capture of high-resolution 

images. Moreover, the high accelerated voltage allows electrons to easily 
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penetrate a relatively thick specimen. During the imaging process, the electron 

beam will pass through two apertures: the condenser aperture and objective 

aperture. The former controls the fraction of the beam that is allowed to hit the 

specimen and thus controls the intensity of illumination. The latter can select 

electrons that will contribute to the image and also control the contrast of the 

final image. Depending on the position of the objective aperture, a bright field 

image (image of the specimen structure, with the objective aperture centred on 

the optical axis) or a dark field image (diffraction pattern, without or with 

displaced objective aperture) can be obtained.     

 

A JEOL 2100 TEM at an accelerating voltage of 200 kV was selected to 

characterise the detailed morphology of the samples. To investigate the 

morphology of individual nanoparticles, a small number of samples were first 

dispersed in ethanol for 1 h in an ultrasonic bath and then dropped on a carbon 

film grid. The grid was then dried at room temperature in air to ensure that all of 

the ethanol was evaporated. Finally, this grid was loaded on the sample holder 

for characterisation. 
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3.1.3 Scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS) 

 

 

 

Figure 3.3 (a) Schematic of the layout of an SEM and (b) interaction between 

electron beam and sample [178]. 

  

a 

b 
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SEM is a powerful tool to examine the surface and composition of a sample. In 

a vacuum atmosphere, an electron beam is accelerated and focused by an 

anode, condenser lens and objective lens and finally hits the surface of the 

sample (Figure 3.3a). Because of the interaction between the sample and 

electron beam, many beams such as secondary electrons (SEs), backscattered 

electrons (BSEs), photons of visible light (CL), X-ray photons and Auger 

electrons are immediately emitted (Figure 3.3b). By analysing the SE signal, 

which is generated as ionisation products, the detailed surface morphology of 

the sample can be determined. BSEs are beam electrons that are reflected from 

the sample by elastic scattering. Because the scattering intensity is closely 

related to the atomic numbers of the elements (heavy atoms give a strong 

signal), the BSE spectrum is useful in identifying the composition of a sample. 

To further verify the composition of a product, it is always necessary to obtain 

the EDS spectrum of the sample. The EDS spectrum is obtained by analysing 

the characteristic X-ray photons that are generated from the electronic transition 

of the sample. In this project, a field-emission scanning electron microscope 

(FESEM Inspect F, FEI at an accelerating voltage of 20 kV) was used to 

determine the morphology of the samples on large areas. The samples were 

dropped directly on carbon films, which were attached on a metal supporter. To 

obtain clear images, the samples were covered with a gold coating to increase 

their conductivity. For the EDS analysis, three scan modes (spot scan, linear 

scan and elemental mapping) were used for different purposes. An Oxford 

INCA EDX (equipped on an Inspect F at 20 kV) was employed with SEM to 

investigate the chemical composition of the synthesised samples.    
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3.1.3 Raman spectroscopy 

 

 

Figure 3.4 Schematic of the layout of Raman spectroscopy [179]. 

 

Raman spectroscopy is a spectroscopic technique used to analyse the chemical 

composition of a sample. Lasers with different ranges (visible, near infrared, or 

near ultraviolet) are emitted to interact with molecular vibrations, leading to the 

generation of up or down shifts of the energy of laser phonons (Figure 3.4). By 

analysing these shifts, the vibration modes of sample can be measured. A 

Renishaw InVia micro-Raman spectrometer with the 514.5 nm line of an Ar 

laser was employed to perform the Raman test. A laser power of ~20 mV was 

focused on a ~2-μm spot. The samples were placed on a glass plate and then 

interacted with the laser beam at room temperature.     
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3.1.4 Atomic force microscopy (AFM) 

 

Figure 3.5 Schematic of the layout of an AFM [179]. 

 

AFM is useful in imaging the surface of a specimen using a cantilever for 

morphological studies (Figure 3.5). Depending on the distance between the 

cantilever and sample surface, two modes (contact mode and tapping mode) 

can be used. For contact-mode AFM, the cantilever is very close to the sample 

surface, and thus, a repulsive force is formed between the sample and 

cantilever. By measuring this force, the thickness of the sample can be 

calculated. For tapping-mode AFM, the cantilever is further away from the 

sample surface. Signals are collected from the oscillation of the cantilever at a 

resonant frequency to measure the sample thickness. In this project, an Agilent 

5500 AFM was used to test all the samples using tapping mode. 
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3.1.5 Thermogravimetric analysis (TGA), differential heat flow 

(DTA) and mass spectroscopy (MS) 

 

 

Figure 3.6 Schematic of the layout of a mass spectrometer [180]. 

 

TGA is used to investigate the phase change and reaction of a sample during 

heating by measuring the weight change and heat flow of the sample. During 

the analysis, some gases may be generated from the decomposition of the 

sample and/or its reaction with the atmosphere. MS is used to detect the 

molecular weights of the emitted gases and thus can determine their 

compositions (Figure 3.6). A SDT Q600 meter equipped with a Hiden HAL 201 

RC mass spectrometer was used to analyse the entire reaction. For each test, 

approximately 20 mg samples were loaded into an alumina crucible and heated 

to 1000°C with a 10°C/min rate under an air or N2 atmosphere.  
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3.1.6 Ultraviolet-visible (UV-vis) spectroscopy 

 

Figure 3.7 Schematic of the layout of a UV-vis spectrometer [181]. 

 

UV-vis spectroscopy is a spectroscopic technique used to analyse the chemical 

composition of sample using an ultraviolet-visible beam. During the 

measurement, the UV-visible beam is absorbed as the electronic transition 

energy of molecules from the ground state to the excited state (Figure 3.7). By 

analysing the positions of these absorption peaks, the composition can be 

determined. In this work, a Jenway 6715 UV/visible spectrophotometer was 

used to examine the UV spectra of the samples. To obtain accurate results, 

very small amounts of samples were dispersed by ultra-sonication in ethanol for 

30 min before the test.     
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3.1.7 Electrochemical measurements  

 

Figure 3.8 Schematic illustration of the layout of an electrochemical workstation.  

 

An electrochemical workstation is efficient equipment to monitor and control the 

change of current and potential in an electrolytic cell. For HER performance 

analysis, a three-electrode workstation is used to test the electrochemical 

performance of a sample. As its name implies, the three-electrode workstation 

is composed of three electrodes: a working electrode (e.g., glassy carbon, Pt or 

Au electrode), a counter electrode (e.g., Pt or graphite electrode) and a 

reference electrode (Ag/AgCl, standard hydrogen electrode or saturated 

calomel electrode). In the three-electrode system, samples are normally placed 

on the surface of the working electrode, which is connected with the counter 

electrode to form a circuit. Because the reference electrode has a fixed potential, 

the potential of the working electrode can be easily tested from the voltmeter. 

Based on this principle, many techniques can be applied, such as cyclic 

voltammetry (CV), linear sweep voltammetry (LSV) and Tafel tests. In this 

project, LSV was used to evaluate the electrochemical performance of a sample. 
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Linear sweep voltammetry is a voltammetric method in which the current at a 

working electrode is measured while the potential between the working 

electrode and a reference electrode is swept linearly with time. By plotting the 

current-potential curves, the oxidation or reduction reactions occurring on the 

working electrodes can be observed as peaks, which clearly indicate the onset 

overpotential and current density. In this project, a CHI 602D potentiostat from 

CHI instruments Inc. was used to perform all the electrochemical analysis.      
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Chapter Four 

Synthesis and characterisation of WS2 nanoparticles 

via solid-gas reaction between WO3 and S 

Introduction 

Many metal oxides, including MoO3, WO3 and ReO3 can directly react with 

chalcogen elements and/or hydrogen chalcogenides, forming corresponding 

metal dichalcogenides that are usually in flake form [1-3]. In general, the 

formation of these metal dichalcogenides follows a “template reaction 

mechanism”, indicating that the sizes and morphologies of the products are 

similar to those of the oxide raw materials [4]. For example, WS2 thin films [5], 

nanoflakes, and microparticles [2] were produced from the reaction of S with 

WO3 thin films, nanoparticles and microparticles, respectively. In 1992, WS2 IF 

nanoparticles were synthesised for the first time via the straightforward reaction 

between thin W films and H2S [6], which indicated that metal sulphide IF 

nanoparticles were stable in ambient atmosphere. Then, numerous WS2 and 

MoS2 IF nanoparticles and nanotubes were synthesised via various techniques 

[3, 7-13]. Among these techniques, the “falling bed synthesis”, as the best 

approach, has already been applied for commercial production [8]. However, 

the usage of special equipment and the toxic H2S reactant largely increased the 

production cost and caused safety/environmental concern. Yang et al. [14] 

overcame these drawbacks by replacing H2S with S powder in a simple tube 

furnace under H2 atmosphere. Although WS2 IF nanoparticles were readily 

produced at as low as 620°C, most of these nanoparticles had a large hollow 

core with very thin walls (approximately 5 nm in thickness), leading to poor high-

temperature stability and mechanical properties.  

In the work presented in this chapter, WS2 nanoflakes and IF nanoparticles 

were produced via a modified gas-solid reaction route without using H2S. Unlike 

Yang’s route, the usage of excessive S and flowing H2 resulted in well-
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crystallised WS2 IF nanoparticles with thick shells. Based on the results, the 

relevant reaction mechanism was also discussed.  

        

Experimental 

0.232g WO3 nanopowder (>99%, <100 nm) and micropowder (~2 µm, Sigma-

Aldrich) were initially dispersed in 100 ml ethanol (>99% Sigma-Aldrich) by 

ultrasonication for 2 h followed by 3 h of drying in an oven at 80°C. Then, the 

dried powder was mixed with various amounts of S (>99.5% Sigma-Aldrich) 

(excessive amounts of S were used to compensate for its loss due to 

evaporation during the heating/reaction processes, see below) by ball milling at 

400 rpm for 2 h. A quartz tube in a tube furnace was flushed with Ar at 80 

ml/min for 30 min to remove any residual air. Then, the furnace was heated to a 

given temperature between 350-950°C. Subsequently, the ball-milled mixture 

was put on a ceramic boat and placed into the hot zone of a furnace preheated 

to a given target temperature and held for different periods. Ar, Ar/H2S or Ar/H2 

gas flowed through the quartz furnace at 60 ml/min. For the combined gas, the 

volume ratio (Ar:H2 and Ar:H2S) was set to 2:1. Finally, the ceramic boat was 

removed from the hot zone and cooled down to room temperature under Ar flow. 

The colour of the sample changed from yellow (WO3) to black (WS2). The 

reacted mass was collected from the ceramic boat for further characterisation. 

 

Results and discussion 

4.1 Fabrication of WS2 nanoflakes via template reaction route 

In this section, WS2 was produced via the reaction between WO3 and S 

(Reaction (4.1)) in an Ar atmosphere:    

2WO3 + 7S = 2WS2 + 3SO2                (4.1) 

Processing parameters such as the temperature, holding time and raw material 

size were investigated in detail. In addition, a possible formation mechanism of 

WS2 was also proposed. 
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4.1.1 Effect of sulphur amount 

Because the boiling point of S powder is 444°C, reaction (4.1) can be 

considered as a solid-gas reaction between solid WO3 and gaseous S when the 

temperature is above this value. In this open reaction system, some S vapour 

would be carried away by the flowing Ar and would thus not be able to 

participate in the sulphidation. Therefore, if stoichiometric amounts of WO3 and 

S were used, reaction (4.1) would not be complete, and some unreacted WO3 

would be left as an impurity. Therefore, to obtain pure WS2, it is necessary to 

use appropriately excessive amounts of S powder to compensate for the S loss.   

 

 

Figure 4.1 XRD patterns of samples produced from: 1-h firing at 750°C in Ar 

using (a) 9 times and (c) 29 times excessive S and (b) 2-h firing at 750°C in Ar 

using 9 times excessive S.  

 

Figure 4.1 presents XRD patterns of the samples resulting from firing at 750°C 

for 1 h in Ar atmosphere using 9 and 29 times excessive S (in weight). Because 

of the usage of excessive S, some unreacted S vapour condensed on the inner 

surface of the quartz tube end and could be recycled after the reaction. As 

observed in Figure 4.1, strong characteristic peaks of WS2 were observed in all 

the XRD patterns, indicating the high reaction extents under the conditions. 

However, large amounts of WO3 were left unreacted when 9 times excessive S 

powder was used, whereas no S peaks appeared in Figure 4.1a. Upon 
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increasing the holding time to 2 h, no obvious change is observed in Figure 4.1b, 

indicating that the extended soaking time had little effect on the formation of 

WS2 under this condition, which is different from the results reported by other 

researchers [4]. According to Tenne et al., the holding time is a key factor in the 

sulphidation of WO3. At 850°C, WO3 will be gradually converted to WS2 with the 

increasing of holding time from 2 min to 15 min [4]. Based on the above 

analysis, it could be concluded that 9 times excessive S was not sufficient to 

achieve a complete reaction and would be depleted after 1-h heat treatment. To 

compensate for the S loss and make the reaction complete, the use of 

additional S was required. As observed in Figure 4.1c, upon using 29 times 

excessive S powder, the peaks of WO3 disappeared, and phase pure WS2 was 

obtained. Therefore, the use of ≥29 times excessive S was necessary to 

complete the sulphidation in the present case. 

  

4.1.2 Effect of temperature 

 

Figure 4.2 presents XRD patterns of the samples obtained from 1-h firing in Ar 

at (a) 400°C, (b) 450°C, (c) 500°C, (d) 600°C, (e) 750°C and (f) 850°C using 29 

times excessive S.   
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In Figure 4.2, the XRD patterns of the samples resulting from 1-h firing at 400, 

450, 500, 600, 750 and 850°C using 29 times excessive S in an Ar atmosphere 

are presented. In Figure 4.2a, WS2 was detected at as low as 400°C in the Ar 

atmosphere. This finding was due to the negative Gibbs free energy of Reaction 

(4.1) at 400°C and the large contact area between nanosized WO3 and S [4, 15]. 

However, the intensities of all the WS2 peaks were quite low, while the 

characteristic peaks of WO3 were strong and sharp, indicating that 400°C was 

sufficiently high to activate this reaction but still too low to make the reaction 

complete. Therefore, the main phase of this sample was still unreacted WO3. 

Moreover, the low temperature used would also suppress the crystallisation 

process of WS2, leading to the appearance of WS2 broad peaks. Upon 

increasing the temperature to 450°C, the intensities of WS2 peaks greatly 

increased, whereas the intensities of the WO3 peaks decreased (Figure 4.2b). 

This finding was attributed to the generation of large amounts of S vapour at 

450°C, which was above the boiling point of S (444°C), and thus, the solid-liquid 

reaction observed at 400°C was transformed to a solid-gas reaction. Because S 

vapour had a higher reaction activity and larger contact area with WO3, their 

reaction occurred much more rapidly at 450°C. Upon further increasing the 

temperature to 500°C, WS2 became the primary phase, and only small amounts 

of WO3 remained (Figure 4.2c). When the reaction temperature increased to 

600°C, WO3 disappeared, and pure WS2 was obtained (Figure 4.2d). Further 

temperature increases to 750ºC and 850°C did not affect the compositions of 

the products. However, the WS2 peaks became higher and sharper, indicating 

improved crystallisation (Figures 4.2e and f). Based on the above analysis, high 

temperatures could dramatically accelerate the reaction, and pure WS2 was 

produced when the temperature was ≥ 600°C.  



87 
 

     

  

 

    Figure 4.3 TEM images of (a) WO3 raw material and WS2 produced by 1-h 

firing in Ar at (b) 600°C (c) 750°C and (d) 850°C. (e) HRTEM image of the 

sample in (d). 

 

Figure 4.3 presents TEM images of the samples whose XRD patterns are 

presented in Figure 4.2. According to Figure 4.3, the WS2 products obtained 

under different firing conditions all exhibited a plate-like structure with obvious 

agglomeration. At 600°C, WS2 nanosheets with irregular shapes and sizes < 

200 nm were formed (Figure 4.3b). Upon increasing the synthesis temperatures 

to 750°C and 850°C, the sizes of WS2 increased to approximately 300 nm 

2 nm2 nm

e 

a b 

c d 
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(Figure 4.3c) and 500 nm (Figure 4.3d), respectively. The HRTEM image shows 

the top view of the WS2 flakes synthesised at 850°C. The lattice distance was 

approximately 0.27 nm, which is consistent with the interplanar spacing of the 

WS2 (100) lattice plane. The sizes of all the WS2 products were observed to be 

larger than those of the raw WO3 nanoparticles, which were smaller than 100 

nm (Figure 4.3a). Although the morphologies of these products remained similar, 

as irregular nanosheets, higher temperatures led to increased particle sizes 

because of two reasons, which will be discussed in more detail later: (1) the 

sintering of raw WO3 powder before reacting with S vapour and (2) the crystal 

growth of the produced WS2 particles at high temperatures.  

 

The agglomeration of the as-synthesised WS2 nanoflakes was attributed to the 

presence of dangling, unsaturated bonds on the edge of the nanosheets. These 

bonds tended to connect with other bonds on different nanosheets to reduce the 

thermodynamic energy, and this process could be accelerated by the increase 

of temperature arising from severe thermal vibration, leading to the formation of 

severe agglomeration [16, 17]. 

       

4.1.3 Effect of raw material size 

Because the reaction between WO3 and S was essentially a vapour-solid 

reaction, the sizes of final products should be largely determined by those of the 

WO3 “template”. Therefore, it was expected that WS2 microflakes would be 

generated from WO3 microparticles.     
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Figure 4.4 XRD pattern of the sample resulting from 1 h firing at 750°C in an Ar 

atmosphere using micron-sized WO3 as the raw material. 

 

Figure 4.4 presents the XRD pattern of the sample synthesised from micron-

sized WO3 powder at 750°C for 1 h in an Ar atmosphere. Unlike the WS2 

product fabricated from WO3 nanopowder under the same firing conditions 

(Figure 4.2e), the WO3 in this sample remained as the primary phase, and the 

peaks of WS2 were much lower, indicating much lower reaction extents (Figure 

4.4). Therefore, it could be concluded that the size of WO3 affected the reaction 

extent. Because nanosized WO3 has a much larger surface area than micron-

sized WO3, the nanosized structure exhibited a higher chemical activity to 

activate the reaction. In addition, because of the much smaller sizes of 

nanosized WO3, S atoms could diffuse easily into the core of the former to 

convert the entire particle into WS2. This easy diffusion was not the case with 

micron-sized WO3, as S diffusion might stop on the WO3 particle surface[18].             
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Figure 4.5 (a) TEM image of sample resulting from firing micron-sized WO3 and 

S at 750°C for 1 h in an Ar atmosphere and (b) EDS spectrum of selected area 

in (a). 

 

a 

b 
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Figure 4.5 presents TEM images of the samples whose XRD patterns are 

shown in Figure 4.4. As observed in Figure 4.5a, some large micron-sized 

particles with sizes of approximately 2 µm on average were produced. Unlike 

the WO3 raw material, the surfaces of these WO3 particles were composed of 

large amounts of nanoflakes. According to the EDS spectrum obtained from 

some of these nanoflakes (Figure 4.5b), these nanoflakes were confirmed to be 

WS2. Combined with the XRD results, this result verifies the formation of WS2-

WO3 composites. This “micro to nano” conversion from large raw materials to 

tiny products has also been observed and explained by other researchers [18]. 

At 750°C, the reaction between S and the WO3 surface was very fast. However, 

the diffusion rate of S into the WO3 core was relatively slow, leading to the 

formation of partially reacted WS2-WO3 composites. The generated WS2 

particles on the large WO3 core could not form continuous layers because of the 

absence of H2, and thus, some tiny nanoflakes were formed instead [18].     

 

4.1.4 Effect of holding time 

In general, the holding time is one of the most important parameters in the heat-

treatment procedure. Different holding times might result in different 

compositions, crystal structures and morphologies. To investigate the possible 

effect of holding time on the WS2 synthesis, raw material batches were fired at 

750°C for 5 min, 1 h and 2 h.  

 

Figure 4.6 XRD patterns of samples fired at 750°C in Ar for (a) 5 min, (b) 1 h 

and (c) 2 h.  
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Figure 4.7 (a, b) HRTEM image of sample resulting from firing at 750°C for 5 

min in an Ar atmosphere. 

  

As observed in Figure 4.6a, large amounts of WS2 were formed after the 

reaction of WO3 with 29 times excessive S for only 5 min at 750°C, indicating 

the very rapid reaction at this temperature. As mentioned above, when 9 times 

WS2 

WO3 

a 

b 

0.38nm 

0.65nm 
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excessive S was used, increasing the holding time did not promote the reaction 

further. However, in the present case, with the use of 29 times excessive S, the 

extension of the holding time from 5 min to 1 h had obvious effects. The WO3 

peaks disappeared, and single phase WS2 was obtained (Figure 4.7b). When 

the holding time was further increased to 2 h, no obvious change was observed 

(Figure 4.6c), indicating that the product formed earlier was stable under this 

condition. Based on the above analysis, it could be concluded that the holding 

time was an essential factor affecting the fabrication of WS2 particles when 

sufficient S was used.   

 

Figure 4.7 illustrates the morphologies of the samples whose XRD patterns are 

presented in Figure. 4.6a. After the 5-min reaction, WS2 nanoflakes with an 

average size of approximately 200 nm were formed (Figure 4.7a). Along with 

WS2, some unreacted WO3 particles were also observed. Compared with the 

WO3 raw material with a narrow size distribution from 30 to 80 nm (Figure 4.3a), 

residual WO3 nanoparticles due to particle sintering had sizes above 100 nm, 

whereas a few isolated particles had sizes below 50 nm. Because of the short 

holding time, this reaction was not complete (Figure 4.6c). Consequently, the 

majority of the tiny WO3 nanoparticles were sintered together before being 

sulfurised completely. Moreover, the short reaction time hindered the further 

crystal growth of the formed WS2 flakes, leading to the generation of tiny WS2 

nanoflakes. In addition to these WS2 nanoflakes and isolated WO3 

nanoparticles, some reaction intermediates were observed in the same sample. 

The high-magnification image of a typical intermediate particle (Figure 4.7b) 

reveals that two WO3 nanoparticles were sintered together with a lattice 

distance of approximately 0.38 nm, which is consistent with the interlayer 

spacing of the WO3 (100) lattice plane. Unlike raw WO3 nanoparticles, some 

layered fragments were also observed on the edges of these nanoparticles. The 

lattice distances of these fragments were measured to be 0.65 nm, which is 

similar to the lattice distance of the WS2 (002) lattice plane, indicating that part 

of the WO3 surface was converted into WS2.  

 

When WO3 reacts with H2S, a continuous WS2 coating will be initially formed on 

the surface of WO3, and then, this reaction will be completed via interdiffusion 

between residual WO3 and H2S [4]. The continuous WS2 coating is vital for the 
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formation of WS2 IF nanoparticles because the coating can suppress the 

sintering of WO3, which could lead to the formation of a more stable flake 

structure [4]. When H2 was absent, the formation of WS2 still started from the 

surface of WO3 and was controlled by the interdiffusion of S and O. However, 

due to the lack of H2, WO3-x could not be formed as well as oxygen vacancies, 

and thus, S had to diffuse through dense WO3 layers, leading to a slow diffusion 

rate [4]. Therefore, a continuous WS2 coating could not be formed before the 

sintering of WO3. Because the number of WS2 layers is normally proportional to 

the sizes of the WO3 particles, if the sintered WO3 nanoparticles, which have 

much larger sizes, are converted into IF-WS2 particles, the particles will contain 

many curved layers. Therefore, large amounts of strain energy are stored in 

these formed particles and will be released via the crushing of the IF structure 

into flakes beyond a critical value [19]. It has been demonstrated that 200 nm is 

the maximum size for the formation of the WS2 IF hollow structure, above which 

a platelet structure becomes the most stable structure [19]. Because the sizes 

of sintered WO3 nanoparticles were normally beyond 200 nm, WS2 flakes were 

generated rather than IF nanoparticles.   

 

4.2 Fabrication of WS2 IF nanoparticles via template reaction 

route 

The synthesis procedure of WS2 IF nanoparticles was similar to that used for 

WS2 nanoflakes. However, instead of Ar, a H2/Ar mixture gas was used to 

create a reducing atmosphere. In this section, the relationship between the 

processing parameters and morphologies of the final WS2 products was 

investigated. In addition, the effects of H2 and the relevant reaction mechanism 

were examined in detail. 
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4.2.1 Effect of sulphur amount 

 

Figure 4.8 XRD patterns of samples resulting from 1-h firing at 750°C in H2/Ar 

atmosphere using (a) 9 times excessive S and (b) 29 times excessive S. 

 

Figure 4.8 presents the XRD patterns of the samples resulting from 1-h firing at 

750°C in a H2/Ar atmosphere using different amounts of S. In Figure 4.8a, some 

high W peaks are observed along with relatively low WS2 peaks. Similar to the 

case in the Ar atmosphere, the reaction was far from completion when 9 times 

excessive S was used, indicating that H2 did not accelerate the reaction. The 

generation of W in the sample followed a two-step reaction. First, because most 

of the S vapour was blown away rapidly by the flowing gas and did not 

participate in the sulphidation, some WO3 was left unreacted after all the 

sulphur was consumed. Then, because of the long holding time, the time was 

still sufficient to complete the reaction of WO3 with H2 when no sulphur 

remained, leading to the formation of W. This procedure was confirmed by the 

XRD pattern of the sample synthesised using 29 times excessive S. When the 

amount of S was sufficient, a pure WS2 sample was produced because of the 

following reaction (Figure 4.8b): 

 

                                   WO3 + 2S + 3H2 = WS2 + 3H2O.                        (4.2) 
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4.2.2 Effect of temperature 

 

 

Figure 4.9 XRD patterns of samples resulting from 1-h firing in H2/Ar 

atmosphere at (a) 450°C, (b) 600°C, (c) 700°C, (d) 800°C, (e) 850°C and (f) 

950°C.  

 

Figure 4.9 presents the XRD patterns of the samples resulting from 1-h firing at 

450, 600, 700, 800, 850 and 950°C in an Ar/H2 atmosphere. At 450°C, WS2 was 

formed, while WO3 remained as the primary phase, indicating that 450°C was 

sufficiently high for the formation of WS2 in Ar/H2 under this condition (Figure 

4.9a). In addition, no S was detected, indicating its depletion. The remaining 

unreacted WO3 was attributed to the slow reaction rate between WO3 and S at 

this temperature and the rapid evaporation rate of S. Therefore, this reaction 

could not be completed before the depletion of S. When the temperature was 

increased to 600°C, WS2 became the primary phase, while minor WO2 and 

WO3-x instead of WO3 were detected (Figure 4.9b), which was due to the 

reduction by H2. Upon further increasing the temperature to 700°C, little WO3-x 

was detected with strong WS2 peaks, indicating that this reaction was close to 

completion (Figure 4.9c). WO3 disappeared, and WS2 was observed to be the 

only phase in the sample heated at 800 and 850°C (Figure 4.9d and e), 
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indicating that the reaction rate was sufficiently high at these temperatures to 

complete the reaction before all the S powers were depleted. By weighting the 

products (0.225g and 0.236g for 800°C and 850°C samples respectively), the 

yield of this reaction was estimated to be 92.95%. Upon further increasing the 

temperature to 950°C, characteristic peaks of W appeared (Figure. 4.9f). At this 

high temperature, the rate of reduction by H2 was higher than that of the 

sulphidation [4]; therefore, WO3 tended to be reduced to W directly rather than 

through sulphidation. Although the W formed from H2 reduction could also 

further react with S to form WS2, the reaction rate was much lower than that 

between WO3 and S [20], leading to the formation of large amounts of W. 

Based on Scherrer equation: 

 

 

 the grain sizes of sample generated after 850°C is 6.62nm.  
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Figure 4.10 HRTEM images of (a) WO3 raw material and samples resulting from 

1-h firing in H2/Ar atmosphere at (b, e) 700°C, (c, f and g) 850°C, and (d) 950°C. 

The insets in (e, g) are EDS spectra of the corresponding particles. (h) Typical 

morphology of synthesised WS2 IF nanoparticle by Yang et al. [14]  

 

In Figure 4.10, HRTEM images of the WO3 raw material and samples resulting 

from 1-h firing at 700°C, 850°C and 950°C under H2/Ar atmosphere are 

g 

h 
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presented. In Figure 4.10b, some nanoparticles with sizes of approximately 50 

nm on average are observed. A high-magnification image reveals that these 

nanoparticles actually exhibit a core-shell structure (Figure. 4.10e). A layered 

shell with a thickness of approximately 10 nm was formed on the surface of 

each nanoparticle. The lattice distance of this shell was measured to be 0.63 

nm, which was close to the interplanar spacing of the WS2 (002) plane. In 

addition, the corresponding EDS spectrum reveals that this nanoparticle was 

composed of W, S and O. Combined with the XRD result (Figure 4.9c), this 

result verified that WS2-WO3-x core-shell nanoparticles were generated at 700°C. 

Upon increasing the temperature to 850°C, some nanoparticles with hollow 

cores were formed (Figure 4.10c). The average size of the nanoparticles in both 

samples was approximately 50 nm, which is close to that of the WO3 raw 

material (60 nm on average) (Figure 4.10a), indicating that the reaction might 

follow the template growth mechanism. The inner diameters of these hollow 

nanoparticles were close to half of the outer diameters, suggesting that these 

nanoparticles had relatively thick walls. In addition, these nanoparticles were 

faceted crystals rather than common spherical crystals. A higher magnification 

image clearly shows their hollow structure with diameters ranging from 20 to 60 

nm (Figure 4.10f). Typical continuous WS2 (002) layers were observed. In 

addition, the number of layers (6 to 40 layers) was almost proportional to the 

diameter of the nanoparticles. In Figure 4.10 g, an exploded view of an 

individual nanoparticle is shown. The nature of the closed nanoparticle is clearly 

manifested in this image. The size of this nanoparticle is 45 nm with 19 layers, 

and the interlayer spacing is 0.63 nm, which is slightly larger than that (~0.62 

nm) of the bulk 2H-WS2. This expansion was attributed to the generation of 

strain because of the curvature of the layers. Based on the EDS analysis, the 

elemental composition was confirmed to be W and S (the C and Cu signals 

detected were from the C films and Cu carrier grids used). In addition, few 

dislocations and disconnections could be observed on the shell, indicating good 

crystallisation. This nanoparticle had a highly faceted structure with a distinct 

angle at approximately 90°. Therefore, the strain energy in this structure was 

higher than that in a spherical structure [8]. When the temperature was 

sufficiently high, the stored energy tended to be relieved by unfolding the 

structure, leading to the generation of WS2 flakes. When the temperature was 

increased to 950°C, the morphology of the produced WS2 was transformed to 
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nanoflakes with an average size of approximately 300 nm (Figure 4.10d). As 

mentioned above, WO3 was first reduced to W and then reacted with S to form 

WS2 at this temperature. According to Li et al., flake-shaped WS2 would form 

from the W-S reaction at >600°C. This formation might be attributed to the poor 

high temperature stability of the initially formed WS2 coating on the W cores [20]. 

Therefore, WS2 nanoflakes were generated at this temperature rather than IF 

nanoparticles. 

 

WS2 IF nanoparticles were produced previously by Yang et al. via a similar 

route [14]. Compared with their products (IF nanoparticles with approximately 5-

6 layers) (Figure 10 h), most of the synthesised WS2 IF nanoparticles in this 

work had many more layers (~19 layers). The increase of layers led to better 

mechanical properties [21] and thus could extend their potential applications. 

Although these two routes were based on the same reaction, different 

processing parameters resulted in different morphologies. In the present work, 

much more excessive S was used, along with various amounts of flowing H2. 

However, in the work of Yang et al., much smaller amounts of excessive S 

(molar ratio of WO3 and S was 1:3) were used, and a fixed amount of H2 was 

sealed in the reaction tube. In addition, the raw material mixture was heated 

gradually at 10°C/min to the target temperatures rather than instant heating at 

the target temperature in this route. Yang et al. did not explain the reason for 

the formation of thin walls. However, based on our results, this formation should 

be closely related to the slow heating rate and usage of a small amount of 

reactants, which might hinder further sulphurisation.     
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Figure 4.11 UV-vis spectrum of sample resulting from 1-h firing in H2/Ar at 

850°C. 

 

The optical absorption spectrum was measured for the phase pure WS2 sample 

resulting from 1-h firing at 850°C. According to Figure 4.11, the absorption of 

the UV beam was gradually increased with decreasing wavelength. This 

shoulder-form spectrum is usually related to two properties: (1) a wide band gap 

and (2) a tiny particle size [22]. According to Chen et al. [23], bulk WS2 material 

has two characteristic peaks  assigned to A and B excitons at 636 and 525 nm, 

respectively. These two excitons can also be observed in Figure 4.11 as a weak 

absorption edge and obvious absorption peak, indicating that this sample was 

composed of the WS2 phase, which is consistent with the XRD observation. 

Nevertheless, the positions of these two excitons were shifted towards higher 

wavelengths to 644 nm and 540 nm for A and B excitons, respectively. A similar 

red shift of A and B excitons of WS2 IF nanoparticles was also observed by 

Tenne et al. when the number of layers was larger than 10 [24]. This shift was 

attributed to the curvature of the layers in WS2 IF nanoparticles, which resulted 

in the lattice expansion of two adjacent layers along the c axis. It has been 

demonstrated that the lattice expansion could cause a decrease of the band 

gap and thus the red shift of excitons [25]. In addition to these two peaks, two 
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additional peaks centred at 270 and 422 nm are observed, which correspond, 

respectively, to the blue shifts of A and B excitons of WS2 peaks caused by the 

quantum confinement effect of the WS2 IF nanoparticles. This effect was also 

observed by Tenne and co-workers [25]. Based on their research, the red or 

blue shift of UV peaks is only related to the number of WS2 layers regardless of 

their diameters. For example, when the number of layers was less than 8, a 

blue shift occurs; otherwise, a red shift occurs. Therefore, the occurrence of 

both blue and red shifts in the present case indicated that the numbers of WS2 

layers in the as-synthesised WS2 IF nanoparticles were variable.               

 

Figure 4.12 Raman spectrum of as-synthesised WS2 IF nanoparticles from 1-h 

firing in a H2/Ar atmosphere at 850°C 

 

In Figure 4.12, the Raman spectrum of the WS2 IF nanoparticles is presented. 

Two strong peaks are observed, which match with those reported for single-

crystal WS2 [26], verifying the presence of pure WS2 in the sample. The two 

peaks centred at 350 cm-1 (E2g) and 414 cm-1 (A1g), respectively, are slightly 

lower than those (shown in the bracket) for bulk WS2. Such a low shift was also 

observed for MoS2 IF nanoparticles and was attributed to the curved WS2 layers 

[27, 28]. This result additionally verified the formation of WS2 IF nanoparticles in 

the sample.   
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4.2.3 Effect of H2 atmosphere 

As presented and discussed above (sections 4.1), WS2 nanoflakes were 

generated instead of IF nanoparticles when H2 was absent from the reaction. In 

other words, H2 played an important role in the synthesis of WS2 IF 

nanoparticles. To further investigate this role, additional tests were performed 

under different atmospheres. 

 

Figure 4.13 TEM image of sample resulting from 1-h firing at 600°C in H2/Ar 

atmosphere. 

 

As illustrated in Figure 4.9b, WS2 was formed at 600°C in a H2/Ar atmosphere. 

However, WS2 nanoflakes with an average size of 100 nm were generated 

rather than the expected IF nanoparticles (Figure 4.13). In this case, although 

H2 was used as a reducing agent, the low reaction temperature caused a slow 

reduction rate, which might cause the sintering of WO3 before sulphidation and 

thus the formation of WS2 nanoflakes.  
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Figure 4.14 XRD patterns of (a) WO3 raw materials after 30-min firing at (a) 

600°C in Ar, (b) 600°C in a H2/Ar atmosphere, and (c) 800°C in H2/Ar. 

 

The effect of H2 on the reduction of WO3 was investigated by heating WO3 raw 

materials at various temperatures in Ar or a H2/Ar atmosphere. WO3 was stable 

after firing at 600°C in Ar (Figure 4.14a). When H2 was introduced, WO3-x was 

formed instead, indicating that WO3 was partially reduced by H2 (Figure 4.14b). 

WO3-x is an intermediate product from the reduction of WO3, and its formation 

was due to either low temperature or insufficient reaction time. When the 

temperature was increased to 800°C, some WO3-x was further reduced to WO2 

(Figure. 4.15c). Based on the above results, the reduction procedure of WO3 by 

H2 could be summarised as 

WO3---------WO3-x---------WO2---------W. 
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Figure 4.15 TEM images of WO3 fired at 600°C for 30 min in (a) Ar and (b) 

H2/Ar, and the products resulting from 1-h firing of WO3-x with S at (c) 750°C 

and (d) 850°C in Ar. 

 

According to Figure 4.15a, most of the WO3 nanoparticles were agglomerated, 

and some large particles (up to approximately 200 nm) were also observed in 

the sample after firing at 600°C in Ar. Although 600°C did not reach the normal 

sintering temperature of bulk WO3, some of the WO3 nanoparticles could still be 

sintered due to their nanosize effects. Therefore, large WS2 nanoflakes were 

generated when H2 was absent. Numerous WO3 nanoparticles were sintered 

before reacting with S and preferred to form large WS2 flakes after reaction [29]. 

The morphology of the sample was changed when H2 was introduced into the 

reaction system. Most of the resulted WO3-x retained the original nano size with 

little sintering (Figure 4.15b). This finding occurred because WO3-x had a higher 

melting point (as high as 1700°C) [30] than WO3 (1473°C), and thus, WO3-x was 

more difficult to be sintered.  

 

As analysed above (section 4.1.4), when H2 was absent, WS2 nanoflakes were 

formed due to the lack of oxygen vacancies, which would cause sintering of 

WO3 before sulphidation. When WO3-x was used as the raw material, this 

compound not only had a high sintering temperature but also contained 

d c 

b a 
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numerous oxygen vacancies. According to Tenne et al., these oxygen 

vacancies on WO3-x were vital to the formation of IF nanoparticles [4]. Therefore, 

it was reasonable to expect the production of WS2 IF nanoparticles from the 

reaction of WO3-x with S.  However, after the reaction of produced WO3-x with S 

in Ar, WS2 nanoflakes were produced rather than the expected IF nanoparticles. 

Unlike the product obtained from the reaction between WO3 and S, which was 

approximately 300 nm in size (Figure 4.3c), the produced nanoflakes were 

much smaller (an average size of approximately 100 nm). This smaller size was 

attributed to the high sintering temperature of WO3-x (Figure. 4.15c), and WS2 

was formed before the sintering of WO3-x. In this case, although O vacancies 

were generated before sulphidation, which would promote the diffusion of S 

atoms as described in the literature [4], the absence of H2 led to the change of 

products from H2O to SO2. This change might cause the crushing of continuous 

WS2 layers because S atoms not only diffused into oxides but also diffused out, 

which broke the diffusion synergy between O and S atoms. The sizes of the 

produced nanoflakes were increased to 200-400 nm when the reaction 

temperature was increased to 850°C (Figure 4.15d) due to the sintering of raw 

materials and crystal growth of the formed WS2 nanoflakes. 
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4.2.4 Comparison with H2S involved reaction 

 

Figure 4.16 XRD patterns of samples resulting from 1-h firing at 850°C via the 

reaction (a) between WO3 and S in a H2/Ar atmosphere and (b) between WO3 

and H2S in an Ar atmosphere. 

  

As mentioned in the literature review (Chapter two), WS2 IF nanoparticles and 

nanotubes have already been prepared on a large scale via the reaction 

between WO3 nanoparticles and H2S [8]: 

 

                                    WO3 + 3H2S = WS2 + 3H2O + S.                                 (4.3)     

                                                            

In addition, because there is a reaction balance among H2, S and H2S at high 

temperature, the reaction mechanisms of this reaction and Tenne et al.’s 

technique [8] are quite similar.  Therefore, it is necessary to compare the 

product in the present case with that synthesised in the H2S atmosphere. To 

obtain accurate results, the same amount of WO3 nanopowder was heated at 

850°C for 1 h in the Ar/H2S atmosphere. In Figure 4.16, the XRD patterns of the 

samples resulting from the sulphidation process by S and H2S are presented. 

According to Figure 4.16, WS2 was formed as the primary phase in the samples 

resulting from both routes. However, small amounts WO3-x were also observed 
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in the sample prepared via H2S sulphidation. Therefore, it could be concluded 

that the reaction extent of reaction (4.2) was higher than that of reaction (4.3).  

  

 

 

a 

              Figures overleaf 
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Figure 4.17 (a-c) TEM images of samples resulting from 1-h firing at 850°C in a 

H2S/Ar atmosphere. The insets in (b, c) are EDS spectra of the nanoparticles. 

  

c 

b 
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Figure 4.17 presents HRTEM images of the sample whose XRD pattern is 

shown in Figure 4.16. Most of the prepared WS2 nanoparticles were sintered 

together with larger diameters (approximately 100 nm on average) than the 

sample prepared via reaction (2) (Figure 4.17a). In addition, unlike the 

previously synthesised sample, which exhibited a bright interior in almost every 

particle, nanoparticles with homogenous contrast distribution were observed in 

the HRTEM image, indicating that the nanoparticles might not have hollow 

structures. At higher magnification, nanoparticles with two types of 

morphologies can be observed. In Figure 4.17b, a nanoparticle (~100 nm in 

diameter) with a typical nest-like structure is observed. Compared with the 

nanoparticles prepared via reaction (2), this nanoparticle has a much thicker 

wall (approximately 45 nm thicker). In addition, a small bright core with a 

diameter of approximately 25 nm could be observed, indicating that this 

nanoparticle had a hollow structure. Because of the large wall thickness and 

small core diameter, it was difficult for the TEM beam to penetrate through this 

nanoparticle, and thus, the bright core was hardly observed under low 

magnification. Further measurement on these WS2 shells revealed that the 

lattice fringe was approximately 0.63 n, which was the same as that for the 

previously synthesised nanoparticles. The EDS spectrum (inset in Figure 4.17b) 

also confirms the presence of WS2. The presence of Cu peaks in the EDS 

pattern is due to the usage of a Cu grid on the carbon film. Some layer 

disconnections were also observed on corners of this nanoparticle, which are 

most likely due to the release of the stored bending energy, which was quite 

high in a large WS2 IF nanoparticle. In addition to these hollow nanoparticles, 

some other nanoparticles that have a different core-shell structure were 

observed in the same sample. As observed in Figure 4.17c, this type of 

nanoparticle has a large diameter of approximately 100 nm and a relatively thin 

shell of approximately 10 nm. The lattice fringe of the shell measured 

(approximately 0.63 nm), along with the XRD pattern (Figure 4.16b), confirmed 

that the shell was composed of WS2. Compared with the EDS pattern in Figure 

4.18b, a relatively strong oxygen signal was detected in the present case. The 

combination of this EDS pattern with the corresponding XRD pattern confirmed 

that the core was composed of tungsten oxide.  
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At 850°C, WO3 nanoparticles were easily sintered in a short time. When S was 

used as the reducing agent, a large amount of S vapour rapidly diffused to and 

then reacted with the WO3 nanoparticles. Therefore, the formation of the WS2 

shell was very fast on the surface of WO3 nanoparticles, which isolated the 

particles and prevented their subsequent sintering. When the combination of S 

and H2 was replaced by H2S, the flow rate of S was restricted to 20 ml/min, 

leading to the relatively slow conversion rate from WO3 to WS2. Therefore, slight 

sintering of WO3 nanoparticles occurred during the formation of the closed WS2 

shell, resulting in the generation of larger nanoparticles. Because of the large 

unreacted tungsten oxide cores and slow H2S flow rate, the sulphidation 

process was much slower than the process in reaction (2), leading to the 

incomplete reaction after firing under the same conditions.    

4.2.5 Growth mechanism of WS2 IF nanoparticles 

Because the firing temperature was much higher than the boiling point (445°C) 

of S, the reaction between WO3 and S was a typical solid-gas reaction process. 

According to the TEM observations (Figure 4.10), the sizes of the formed WS2 

IF nanoparticles were similar to those of the WO3 raw material.  Therefore, WO3 

acted as a template during the conversion to WS2. To verify this behaviour, 

some partially reacted WO3 nanoparticles were produced and investigated. 

 

Figure 4.18 XRD pattern of sample resulting from 5-min firing at 850°C in H2/Ar.   
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In Figure 4.18, the XRD pattern of sample resulting from firing at 850°C for 5 

min under a H2/Ar atmosphere is presented.  When the holding time was 

decreased to 5 min, WS2 became the predominant phase in this sample, while 

minor WO3-x could also be detected, indicating that reaction (2) was very fast at 

this temperature. This WS2-WO3-x composite was clearly the reaction 

intermediate of this reaction.  

 

Figure 4.19 UV spectra of WO3-x nanoparticles (dotted line) and WS2 resulting 

from 5-min firing at 850°C in H2/Ar. 

 

Figure 4.19 presents the UV spectra of raw WO3-x nanoparticles and the WS2 

sample. Because of the small sizes, the UV spectrum of WO3-x nanoparticles 

exhibits a typical shoulder shape with a gradual decrease of absorption from 

short wavelengths to long wavelengths as well as a characteristic peak centred 

at 720 nm. In the UV spectrum of the WS2 sample resulting from 5-min firing at 

850°C in H2/Ar, the characteristic peak of WO3-x is detected, indicating the 

presence of WO3-x in this sample. In addition, four additional peaks are also 

observed, centred at 270, 450, 540 and 650 nm, respectively, which is 

consistent with the UV spectrum of the WS2 IF nanoparticles presented in 
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Figure 4.11. Therefore, it could be concluded that this sample was composed of 

WS2 IF nanoparticles and WO3.     

 

 

 

 

Figure 4.20 (a) TEM and (b, c) HRTEM images of sample after 5-min firing at 

850°C under H2/Ar. The line profiles show different interlayer spacings on lines 

1, 2 and 3. 
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Figure 4.20 presents a series of TEM images revealing the morphology of the 

reaction intermediate. According to Figure 4.21a, some dense nanoparticles 

with average diameters of approximately 60 nm were produced rather than 

hollow IF nanoparticles. A typical nanoparticle with a core-shell structure was 

observed from the corresponding HRTEM image (Figure 4.20b). Three different 

interlayer spacings could be observed on the nanoparticle, indicating that this 

nanoparticle might be composed of different materials (Figure 4.20c). The 

interlayer spacing of the 5-nm-thick outer shell (approximately 10 layers) was 

measured to be 0.63 nm, which was the typical lattice spacing of the WS2 IF 

nanoparticles. The interlayer spacing of the core was measured to be 

approximately 0.38 nm, which is consistent with the lattice spacing of the (001) 

plane of WO3-x. This finding, combined with the previous XRD and UV results, 

confirmed that the reaction intermediates were WS2-WO3-x nanoparticles with a 

core-shell structure. In addition to these two lattice fringes, some lattice fringes 

were also observed on the WS2 shell. The interlayer spacing was approximately 

0.28 nm, which matched well with the distance between the WS2 (100) planes, 

indicating that this nanoparticle was covered by a curved WS2 coating.  
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Figure 4.21 (a) EDS spectrum of nanoparticle shown in Figure 4.20. (b) EDS 

linear analysis along the nanoparticle. The green, yellow, purple and red lines 

represent C, S, W and O, respectively. 

 

The EDS spectrum on a nanoparticle confirms that the nanoparticle contained 

three main elements: W, S and O (the signals of C and Cu were from the 

b 

a 
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carbon films and Cu grids) (Figure 4.21a). According to the EDS linear scan 

(Figure 4.21b), W, S and O elements were detected on the entire particle. On 

the shell of this nanoparticle, only signals of W and S were detected. With 

further detection on the particle interior, O was detected as well as W and S, 

indicating the presence of tungsten oxide. Combined with the XRD (Figure 4.18) 

and TEM analysis (Figure 4.20), these results verified that a WO3-x core was 

enclosed in a WS2 shell, forming a typical WS2-WO3-x core shell nanoparticle 

structure.   

 

Based on the above analysis, the following reaction mechanism can be 

suggested. WO3 acted as a template for the solid-gas reaction between this 

compound and S. When the temperature is high enough, WO3 is first reduced 

by H2 to form tungsten suboxide (WO3-x) and finally W via the radial diffusion of 

H2 into the interior of the original WO3 nanoparticles from all directions. The 

involvement of H2 has three important effects on the formation of IF 

nanoparticles: (1) Suppression of the sintering of WO3 nanoparticles can occur 

before their reaction with S (Figure 4.15b), which otherwise will lead to the 

formation of 2H-WS2 platelets. (2) Over-reduction of WO3 nanoparticles to W 

occurs if the reaction temperature is too high. Because W is appreciably denser 

than WO3-x, the diffusion of S atoms into the core of W is very difficult. WS2 

tends to be formed only on the surface of W particles, and thus, the reaction 

cannot reach completion [20]. In addition, because of the high temperature, the 

formed WS2 were in more stable flake structures rather than IF structures. (3) 

The produced WO3-x contained numerous oxygen vacancies, which provide 

channels for the interdiffusion of O and S. The initially formed WS2 

encapsulates unreacted tungsten oxide cores, leading to the formation of WS2-

WO3-x composites. Then, the sulphidation rate is dramatically reduced because 

both O atoms and S atoms need to diffuse though the formed WS2 shell. 

Compared with S atoms, O atoms have smaller diameters and thus can easily 

radially diffuse through the formed WS2 shell. The diffusion mode for S atoms is 

completely different from that of O atoms. Because of their large diameter, O 

atoms can only diffuse along the WS2 (002) layers until reaching a defect such 

as a dislocation or disconnection that is large enough for them to diffuse radially 

through the layer to the next adjacent inner layer. Once this process transports 

S atoms to the growth front, the S atoms can further react with the WO3-x core.  
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The diffusion process is slow and is controlled by temperature and the size of 

the WO3 raw materials. A high temperature and small starting material size lead 

to fast diffusion. With the proceeding of the reaction, the WO3-x cores are 

gradually depleted and converted into WS2 IF hollow nanoparticles. 

 

Conclusions 

WS2 nanoflakes were synthesised via reaction between WO3 and S in an Ar 

atmosphere. Upon increasing the reaction temperature, the sizes of the 

nanoflakes were increased from approximately 200 to 500 nm. Based on the 

investigation of the reaction mechanism, this size enlargement was attributed to 

the sintering of raw WO3 nanoparticles and further crystal growth of the 

produced WS2 flakes. When H2 was involved in the reaction, WS2 IF 

nanoparticles with sizes below 100 nm were easily produced. During this 

reaction, H2 played an important role in the formation of the IF structure by 

suppressing sintering of WO3 and promoting S diffusion. The investigation of 

the reaction intermediate revealed that the reaction of WO3 with S and H2 

(Reaction (2)) followed a template reaction mechanism. Compared with other 

researchers’ work, this technique is an environment-friendly technique to 

produce well-crystallised WS2 IF nanoparticles on a large scale.         
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Chapter Five 

Synthesis and characterisation of MoS2 nanoparticles 

via solid-gas reaction between MoO3 and S 

Introduction 

MoS2 is another metal dichalcogenide that highly resembles WS2. This 

compound has a very similar layered structure with strong in-layer covalent 

bonds and weak interlayer van der Waals forces. Therefore, similarly to WS2, 

nanoflakes, IF nanoparticles and nanotubes of MoS2 can also be synthesised. 

Among these structures, MoS2 IF nanoparticles exhibit good performance in 

many areas such as lubrication [1, 2] and medicine [3]. Therefore, it is 

necessary to produce this type of material on a large scale with low cost. 

 

Since the first successful synthesis of MoS2 IF nanoparticles in 1993 via the 

reaction of MoO3 films and H2S [4], many techniques have been proposed 

based on the sulphidation of MoO3. For example, two years later, MoO3 films 

were replaced by MoO3 powder and reacted with H2S in a conventional tube 

furnace at 850°C [5]. This technique was further optimised using a special 

vertical furnace containing three heating zones [1]. MoO3 powder was placed in 

small ceramic open cylinders placed on a concentric shelf of the middle tube. 

H2S flew upwards from the bottom of the furnace and reacted with the 

evaporated MoO3. The produced MoS2 with sizes below 150 nm deposited on 

the filter on the top part of the reactor and could be easily collected. Because of 

the modification, this technique became the most feasible approach for large-

scale production and has already been applied for commercial production [1].  

In addition to these techniques with micron-sized MoO3 as the raw material, 

some MoO3 nanoparticles [6] and nanobelts [7] were used as starting materials 

to react with H2S at above 800°C. Both of these techniques could generate 

MoS2 IF nanoparticles with sizes below 100 nm and small amounts of MoS2 

nanotubes. When H2S was replaced by S, MoS2 IF nanoparticles could also be 
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synthesised from the reaction of MoO3, NaBH4 and S in a sealed ampoule fired 

at 900°C. However, the yield of MoS2 IF nanoparticles was not as high as that 

using the above techniques.  

 

The sizes and morphologies of the reported MoS2 IF nanoparticles were not 

determined by those of the MoO3 precursors. Because of the relatively low 

melting point (795°C) and high partial pressures of MoO3, rapid evaporation of 

MoO3 occurred at high temperatures. Therefore, all the synthesis techniques 

mentioned above were essentially based on the gas-gas reaction between 

MoO3 and S vapours rather than the solid-gas reaction occurring for WS2 

synthesis (see chapter 4). Therefore, the morphologies and sizes of MoS2 

products would be irrelative to those of the raw material MoO3, losing the 

“template-growth” mechanism discussed previously in Chapter 4 and making it 

difficult to produce products with controlled morphologies and sizes. In addition, 

the use of toxic H2S as reactants largely increases the production cost.  

 

In the work presented in this chapter, MoS2 IF nanoparticles were produced via 

a gas-solid reaction process. Because of the usage of large amounts of 

excessive S powder, highly concentrated S steam was formed instantly when 

the raw materials were placed into the preheated furnace. Therefore, MoO3 was 

fully surrounded by this steam and was rapidly converted into MoS2, leaving no 

time for the melting process. The produced MoS2 IF nanoparticles had similar 

sizes and morphologies as those of the MoO3 raw materials because of 

the ”template growth mechanism”. Therefore, it is possible to control the sizes 

of the morphologies of products by selecting different raw MoO3 materials. In 

addition to the controllability of the morphologies and sizes of products, the 

avoidance of using H2S and capability of using a large batch size could make 

the newly developed route potentially scalable and more environmentally 

friendly.  
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Experimental 

0.144g MoO3 (>99.5%, <500 nm Sigma-Aldrich) powder, ultrasonically 

dispersed in 100 ml ethanol (>99% Sigma-Aldrich) for 2 h and then dried in an 

oven for 3 h at 80°C, was mixed with various amounts of S (>99.5% Sigma-

Aldrich)  (excessive amounts of S were used to compensate for its evaporation 

loss at high test temperatures, as discussed in Chapter 4) for 2 h in a ball mill at 

400 rpm. The powder mix was placed in a ceramic boat and fired in a quartz 

tube furnace at a given temperature between 350-950°C for 1 h. The gases, 

furnaces and firing schedules were all the same as those used for the WS2 

synthesis described previously (see chapter 4) and will not be repeated here.  

After firing and cooling to room temperature, the reacted black-coloured mass 

was collected from the ceramic boat and subjected to further characterisation. 

   

Results and discussion 

In Figure 5.1, the XRD patterns of the samples resulting from 1-h firing in H2/Ar 

at 350, 450, 650, 750 and 950°C using 29 times excessive S are presented. At 

as low as 350°C, MoS2 was already detected even though MoO2 remained as 

the primary phase (Figure 5.1a). MoO2 rather than MoO3 was detected, 

indicating that the original MoO3 had been reduced by H2 and/or S. To 

differentiate the effect of S from H2, MoO3 nanoparticles alone were heated at 

350°C for 1 h in H2/Ar. Only MoO3, and no MoO2, was detected in the sample 

by XRD (Figure 5.2), verifying that H2 could not reduce MoO3 at 350°C; in other 

words, the formation of MoO2 illustrated in Figure 5.1a arose from the reduction 

by S. Thus, it could be considered that the sulphidation process should be 

involved with the two sub-reactions. 
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Figure 5.1 XRD patterns of samples resulting from 1-h firing in H2/Ar at (a) 

350°C, (b) 450°C, (c) 650°C, (d) 750°C and (e) 950°C using 29 times excessive 

S. 

 

Figure 5.2 XRD pattern of a sample resulting from heating MoO3 nanoparticles 

in H2/Ar at 350°C for 1 h. All the diffraction peaks belong to MoO3. 
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Initially, MoO3 was reduced by S to form MoO2 (Reaction (5.1)), which further 

reacted with S to form MoS2 (Reaction (5.2)): 

 

2MoO3 + S = 2MoO2 + SO2            (5.1) 

 

MoO2 + 3S = MoS2 + SO2.                (5.2) 

 

No S remained in the fired sample (Figure. 5.1a), indicating that the S had been 

consumed or carried away after becoming a vapour. The latter conclusion was 

confirmed by the observation of yellow deposition on the inner surface of the 

quartz tube. Upon increasing the temperature to 450°C (Figure 5.1b), the 

heights of the MoS2 peaks slightly increased, whereas those of the MoO2 peaks 

slightly decreased. Upon further increasing the temperature to 650°C (Figure 

5.1c), MoS2 was present as the primary phase along with a small amount of 

MoO2, indicating the high reaction extents at this temperature. When the 

temperature increased to 750°C (Figure 5.1d), phase pure MoS2 was obtained 

and remained stable in the sample fired at as high as 950°C (Figure 5.1e). The 

above results indicate that the reaction temperature had a significant effect on 

the reaction extent between MoO3 and S. The calculated △G values by the 

author for both reactions, -29 kJ at 25°C -35 kJ at 25°C, are negative at 298 K, 

suggesting that these two reactions are thermodynamically favoured even at 

room temperature. According to this finding and the relatively high reaction 

extents at 350°C (Figure 5.1a), it could be reasonably suggested that by further 

optimising the synthesis conditions (e.g., increasing the amount of starting S 

powder and prolonging the holding time), it should be possible to synthesise 

phase pure MoS2 at ≤350°C. 

 



127 
 

 

   

 

 

Figure 5.3 TEM images of (a) MoO3 raw materials and samples synthesised by 

1-h firing in H2/Ar at (b) 450°C and (c) 750°C. (d) EDS spectrum of selected 

area in (b). 

a 

b c 

d 
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 In Figure 5.3, TEM images and selected area EDS spectrum of the raw 

material MoO3 and samples whose XRD patterns are shown in Figure 5.1b and 

d are presented. According to Figure 5.3a, the MoO3 particles had an irregular 

shape with an average size of approximately 500 nm. The product phase 

synthesised at 450°C largely retained the morphologies and sizes of the original 

MoO3 particles (Figure 5.3b). The EDS spectrum (Figure 5.3d) reveals that the 

three constituent elements in the product particle were Mo, S and O. 

Considering that both MoO2 and MoS2 were detected by XRD (Figure 5.1), the 

particle clearly should be a MoS2-MoO2 composite particle. Upon increasing the 

reaction temperature to 750°C, although the composition of the sample was 

transformed into pure MoS2, the morphology of the sample was not changed 

(Figure 5.3c), suggesting that the MoO3 particles were converted into MoS2 via 

the “template-growth” mechanism.   

 

  

  

a b 

c d 
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Figure 5.4 HRTEM images of samples resulting from 1-h firing in H2/Ar at (a, e) 

450°C, (b, f) 650°C, (c, g) 750°C and (d, h) 850°C.  

 

g 

h 
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In Figure 5.4, HRTEM images of the samples resulting from 1-h firing in H2/Ar at 

450°C, 650°C, 750°C and 850°C under a H2/Ar atmosphere are presented. As 

observed in Figure 5.4a, a nanoparticle with a size of approximately 400 nm 

was produced. The high-magnification image (Figure 5.4e) reveals that this 

nanoparticle actually had a core-shell structure. The shell part had a layered 

structure and was mostly continuous with only some discontinuations. The shell 

was 3-5 nm in thickness, much smaller than the “large” overall sizes, indicating 

the formation of a “large” inner core. The lattice distance in the shell was 

measured to be 0.64 nm, which was close to the lattice distance of the (002) 

plane of 2H MoS2 bulk material (0.615 nm) [8]. According to Tenne et al., such 

an expansion is commonly observed with MoS2 IF nanoparticles due to the 

strain induced by the curvature of the layers [8]. This finding further verified the 

formation of MoS2-MoO2 core-shell nanoparticles at 450°C. Because of the 

large particle size and small lattice distance of MoO2 (approximately 0.34 nm), it 

was difficult to observe the lattice fringe of the MoO2 inner core by HRTEM.  

 

Upon increasing the temperature to 650°C, little change was observed in the 

sizes and morphologies of the products (Figure 5.4b). A particle with a core-

shell structure was also observed by HRTEM (Figure 5.4f). The outer shell was 

generally continuous and contained few discontinuities. However, its thickness 

increased to approximately 10 nm (Figure 5.4f). In addition, some randomly 

arranged (002) fragments of MoS2 were observed on the inner core (insert in 

Figure 5.4f), indicating higher reaction extents. Because of the large particle 

size and limited S amount, the sulphidation process could not be completed. 

Because some of the formed MoS2 layers were stacked along the radial 

direction, the layers contained unsaturated bonds at the edge of the layer 

fragments, which is not energetically favourable [9]. Therefore, a transformation 

to the thermodynamically more stable arrangement of tangential layers would 

occur when temperature was high enough.  

 

Figure 5.4c shows the sample obtained after 1-h heat treatment at 750°C. 

Because of this high temperature, the initially formed (002) fragments had 

sufficient thermodynamic energy to be rearranged along the tangential direction, 

leading to the formation of particles with well-crystallised, fullerene-like 

structures (Figure 5.4c). Because the electron beam could not penetrate such 
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large particles, the layer structure could only be observed on their edges. The 

thickness of visible layers was approximately 40 nm with an interlayer spacing 

of 0.64 nm. For the same reason described above, it was also difficult to 

observe the hollow inner cores of these particles. Further increasing the 

temperature to 850°C did not change the morphology of the product (Figure 

5.4d), indicating that this product exhibited good stability at a high temperature.   

 

Figure 5.5 XRD patterns of samples resulting from 1-h firing at 750°C in (a) a 

H2/Ar atmosphere with S and (b) in a H2S/Ar atmosphere.  
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Figure 5.6 TEM and HRTEM images of samples resulting from 1-h firing at (a, c) 

750°C and (b, d) 850°C in a H2S/Ar atmosphere.  

 

As a common sulphidation agent, H2S is often used for the preparation of MoS2 

IF nanoparticles (Reaction (5.3)) [10]: 

 

MoO3 + 3H2S = 3H2O + S + MoS2.                                                                  (5.3) 

 

In this case, MoO3 vapour, instead of its solid counterpart, participated in the 

reaction, resulting in tiny MoS2 IF nanoparticles. It is clearly difficult to control 

the morphologies/sizes of MoS2 products by tailoring those of the MoO3 

particles via this route. In addition, because there is a reaction balance among 

H2, S and H2S when the temperature is above 550°C [11], the reaction 

mechanisms of both H2/S and H2S involved reactions that are quite similar. 

Therefore, it is necessary to compare the product in the present case with that 

synthesised in a H2S atmosphere. To compare these two routes (Reactions 5.1 

and 5.2 and Reaction 5.3), the same amount of MoO3 powder was heated at 

750°C for 1 h in Ar/H2S. In Figure 5.5, the XRD patterns and HRTEM images of 

the products resulting from the sulphidation process using S or H2S are 

d 
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presented. At 750°C, the reactions in both cases reached completion, resulting 

in phase pure MoS2. Although the sizes and shapes of the products generated 

from Reaction (3) (Figures 5.6a&b) were similar to those of previous products 

(Figures 5.3b&c), the corresponding HRTEM images (Figures 5.6c&d) reveal 

that these two samples did not have an IF structure, as demonstrated in Figure 

5.4c. Randomly oriented MoS2 fragments with a lattice fringe of 0.64 nm rather 

than continuous layers were observed in the edge areas of the particle 

synthesised at 750°C (Figure 5.6c). Upon increasing temperature to 850°C, the 

resulting particles were composed of large amounts of flakes with a narrow 

lattice distance of 0.27 nm, which perfectly matched the lattice distance of the 

(100) plane of MoS2 (0.27 nm) [12] (Figure 5.6d). This finding, combined with 

the XRD analysis, verified that these flakes were MoS2. Because of the low flow 

rate of H2S (20 ml/min), the MoO3 was surrounded by low concentrated S 

atoms, leading to the slow conversion rate from MoO3 to MoS2. In addition, 

because of the small specific surface area and large MoO3 particle sizes, the 

conversion rate was further reduced. As noted by Zinc et al. [6], the initially 

formed MoS2 nanoparticles contained randomly oriented layer fragments. When 

sufficient S was used, the nanoparticles gradually rearranged along the 

tangential direction to decrease the thermodynamic energy, leading to the 

formation of continuous layers [9]. In this H2S-involved reaction (Reaction (5.3)), 

the slow sulphidation rate led to an insufficient S source and thus restricted the 

rearrangement of MoS2; therefore, the randomly orientated fragments remained 

unchanged. Because of the presence of unsaturated dangling bonds on the 

edges of these fragments, which were unstable at high temperatures, the 

fragments tended to connect with each other, forming the most stable flake 

structure. Consequently, MoS2 nanoflakes were generated from the further 

crystallisation and growth of these tiny fragments (Figure 5.6d).  

 

Conclusions 

 

Large MoS2 IF nanoparticles with an average size of approximately 500 nm 

were produced via the reaction of MoO3 with S and H2. Compared with the 

MoO3 raw materials, the as-synthesised MoS2 had similar submicron sizes and 
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shapes, indicating that this reaction followed a “template-growth” mechanism. 

Therefore, it is possible to control the sizes and shapes of MoS2 products by 

selecting different MoO3 raw materials, which is quite difficult using other 

techniques. In addition, the use of S rather than toxic H2S makes this technique 

environmentally friendly. These benefits, along with the possible large batch 

size, suggest that this technique could produce MoS2 IF nanoparticles on a 

large scale.    
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Chapter Six 

Synthesis of metal dichalcogenide nanoflakes and IF 

nanoparticles via CVD technique 

Introduction 

 

As reviewed in Chapter 2, over the past two decades, transition metal 

chalcogenides have received significant attention due to their excellent optical, 

electrical, mechanical and catalytic properties [1-5]. Because of these excellent 

properties, transition metal chalcogenides can be used or potentially used in 

many areas such as batteries, lubricants, drug carriers, and dye-sensitised solar 

cells (DSCs) [6-9].  

 

Among many synthesis techniques, CVD is an efficient technique used to 

synthesise metal dichalcogenide nanoflakes, IF nanoparticles and nanotubes. 

Using this technique, a gaseous metal-containing precursor (e.g., WCl6, W(CO)6 

and ZrCl4) reacts with a chalcogenide vapour (e.g., H2S, S and Se), followed by 

nucleation, crystallisation and deposition of the final products. Due to the 

gaseous reaction process, the morphologies and sizes of the final products can 

be controlled by tailoring the processing parameters, such as the temperature, 

time and gas flow rate. For the CVD synthesis, metal halides are usually used 

as raw materials due to their low boiling points [10, 11].   

 

A CVD technique was first applied to the synthesis of WS2 IF nanoparticles by 

Li et al. [10]. WS2 IF nanoparticles and nanotubes were generated from the 

reaction of WCl6 with S at 850°C and 750°C, respectively. However, most of the 

produced WS2 IF nanoparticles had poor crystallisation extents and partially 

filled cores, leading to poor properties [10]. To overcome these issues, a 

modified route was proposed by Tenne et al. [11]. Instead of S vapour, H2S was 

used. In addition, a specially designed facility composed of two connected 
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furnaces (an auxiliary furnace and a vertical furnace) was used to facilitate the 

IF nanoparticle formation. WCl6 powder was initially heated above its boiling 

point (347°C) in the auxiliary furnace. Then, the evaporated WCl6 was carried 

by N2/H2 to the top of the vertical furnace, which was preheated to a given 

temperature and through which H2S flew constantly. After the reaction, WS2 

was deposited on a filter in the middle of the vertical furnace and could be easily 

collected [11]. Although the IF nanoparticles and nanotubes obtained after 1-h 

firing at 850°C were well crystallised, the involvement of toxic H2S and 

complexity of the operation made the technique difficult to be used for large-

scale production.  

 

To synthesise these nanomaterials, a few techniques have been proposed, of 

which the most straightforward technique is to heat Zr and S powders directly at 

850°C in an inert atmosphere. S vapour was generated and then reacted with 

solid Zr, forming ZrS2 nanobelts exhibiting good electrical properties with a turn-

on field of ~ 0.95 𝑉𝜇𝑚−1 and a threshold field of 3.6 𝑉𝜇𝑚−1  [12]. Upon the 

replacement of Zr with ZrO2, the reaction between ZrO2 and S did not occur 

even at a temperature as high as 1300°C [13]. Nevertheless, by replacing S 

with CS2, the reaction temperature could be reduced successfully to 800°C [13].  

Another synthesis technique involves the decomposition of ZrS3 at 900°C in H2 

[14]. In this case, ZrS2 nanotubes with diameters of approximately 140 nm were 

produced. Recently, some transition metal chalcogenides were scaled down to 

their most basic structural components of either a single layer or a few layers 

and exhibited quite different electrical and mechanical properties [15]. ZrS2 thin 

nanodiscs that were approximately 1.6-nm thick with controllable diameters 

were first produced via a liquid reaction of ZrCl4, oleylamine and CS2  [16]. 

These nanodiscs exhibited good performance in fast charging/discharging 

cycles with an 88% average recovery of the reversible capacity [16]. 

Nevertheless, this technique still suffers from several drawbacks, including the 

usage of dangerous raw materials and the operational complexity. 

 

In the work presented in this chapter, an additional annealing process was 

applied on WS2 samples obtained using conventional CVD synthesis from the 

reaction of WCl6 with S to improve their crystallinity.  The effects of the 

processing parameters and annealing conditions on the morphologies and 
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crystallisation extents of as-prepared WS2 nanoparticles were studied, and a 

relevant mechanism is suggested. For the synthesis of ZrS2, a gas reaction 

between ZrCl4 and S at a relatively low temperature (800°C) was introduced. It 

was observed that that as-prepared ZrS2 nanoflakes exhibited good 

photocatalytic performance in the decomposition of 4-nitrophenol (4-NP). As 

nitrophenols are some of the-most-difficult-to-be-removed pollutants and are 

inevitably present in pesticides, herbicides, insecticides, synthetic dyes, etc., as-

prepared ZrS2 nanoflakes could be a promising candidate catalyst for potential 

use in the pollutant purification area[17]. 

  

Experimental 

First, 0.397 g WCl6 (>99.9%, Sigma-Aldrich) or 0.23g ZrCl4 (>99.5% Sigma-

Aldrich) and 1g S powder were placed on two separate ceramic boats. A 

horizontal furnace inserted with a quartz tube was preheated to a target 

temperature and flushed with Ar at 80 ml/min for 30 min to remove any residual 

air. Then, the two ceramic boats were pushed into the heating zone of the tube 

furnace, and H2 (20 ml/min) was introduced simultaneously with the flowing Ar. 

S powder was placed in the upstream gas flow, while WCl6 was placed in the 

downstream gas flow. Various temperatures and holding times were used to 

investigate their effects on the reaction. Finally, the reacted mass was collected 

from the inner wall of the quartz tube, followed by annealing at various 

temperatures for different periods. To measure the thicknesses of samples, an 

Agilent 5500 AFM was used to test all the samples using tapping mode. 

Samples were dispersed in ethanol for 10min by sonication and dropped on a 

silicon wafer. 

 

Catalytic reduction of 4-NP: As-prepared ZrS2 nanoflakes were ultrasonically 

dispersed in 10 mL of distilled water for 30 min to form a homogenous 

solution/suspension of 0.5 × 10−3𝑚𝑜𝑙/𝐿 . This solution was further combined 

with 10 mL of a 3.2 × 10−3𝑚𝑜𝑙/𝐿 4-NP aqueous solution and 1 mL of a H2O2 

solution (30% in weight) under stirring; the mixture was then exposed to the 

beam of a Xenon lamp (150W) at room temperature. The reaction progress was 

monitored by characterising (using the techniques described in Section 2.3) a 
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small portion of the solution that was removed every 30 min from the reacting 

solution. 

 

Results and discussion 

Synthesis and characterisation of WS2 nanoflakes and IF 

nanoparticles 

6.1 Effect of reaction temperature 

Figure 6.1 presents XRD patterns of samples resulting from 1-h firing at 450°C, 

550°C, 650°C, 750°C and 850°C. All the reflections in Figure 6.1 could be 

indexed to the 2H phase of WS2. Compared with the case of standard 

hexagonal 2H WS2, the (002) peak position shown in each pattern was shifted 

slightly towards the lower 2Theta angle, indicating that crystal lattices of the 

WS2 phase had been slightly expanded. This expansion could be attributed to 

the strain arising from the curvature of the WS2 layers [18]. 

 

Figure 6.1 XRD patterns of samples resulting from 1-h firing in Ar/H2 at (a) 

450°C (b) 550°C (c) 650°C (d) 750°C, and (e) 850°C. 
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At 450°C, only WS2 peaks were detected, indicating that Reaction (6.1), 

              WCl6 + 2S + 3H2 = WS2 + 6HCl,                         (6.1) 

was already complete (Figure 6.1a). This finding could be attributed to the rapid 

gas phase reaction between the evaporated WCl6 and S. As observed from 

Figures 6.1b-e, WS2 was the only phase in all the samples obtained at 550°C to 

850°C. In addition, its XRD peaks were broad in all the cases, suggesting that 

the formed WS2 products might have small grain sizes or poor crystallisation 

extents. With increasing temperature, the most evident changes in the XRD 

patterns were the sharpening of the (002) peaks and the separation of (110) 

and (112) peaks, suggesting the presence of crystallised WS2 [18]. This finding 

indicates that increasing the temperature could promote the crystallisation of 

WS2. Upon increasing the temperature to 850°C, the (002) peak of the 

corresponding XRD pattern was not as sharp as that of commercial 2H WS2, 

while the other peaks, such as the (004), (110) and (112) peaks, were 

prominent, suggesting that the stacking of the (002) plane from crystallised WS2 

was not as ordered as that for commercial 2H WS2.  

 

Figure 6.2 Raman spectrum of the sample resulting from 1-h firing in Ar/H2 at 

850°C. 
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In Figure 6.2, the room-temperature Raman spectrum of the sample resulting 

from 1-h firing at 850°C is presented; two strong peaks are centred at 350 cm-1 

and 420 cm-1. The positions of these peaks are slightly red-shifted with respect 

to those (357 and 423 cm-1, respectively) of the characteristic peaks of the E2g 

and A1g modes of WS2 [19]. Such a redshift was also observed for MoS2 IF 

nanoparticles and was attributed to the curved MoS2 layers [8, 10]. Because of 

the high structural similarity between MoS2 and WS2, the redshift observed in 

this sample could also be attributed to the presence of WS2 IF nanoparticles.  

 

 

Figure 6.3 TEM images of WS2 resulting from 1-h firing in Ar/H2 at (a) 450°C, (b) 

650°C, (c) 850°C and (d) 950°C. 

a b 

c d 
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Figure 6.4 HRTEM images of WS2 produced at various temperatures for 1 h in 

Ar/H2: (a) 450°C, (b) 650°C and (c) 850°C.  

 

Figures 6.3 and 6.4 present HRTEM images of the WS2 samples fired for 1 h at 

various temperatures in a H2/Ar atmosphere. At 450°C, WS2 nanoparticles were 

the main phase. These nanoparticles were approximately 70 nm on average 

and with homogenous contrast distribution. A higher magnification image 

(Figure 6.4a) of an individual nanoparticle reveals that some layered fragments 

(2-4 layers) with a d-spacing of approximately 0.64 nm were formed on the 

edge of the particle. The lattice distance was slightly larger than the standard 

interlayer distance of the (002) plane of hexagonal WS2 (0.62 nm), which is 

consistent with the peak shift in the XRD pattern (Figure 6.1). As no lattice 

fringe was observed from the core area, it could be considered that the 

nanoparticles were composed of partially crystallised WS2 shells and 

amorphous cores. In addition, it was observed that the crystallisation started 

from the outer surface of the nanoparticle and arranged tangentially to the outer 

boundary due to the decrease of dangling bonds, which were not a 

thermodynamically favourable arrangement of WS2 layers.  

 

20 nm20 nm

c  
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Upon increasing the temperature to 650°C, little change was observed in the 

sizes and shapes of the produced nanoparticles. However, some bright contrast 

areas were observed in almost every particle, indicating its hollow structure 

(Figure. 6.3b). From Figure 6.4b, the lattice distance of the as-synthesised 

nanoparticle was measured to be 0.63 nm. Therefore, it was confirmed that 

these nanoparticles were WS2 with several (002) layers and a partially filled 

large hollow core (Figure 6.4b). The thicknesses and sizes of these 

nanoparticles were measured to be approximately 10 and 80 nm, respectively, 

leaving large inner voids. Compared with the sample shown in Figure 6.4a, the 

crystallised shell became thicker (approximately 20 layers). Some defects and 

disconnections were observed on the outer WS2 (002) layers, indicating that the 

crystallisation of these nanoparticles was improved but not completed.  

 

Upon further increasing the temperature to 850°C, the as-prepared WS2 

nanoparticles retained their sizes and shapes, whereas their core areas 

became brighter than for nanoparticles generated at 650°C (Figure 6.3c). Some 

disconnections and defects were eliminated, and the IF structure became more 

apparent (Figure. 6.4c). Unlike those synthesised from the sulphidation of WO3 

having thick walls and small hollow cores [20], the WS2 IF nanoparticles 

synthesised via the present route had thinner walls (approximately 7-20 layers) 

and larger interior voids (approximately 40 nm).  

 

To further improve the crystallinity of WS2 IF nanoparticles, the reaction 

temperature was increased to 950°C. However, rather than expected IF 

nanoparticles, nanoflakes with curved edges were produced (Figure 6.3d). Their 

average size was measured to be approximately 200 nm, which was much 

larger than the as-synthesised IF nanoparticles (Figure 6.4). At this high 

temperature, the formed WS2 IF nanoparticles became unstable due to the 

presence of defects. The nanoparticles tended to disintegrate to relieve the 

strain energy generated by the curvature of layers. Consequently, WS2 

nanoflakes that were more stable at this large size scale were produced instead.     
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6.2 Effect of gas flow rate 

The flow rate of H2 is another essential factor for the morphology control of WS2. 

Figure 6.5 presents XRD patterns of the samples resulting from 1-h firing at 

850°C with H2 flow rates of 20 ml/min and 50 ml/min. As mentioned above, pure 

WS2 was produced at 850°C in a H2 atmosphere at 20 ml/min (Figure 6.5a). 

The increase of the H2 flow rate did not change the phase composition of the 

product, which was still WS2 (Figure 6.5b). However, TEM analysis reveals that 

the higher flow rate resulted in a different morphology (Figure 6.6). 

 

Figure 6.5 XRD patterns of samples resulting from firing at 850°C for 1 h in H2 

with flow rates of (a) 20 ml/min and (b) 50 ml/min. 
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Figure 6.6 A TEM image of WS2 products fired at 850°C for 1 h with a flow rate 

of 50 ml/min H2. 

 

Upon increasing the H2 flow rate to 50 ml/min, WS2 nanoflowers were produced 

rather than IF nanoparticles. These nanoflowers were composed of hundreds of 

petals with an average size of approximately 500 nm. This structure was also 

observed by Li et al. [10], and its formation was attributed to the change of 

particle retention times in the hot zone. When the reaction between WCl6 and S 

was performed under a high flow gas rate, the initially formed WS2 amorphous 

particles were rapidly blown through the hot zone and did not have sufficient 

time to generate crystallised layers on their outer surface, which could prevent 

them from sintering. Therefore, during the deposition process, the amorphous 

particles tended to stay together as agglomerates, followed by further 

crystallisation. Each amorphous nanoparticle could cause the formation of a 

large WS2 nanoflake and then assembled to form the nanoflower structure.    

 

6.3 Effect of holding time 

In Figure 6.8, XRD patterns of samples resulting from firing at 850°C for 2 h and 

3 h are presented. Upon extending the holding time to 2 h and 3 h, the 

compositions of these samples were not changed and remained pure WS2, 

indicating that WS2 was stable at this temperature even in a reducing 

atmosphere (Figure 6.7). However, as observed from the TEM images (Figure 
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6.8), a long soaking time led to an obvious change in the morphologies of 

samples. Unlike the WS2 products synthesised by a 1-h heat treatment, which 

exhibited an IF structure (Figure 6.3c), relatively large nanoflakes with sizes of 

approximately 100-200 nm were formed (Figure 6.8a). Some of these 

nanoflakes had curved edges with widths of approximately 10-20 nm, which 

were similar to the thicknesses of IF nanoparticle walls. Upon further increasing 

the holding time to 3 h, the average size of these WS2 nanoflakes was 

increased to 300 nm with more curved edges and severe agglomeration (Figure 

6.8b). 

 

Figure 6.7 XRD patterns of samples resulting from firing at 850°C for (a) 2 h and 

(b) 3 h. 
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Figure 6.8 TEM images of samples resulting from firing at 850°C in H2/Ar for (a) 

2 h and (b) 3 h. 

 

In this case, WS2 IF nanoparticles with large inner voids were initially formed 

(Figure 6.4c). Although the mechanical properties of the synthesised WS2 IF 

nanoparticles were not measured, the stiffness of MoS2 IF nanoparticles with 

similar thin walls (5-6 layers) was measured to be approximately 1.3 N/m [21]. 

This stiffness is much lower than the stiffness of MoS2 IF nanoparticles with 

thick walls (20-30 layers), which is approximately 424 N/m [5]. Considering the 

structural similarity between WS2 and MoS2, it could be assumed that the as-

synthesised WS2 IF nanoparticles also had much poorer mechanical properties 

than WS2 IF nanoparticles with thick walls [11]. This assumption, combined with 

the presence of numerous defects in the nanoparticles, suggested that the 

nanoparticles could not maintain the IF structure due to the release of storage 

strain energy at high temperature [22]. Consequently, the nanoparticles tended 

 

a 
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to eventually crush into the most stable flake phase. Because the atoms on the 

edges of these nanoflakes were not fully bonded, these nanoflakes were 

unstable and needed to decrease the thermodynamic energy. Therefore, the 

nanoflakes curved and attracted each other to form clusters. This process was 

promoted by increasing the holding time. Increasingly more curved nanoflakes 

were generated and finally led to the formation of larger clusters. 

 

6.4 Annealing of WS2 products 

Although WS2 IF nanoparticles could be readily formed via the CVD route, the 

produced nanoparticles were not well crystallised and contained some defects 

and disconnections (Figure 6.4c). To improve the crystallinity of WS2 IF 

nanoparticles and reduce the disconnections and defects, the nanoparticles 

were annealed for 1 h at various temperatures in an Ar atmosphere. 

 

Figure 6.9 XRD patterns of WS2 products resulting from annealing the pre-

synthesised WS2 at 850°C at (a) 700°C, (b) 800°C, (c) 900°C, and (d) 1000°C 

for 1 h in an Ar atmosphere.  

 

Figure 6.9 presents XRD patterns of the WS2 samples after annealing at 

various temperatures. The annealing process did not change the composition of 
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the products even at temperatures as high as 1000°C. All the XRD patterns of 

samples obtained by annealing at 700°C, 800°C and 900°C were essentially 

same (Figures 6.9a-c). However, the XRD pattern of the sample annealed at 

1000°C was quite different, with little overlap and very high intensities (Figure 

6.9d). In addition, the (002) peak in Figure 6.9d was characterised by a high-

angle shift compared with those of the other samples annealed below 1000°C, 

indicating that the IF structure might be destroyed.  

 

  
 

 

a b 
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Figure 6.10 TEM images of WS2 products resulting from 1-h annealing in Ar at 

(a) 700°C, (b) 800°C, (c) 900°C and (d) 1000°C. HRTEM image of sample 

resulting from 1-h annealing in Ar at (e) 800°C and (f) 900°C. (g) Typical 

morphology of synthesised WS2 IF nanoparticles by Li et al.[10]   

 

Although little difference could be observed from the XRD patterns between the 

annealed and unannealed samples, the TEM images demonstrate that the 

morphologies of the annealed samples were quite different. As mentioned 

previously, WS2 IF nanoparticles with numerous detects and disconnections 

were produced at 850°C (Figure 6.4c). After annealing at 700°C for 1 h, these 

nanoparticles retained similar morphologies to those of the original samples 

(Figure. 6.10a). Upon increasing the annealing temperature to 800°C, hollow IF 

nanoparticles with an average diameter of 50 nm and large interior voids were 

obtained (Figure 6.10b). Based on the corresponding HRTEM image (Figure 

6.10e), the synthesised WS2 IF nanoparticles had relatively thin walls (5-15 

layers) that were approximately 40 nm in diameter. The lattice distance of the 

shell was measured to be 0.63 nm. Almost no dislocations or disconnections 

were observed in the nanoparticles, indicating that the annealing process 

g 
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promoted WS2 crystallisation. During the annealing process, additional energy 

was supplied to promote the crystallisation. Because the initial dangling edges 

were thermodynamically unstable, they would gradually arrange and connect 

along the tangential direction to reduce this energy [23]. 

 

The IF nanoparticles became unstable upon increasing the temperature to 

900°C (Figure. 6.10c). Only a few partially unfolded IF nanoparticles were 

observed among many agglomerated nanoflakes. In Figure 6.10f, some IF 

nanoparticles began to crack and unfold from the closed cage structure. Then, 

nanoflakes with small sizes (below 100 nm) were produced from crushing of IF 

nanoparticles followed by further crystal growth. This process was promoted 

when the temperature was increased to 1000°C. No IF nanoparticles were 

observed by TEM. Numerous nanoflakes that were approximately 300 nm in 

size were generated instead. This result was consistent with the XRD analysis, 

which shows the changes in the positions and intensities of the peaks. 

 

As mentioned previously, WS2 IF nanoparticles were synthesised via a similar 

CVD route from the reaction between WCl6 and S [10]. According to Figure 

6.10g, the produced WS2 IF nanoparticle contained numerous defects that were 

also observed in the unannealed sample (Figure 6.4c). Moreover, little lattice 

fringes could be observed on the nanoparticle interior, indicating poor 

crystallisation. Compared with this product, the annealed WS2 IF nanoparticles 

exhibited much better crystallinity and thus might exhibit better properties such 

as mechanical properties and thermal stability. 
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Figure 6.11 TEM image of WS2 product annealed at 800°C for 4 h in Ar. 

 

In addition to the temperature, the annealing time had a clear effect on the 

morphology of the WS2 products. When the WS2 sample was annealed at 

800°C for 4 h in Ar, WS2 nanoflakes with an average size of approximately 200 

nm were generated rather than IF nanoparticles (Figure 6.11). Similar to Figure 

6.8b, these nanoflakes had curved edges with similar small thicknesses and 

were highly agglomerated. Therefore, the generation of these nanoflakes was 

also attributed to the crushing of the initially formed WS2 IF nanoparticles.  

 

6.5 Comprehensive analysis on the synthesis of WS2 IF 

nanoparticles  

The synthesis of WS2 IF nanoparticles followed a typical CVD mechanism. 

Because both WCl6 and S have low boiling points (347°C and 445°C, 

respectively), they became gaseous phases immediately after being pushed 

into the hot zone of the preheated furnace. The initially formed species could 

most likely be WClxSy which is unstable at high temperature [24, 25].  

Subsequent heating led to the nucleation of WS2 amorphous particles from the 

gas phase, which were deposited on the inner surface of the quartz tube, 

followed by crystallisation of the nanoparticles. Because the reactivity was the 

highest at the particle surface, the crystallisation speed on the surface was 

higher than that on the interior, leading to the formation of a crystalline-WS2-

coated amorphous core (Figure 6.4a). Because the density of the crystallised 

WS2 was larger than that of the amorphous phase, a concentration gradient 

was present from the shell to the core. The further crystallisation process bears 

a resemblance to the so-called “coffee stain effect” [26, 27]. To balance the 

density difference without mass change, the formed WS2 core-shell 

nanoparticles tended to shrink to reduce their volumes. However, the initially 

formed, crystallised WS2 shell could not shrink as amorphous cores. Therefore, 

the further crystallisation process resulted in a mass transfer from the interior of 

the particle to the particle boundary. This process lasted until the core was 

depleted and, thus, a hollow IF nanoparticle was formed (Figure 6.4c). When 

the annealing process was absent, hollow IF nanoparticles could be 
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synthesised but with numerous defects and disconnections, suggesting poor 

crystallisation extents (Figure 6.4). The additional annealing process provided 

sufficient energy to facilitate crystallisation by rearranging (002) fragments into 

continuous shells (Figure 6.10) because dangling bonds on the edges of (002) 

fragments were eliminated by reconnection with each other. The formed IF 

nanoparticles exhibited the lowest energy and thus the best stability.    

  

Conclusions 

Well-crystallised WS2 IF nanoparticles with sizes below 100 nm were produced 

via a simple CVD route from the reaction of WCl6, H2 and S. For this technique, 

annealing was a vital process to improve the crystallisation extents of the 

produced IF nanoparticles. Although WS2 IF hollow nanoparticles with similar 

sizes could also be formed via CVD without annealing, the resulting 

nanoparticles contained numerous defects and disconnections, leading to poor 

stability and mechanical properties. A reaction mechanism was proposed based 

on the experimental results. The generation of the hollow structure was based 

on mass transfer from the interior to the surface. Because of the production of 

well-crystallised WS2 IF nanoparticles, this technique might provide an 

alternative method for the synthesis of WS2 IF nanostructures. 

 

Synthesis and characterisation of ZrS2 nanoflakes  

6.6 Composition and morphology of products 

In Figure 6.12a, the XRD pattern of the sample resulting from 1-h firing at 800°C 

is presented. All the diffraction peaks match with those of standard ZrS2 

(JCPDS card No. 11-619), indicating that the product phase was phase pure 

ZrS2. A TEM image (Figure 6.12b) reveals that the ZrS2 particles had angular 

shapes and a narrow size distribution (10-30 nm), implying their high surface 

energy. Consequently, some nanoflakes were overlapped with one another to 

reduce the surface energy. A HRTEM image (Figure 6.12c) further reveals that 

the ZrS2 nanoflakes were well crystallised. The surfaces of the nanoflakes were 

orthogonal to the direction of the electron beam, giving a lattice distance of 0.31 
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nm, which matches with that between the (100) planes of ZrS2 (Figure 6.12c). 

According to AFM analysis (Figure 6.12d), the sizes of the ZrS2 nanoflakes 

were in the range of 10-30 nm, which was consistent with the TEM observations. 

The thicknesses of some representative particles (the marked ones) were 

measured to be approximately 1.6 nm, indicating that the particles were 

composed of only 3 atomic layers [15]. 

 

  

Figure 6.12 (a) XRD, (b and c) TEM and (d) AFM images (1 × 1𝜇𝑚) of the 

sample resulting from 1-h firing at 800°C in H2/Ar. 

 

ZrCl4 + 3S + 2H2 = ZrS3 + 4HCl              (6.2) 

ZrS3 + H2 = ZrS2 + H2S                           (6.3) 

 

Figure 6.13 presents the XRD patterns of the samples resulting from 1-h firing 

at 650°C, 700°C, 750°C and 900°C. At 650°C, the primary phase in the sample 

was ZrS3 rather than the expected ZrS2, indicating that ZrCl4 and S reacted to 

form ZrS3 according to Reaction (6.2). Because excess S was added to 

compensate for the S loss at high temperature, this reaction was essentially 

performed in an S-rich atmosphere. It has been demonstrated that ZrS3 is the 

2 nm 
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0 nm 
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thermodynamically stable phase at low temperatures and in the excess sulphur 

regime [11]. Upon increasing temperature to 700°C, small amounts of ZrS2 

were detected in addition to the primary phase ZrS3, indicating that ZrS3 was 

not stable at this temperature and started to decompose to ZrS2 (Figure 6.13b) 

according to Reaction (6.3). Upon further increasing the temperature to 750°C, 

ZrS2 became the primary phase, and only minor amounts of ZrS3 remained 

(Figure 6.13c). When the temperature reached 900°C, the ZrS2 peaks became 

increasingly higher, whereas the ZrS3 peaks almost disappeared (Figure 6.13d).  

Based on the above analysis, the overall reaction process could be described 

as follows:  ZrS3 was initially generated from the reaction between ZrCl4 and S 

and remained stable until 650°C. Upon increasing the temperature to above 

650°C, ZrS3 started to gradually decompose into ZrS2. High temperature would 

accelerate this decomposition process until the reaction was completed and 

phase pure ZrS2 was obtained.    

 

 

Figure 6.13. XRD patterns of samples resulting from 1-h firing in H2/Ar at (a) 

650°C, (b) 700°C, (c) 750°C and (d) 900°C. 
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6.7 Effect of temperature   

Figure 6.14 presents TEM images of some of the samples whose XRD patterns 

are shown in Figure 6.13. The ZrS3 nanosheets resulting from 1-h firing at 

650°C (Figure 6.14a) were nearly transparent, implying their very small 

thicknesses. The average size and thickness of the curved nanosheets were 

measured to be approximately 150 nm and 7 nm, respectively. Due to their 

small thicknesses and relatively high surface energies, the ZrS3 nanoflakes 

tended to curve and connect with each other to maintain the minimum 

thermodynamic energy [17], which explained their agglomeration. Upon 

increasing temperature to 750°C, these ZrS3 nanoflakes became unstable and 

were reduced by H2 (Reaction (6.3)). The loss of S atoms during the reduction 

caused crushing of the initial nanoflakes into tiny fragments [11], which finally 

crystallised to ZrS2 (Figure 6.14b). At 900°C, the crystal growth rate of ZrS2 

increased, leading to the formation of larger flakes with an average size of 

approximately 100 nm (Figure 6.14c).    

 

Figure 6.14. TEM images of samples resulting from 1-h firing at (a) 650°C, (b) 

750°C and (c) 900°C in Ar/H2 atmosphere. 
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Figure 6.15 (a) UV-vis spectrum of as-synthesised ZrS2 nanoflakes. (b) PL 

spectrum of as-synthesised ZrS2 nanoflakes with various excitation 

wavelengths. (c) Corresponding PLE spectrum with 330-nm detection 

wavelength. (d) Diagram of the band structure of the as-synthesised ZrS2 

nanoflakes close to the K point (V1 and V2 are the two valence band maxima). 

 

In Figure 6.15, the UV-vis, PL and PLE spectra of the ZrS2 nanoflakes resulting 

from 1-h firing at 800°C in H2/Ar are presented. In Figure 6.15a, two peaks 

centred at 245 nm and 280 nm are observed. Compared with the characteristic 

UV-vis absorption peak of a ZrS2 thin film, which is centred at approximately 

400 nm [18], the absorption peak in Figure 6.15a exhibits an obvious blue-shift, 

arising from the strong quantum confinement effect. According to Figure 6.15b, 

several fluorescence spectra were measured with various excitation 

a b 

c d 



162 
 

wavelengths between 290 and 320 nm. The strongest emissions of the ZrS2 

nanoflakes occurred at 330 and 356 nm (UV area) when a 290-nm excitation 

wavelength was used. Upon changing the excitation wavelengths, the 

fluorescence band position remained unchanged, indicating that the 

fluorescence was generated under the same initial and final states even when 

the excitation wavelength was varied between 290 and 320 nm. This effect was 

attributed to the fast energy relaxation from the excitation state, which was 

excited by the photo-excitation to the ground state. In Figure 6.15c, the PL-

excitation (PLE) spectrum of the ZrS2 nanoflakes with a detection wavelength of 

330 nm is presented. A strong peak (~291 nm) and a weak peak (~229 nm) are 

observed. Although ZrS2 is an indirect gap semiconductor, it could be 

transferred to a direct gap semiconductor upon decreasing the atomic layers 

[19]. The obvious luminescence of as-synthesised ZrS2 nanoflakes (Figure 

6.15b) indicated such an indirect-to-direct band structure change, which was 

consistent with the thin-layered structure observed by HRTEM (Figure 6.12c) 

and AFM (Figure 6.12d). The two excitation peaks in the PLE spectrum could 

be assigned to two excitation processes: (1) excitation from the V2 point to the 

conduction band minimum (band gap ~4.43 eV) and (2) excitation from the V1 

point to the conduction band minimum (band gap ~5.06 eV). These band gaps 

were much larger than those reported for monolayer ZrS2 (~2 eV) [19] because 

of the strong quantum confinement of the as-synthesised ZrS2 nanoflakes.  
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Figure 6.16 (a) Time-dependent UV-vis absorption spectrum during degradation 

of 4-NP on ZrS2 catalyst. (b) Plot of ln(Ct/C0) versus time using ZrS2 as catalysts.   

 

Some semiconductor materials such as TiO2 and ZnO have been reported to 

exhibit strong photocatalytic activities [20, 21]. When these materials are 

irradiated with light of a suitable wavelength, electrons will jump from the 
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valence band (VB) to the conduction band (CB), leaving holes behind. In 

aqueous suspension systems, the generated electron holes can react with OH- 

groups to form ·OH radicals, which are the strongest oxidising species [22, 23] 

and thus can easily oxidise some organic compounds. Because the synthesised 

ZrS2 nanoflakes have a large band gap (4.15 eV), excited electrons need a 

relatively long time to refill the electron holes, which extend the lifetime of ·OH 

radicals, leading to strong oxidation. In this work, H2O2 was used as an electron 

acceptor to enhance the oxidation process for two reasons. One was that H2O2 

could accept excited electrons, generating more radical ·OH radicals, and the 

other was that the acceptance of excited electrons by H2O2 inhibited the 

recombination of electrons and holes and thereby further improved the oxidation 

performance. In Figure 6.16, the UV-vis spectrum evolution of the 4-NP 

degradation with time is shown. The 4-NP-H2O2 solution had a UV absorption 

peak centred at approximately 320 nm, which was the characteristic peak of 4-

NP [21]. Upon the addition of ZrS2 nanoflakes, the peak height at 320 nm 

clearly decreased with time. The ratio of the 4-NP concentrations at times t (Ct) 

and 0 (C0) was measured from the relative intensity ratio of the respective 

absorbance, At/A0, at 320 nm. A linear relationship between ln(Ct/C0) and time 

was obtained (Figure 6.16b), indicating a first-order reaction. Standard deviation 

from the mean was determined to estimate the error in ln(Ct/C0). From the slope 

of the straight line in Figure 6.16b, the reaction rate constant when using ZrS2 

nanoflakes as a catalyst was 2.22 × 10−3 𝑚𝑖𝑛−1. 

 

Conclusions 

ZrS2 nanoflakes were produced via a conventional CVD technique by heating 

ZrCl4 and S. The generated ZrS2 nanoflakes had a narrow size distribution (10-

30 nm) and thin thickness (~1.6 nm). Because of the small size, these 

nanoflakes exhibit strong quantum confinement and luminescence effects. In 

addition, these nanoflakes also exhibit good photocatalytic activity for the 

decomposition of 4-NP. 
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Chapter Seven 

One-Step Synthesis and Characterisation of WS2 based 

Nanorattles via Gas-Solid Reaction 

7.1 Synthesis of W@WS2 nanorattles and their catalytic 

performance 

7.1.1 Introduction 

Nanorattles, nanoparticles with a core-in-hollow-shell structure, have received a 

great deal of attention because of their unique properties and great application 

potentials. For example, metal-cored nanorattles could exhibit excellent catalytic 

activities, arising from their unique structure in which the nanoparticle cores are 

effectively isolated, avoiding their agglomeration and exposing more active 

surface. Consequently, they could perform much better than their naked or 

conventionally coated nanoparticle counterparts [1].  

 

To synthesise nanorattle materials, several techniques and methodologies have 

been suggested, among which the template synthesis is the most commonly 

used because of its good reliability and controllability. With this technique, a 

core-shell structured precursor was initially coated with another material, 

forming a three-layered egg-like composite particle (analogous to ‘yolk, egg 

white, and eggshell’).which was further subject to chemical etching or 

calcination to remove the ‘egg white’ part, creating a nanorattle with a core 

inherited from the precursor and a shell from the coating. With this technique, 

several types of nanorattles with different core/shell sizes and thicknesses were 

prepared, e.g., Au@ZrO2 nanorattles from an Au-SiO2-ZrO2 composite 

precursor,[2] hybrid Au-Pt @ α-Fe2O3 from an Au-Pt- polyelectrolyte multilayers 

(PEMs)-α-FeOOH precursor,[3] Pt@hollow porous carbon (hmC) from a Pt-

SiO2- phenol-formaldehyde resin (PF) precursor,[4] or Pt-TiO2-phenol 

precursor,[5] and SiO2@TiO2 from a SiO2-polystyrene-sulfonated polystyrene-

TiO2 composite.[6] In spite of these, this technique still suffered from several 

drawbacks including the requirement of a core-shell structured precursor 
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produce d by a complex multi-step process using hazard etching agents, thus 

was not applicable to a large scale production. 

 

Another modified template synthesis technique was the so-called preshell-

postcore technique.[7] Hollow nanospheres were used as nanoreactors into 

which reactant precursors diffuse and then react.[8-11] By using this method, 

Cu@SiO2[8] and Ag@polypyrrole-chitosan (PPy-CS) nanorattles[11] were 

prepared. Although this modified route could partially overcome the drawbacks 

of the conventional template synthesis route stated above and improve the 

product purity, the complex reaction processes used and the involvement of 

ultraviolet irradiation made it also difficult to be used for a large scale 

production. 

 

Apart from the template-based synthesis routes, interdiffusion processes based 

on the Kirkendall effect and the Ostwald ripening mechanism were used. 

However, they were only applicable to some special cases such as 

Co@CoSe[12] and ZnS nanorattles.[13] 

 

To overcome the drawbacks of the techniques reported so far, a scalable one-

step synthesis technique by simply heating oxide precursors and S at a low 

temperature in H2/Ar was developed by the author, and used to produce several 

types of nanorattles. In this chapter, the work on the synthesis of W@WS2 

nanorattles will be presented. The thicknesses of WS2 shells and sizes of W 

cores were tailored by altering the gas flow rate. Based on the results, a 

reaction mechanism was proposed. In addition, to explore potential applications 

of as-prepared nanorattles, their catalytic performance was investigated as an 

example by using the conversion reaction from 2-Nitroaniline (2-NA) to o-

Phenylenediamine (OPD) as a working tool. This conversion reaction was 

usually catalysed by highly costive catalysts such as gold nanoparticles[14]. 

The present work demonstrated that as-prepared nanorattles showed much 

better catalytic activity and thus could be potentially used to replace those 

costive catalysts. 
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7.1.2 Experimental 

Preparation of W@WS2 nanorattles  

For the synthesis of W@WS2 nanorattles, very similar procedure as described 

in Chapter 4 was used while the only difference is the usage of high flow rate Ar 

and H2. 0.232g WO3 nanoparticle (<100nm, 99.5%, Sigma-Aldrich) and S 

powder (99%, Sigma-Aldrich) were used as the starting raw materials. The 

former was initially ultrasonically dispersed in 100ml ethanol for 2h before oven-

drying at 80°C. The dry WO3 powder and S in the molar ratio of 1:10 (excessive 

amounts of S were used to compensate its evaporation loss during the 

heating/reaction processes), were mixed in a ball mill at 400rpm for 2h. A quartz 

tube in an electronic furnace was flowed with Ar at 80ml/min for 30min to 

remove any residual air and then heated to a given temperature between 750 

and 950°C. After introducing H2 at 40ml/min along with Ar at 80ml/min, into the 

tube, the S and WO3 mixture contained in a ceramic boat was pushed to the hot 

zone of the tube. After 1h at the given temperature, the reacted sample was 

furnace-cooled to room temperature, and subjected to further characterisation.  

 

Characterisation 

Phases in reacted powder samples were identified using an X-ray diffractometer 

(D500 Siemens) with Cukα radiation (λ=0.154 nm) at 2° (2θ)/min. ICDD cards 

used for phase identifications included WS2 (No. 84-1398), WO3 (No. 32-1395), 

W18O49 (No. 36-101) and α-W (No. 47-1319). A JEOL 2100 TEM at an 

accelerating voltage of 200 kV was used to observe microstructures of the 

reacted samples. 

 

Catalytic reduction of 2-nitroaniline 

 2.94 mg W@WS2 nanorattles were ultrasonically dispersed in 10 mL distilled 

water for 30min to produce a homogenous suspension with 1.6 × 10-3M (with 

respect to the tungsten precursor concentration). 10 mL of 3.2 × 10-3M 2-NP 

aqueous solution was mixed with 10 mL of 0.12M NaBH4 aqueous solution via 
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stirring for 30 min at room temperature. Then, 10 mL W@WS2 nanorattle 

suspension was added, and the resulting mixture was continuously stirred until 

the yellow solution became colourless. The reaction progress was monitored by 

UV-vis measurements (performed on a Jenway 6715 UV/visible 

spectrophotometer at room temperature) on 1 mL of the solution taken out 

every 3 min from the reacting solution. 

 

7.1.3 Results and Discussion 

1. Effect of heating temperature on synthesis and phase 

morphology 

 

Figure 7.1 XRD patterns of samples resultant from 1h firing at (a) 650°C (b) 

700°C (c) 750°C (d) 850°C and (e) 950°C. 

 

Figure 7.1 shows XRD patterns of samples resultant from 1h firing at 650, 700, 

750, 850 and 950°C respectively. At 650°C (Figure 7.1a), WS2 was already 

formed as the primary phase, while only minor amounts of WO3-x was detected, 

indicating a high extent of conversion from WO3 to WS2 (Eq.(7.1)). Due to the 

high flow rate of H2, most of the S vapour sublimed from the original S powder 

was blown out and thus the concentration of S in the local atmosphere 
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surrounding the WO3 was low. Consequently, some WO3 was left without taking 

part in the sulphidation. Then, these unreacted WO3 would be further reduced 

by H2 to form WO3-x (Eq. (7.2)). At 650°C, no W was detected, indicating that 

WO3 was only partially reduced by H2 to WO3-x rather than W.     

WO3  +  3H2  +  S =  WS2  +  3H2O      (7.1) 

 

WO3  +  xH2  =  WO3-x  +  xH2O      (7.2)     

 

WO3-x  + (3-x)H2 =  W + (3-x)H2O    (7.3)        

 

W +  2S =  WS2    (7.4) 

 

WO3  +  3H2  =  W +  3H2O      (7.5)             

 

On increasing the temperature to 700°C (Figure 7.1b), in addition to WS2 and 

WO3-x, small amounts of α-W were detected, indicating that the residual WO3-x 

was further reduced to W at this temperature (Eq. (7.3)). Due to this relatively 

low reaction temperature and depletion of S, further sulphidation of WO3-x and 

W was ceased, leaving both of them in the sample. On further increasing the 

temperature to 750°C, WO3-x completely disappeared (Figure 7.1c). Instead, W 

peaks became higher, whereas WS2 peaks changed little. These results were 

attributed to the enhanced reduction rate of tungsten oxides (Eqs. (7.2) and 

(7.3)) at this higher temperature. Although no phase changes were seen at 

higher reaction temperatures, the relative ratio between W and WS2 increased, 

indicating the formation of more W (Figure 7.1d and e). With increasing the 

reaction temperature, the H2 reduction rates corresponding to Eqs. (7.2) and 

(7.3) became higher. As a result, WO3 was reduced to W directly (Eq. (7.5)) 

before the sulphidation (Eq. (7.1)). Although the formed W also could further 

react with S to form WS2 (Eq. (7.4)), the reaction rate was much lower than that 

between WO3 and S [15]. Consequently, less WS2 was generated.  

 

Compared with Figure 4.9, many differences could be observed because of the 

lack of S. For example, all samples obtained in the case were composed of 

WS2 and WO3-x/W while pure WS2 was produced at 800 and 850°C when 

sufficient S was supplied. Moreover, similar sample compositions which are 
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WS2 and W could be found in Figure 4.9f and Figure 7.1e but with different 

reasons (high temperature reduction of oxides and insufficient S respectively).   

 

 

g 
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Figure 7.2 TEM images of (a) WO3 raw materials and WS2-W composites 

synthesised at (b) 650°C, (c) 700°C, (d) 750°C, (e) 850°C and (f) 950°C. (g) 

EDS spectrum of selected area from (f) 

 

Figure 7.2 illustrates TEM images of the samples whose XRD patterns are 

shown in Figure 7.1.  At 650oC, nanoflakes with the average size of about 

400nm were formed as the main product (Figure 7.2b). On increasing the 

temperature to 700°C, solid nanoparticles with diameters from about 40 to 

100nm were formed (Figure 7.2c). On further increasing the temperature to 

750°C (Figure 7.2d) and 850°C (Figure 7.2e), nanorattles with shell diameters 

of 30-90nm were formed as the primary phase. Their sizes and shapes were 

essentially similar to those of the original WO3 precursor (Figure 7.2a), 

indicating that they were formed via the so-called template growth mechanism 

[16]. The thicknesses of the outer shells (5-10nm) were much smaller compared 

to the overall diameters, leaving “large” inner voids. A solid core was also found 

in almost every nanosphere. The average size of the cores was estimated to be 

about 30nm which was smaller than the void sizes (50-100nm) of the hollow 

nanospheres. Thus, the encapsulated solid nanoparticles should be able to 

move freely within the nanospheres, which explained the different positions of 

the solid cores seen in different nanorattles. Although the same product phases 

(WS2 and W) were identified in the sample fired at 950°C (Figure 7.1e), their 

morphologies were different from those in the samples fired at 750 and 850°C 

(Figure 7.2d &e). Much less nanorattles but more agglomerated WS2 

nanoflakes (confirmed by EDS (Figure 7.2g)) were formed many (Figure 7.2f). 

Based on the results shown in Figures 7.1&7.2, it could be concluded that the 

optimal temperature for the nanorattles generation was within a narrow range 

from 750 to 850°C.    
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Figure 7.3 (a, b and c) HRTEM images of W@WS2 nanorattles synthesised at 

850°C; (d) EDS line scan of nanorattles shown in 3b. Red indicates sulphur and 

blue indicates tungsten. 

a 

c d 

b 
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Shown in Figure 7.3 are HRTEM images and selected area EDS line scan 

spectra of as-prepared W@WS2 nanorattles. According to Figure 7.3a, the size, 

shell thickness and core size of this nanorattle were estimated to be 60, 10 and 

25nm respectively. TEM image and corresponding EDS line scan spectrum 

(Figure 7.3c and d) show that only S and W were detected along the scanning 

line. The signal of S almost maintained stable during the whole scan process, 

indicating that the amount of S was consistent on the selected line of 

nanorattles. However, unlike the S pattern, the EDS spectrum of W in the same 

area was different. Two obvious peaks could be clearly observed, indicating the 

appearance of W-rich area. The positions of these two W peaks quite matched 

the positions of cores while no obvious S peak was shown at the same 

positions. This, along with the XRD analysis (Figure 7.1d), verified that the 

composition of these two cores was W. Moreover, both W and S signals could 

still be collected from the bright areas of nanorattles suggested that W cores 

were enclosed in continuous WS2 shells.  

 

Unlike most of the nanorattles synthesised previously which had polymer or 

amorphous ceramic shells, the nanorattles produced with this work had well 

crystallised fingerprint-like shells. The lattice fringe was measured as around 

0.63nm which is slightly bigger than the lattice distance (0.618nm) of the (002) 

plane of 2H WS2 [16] which were also found in Chapter 4. Such a slight  

expansion was commonly observed in WS2 IF nanoparticles, and was attributed 

to the strain arising from the curvature of the layers, [16]. Figure 7.3b further 

shows a high magnification HRTEM image of the core part in a nanorattle. The 

lattice fringes with d=0.224nm corresponding to the (111) planes of W were 

identified. No tungsten oxide coating was found on the encapsulated W 

nanoparticle. It is well known that the non-passivated metal nanoparticles, 

including tungsten nanoparticles, self-ignite immediately upon exposure to air 

[17]. However, this was not observed in the present case because W 

nanoparticles had been enclosed by the WS2 shells, avoiding their direct 

contact with air. Therefore, the W cores should have a better stability than 

uncoated W nanoparticles. 
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2. Effect of H2 flow rate on synthesis and phase morphology 

 

Figure 7.4 XRD patterns of samples resultant from 1h firing at 850°C under 

different H2 flow rates: (a) 60ml/min, (b) 40ml/min, (c) 20ml/min and (d) 0ml/min. 

 

It was well documented that WO3 nanoparticles and nanofibres could react with 

S in H2 to form WS2 IF nanoparticles and nanotubes respectively via tailoring 

the synthesis parameters [18]. However, in this study, despite the use of the 

same raw materials and similar firing schedules, W@WS2 nanorattles were 

formed instead, which is considered to be related to the flow rate of H2. To 

verify this, Figure 7.4 shows XRD patterns of samples resultant from 1h firing at 

850°C in H2 flowing at  0 (i.e., Ar), 20, 40 and 60ml/min respectively. The effect 

of the H2 flow rate on the product phases in the fired samples is evident. At a 

high flow rate (40 or 60ml/min), WS2 and W were formed as the product phases 

(Figure 7.4a and b). On the other hand, at a low flow rate (0 or 20ml/min), WS2 

became the only product phase (Figure 7.4c and d). Clearly, use of a high flow 

rate of H2 favoured the formation of W but inhibited the formation of WS2. As 

mentioned above, with increasing the flow rate of H2, the concentration of S in 

the local atmosphere surrounding WO3 was reduced. So less WO3 was 

converted in to WS2 (Eq. (1)) whereas more was reduced to W (Eq. (5)). 
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Although the product phases in the reacted sample  in the absence of H2 were 

the same as in the sample in the presence of H2,  peak intensities of the product 

phases in the former were much higher than in the latter, indicating the better 

crystallinity in the former (Figure 7.4c and d). 

 

 

 

Figure 7.5 HRTEM images of sample synthesised at 850°C for 1h under 

different H2 flow rates: (a) 0ml/min, (b) 20ml/min (identical with the flow rate 

used for WS2 IF nanoparticle production), (c) 40ml/min and (d) 60ml/min. (e) 

high magnification HRTEM image of W core in a nanorattle. 

 

Shown in Figure 7.5 are HRTEM images of W@WS2 nanorattles synthesised at 

850°C corresponding to different H2 flow rates (the Ar flow rate was fixed at 

80ml/min). Typically, four different morphologies were obtained with different H2 

flow rates. When H2 was not used, WS2 nanoflakes (confirmed by XRD shown 

in Figure 7.4) with the average size of about 300nm were generated (Figure 

a 

b 

c d 

b 
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7.5a). However, upon introducing H2 at 20ml/min, the product morphology 

changed from nanoflakes to hollow IF nanoparticles of about 40nm in diameter 

and 10nm in shell thickness (Figure 7.5b). Therefore, it could be concluded that 

H2 was indispensable in the formation of IF nanoparticles.  

 

The role of H2 in the formation WS2 IF nanoparticles from WO3 was investigated 

before [16]. When H2 was absent, the inward diffusion of H2S and outward 

diffusion of H2O had to pass through the nanoparticle lattice planes along the 

radial direction, so the diffusion rates of both S and O atoms were very slow. 

Consequently, WO3 nanoparticles tended to sinter with each other before 

sulphidation, resulting in the formation of large WS2 flakes (Figure 7.5a). When 

H2 was used, it initially reduced WO3 to WO3-x containing more vacancies. Then 

relevant species could diffuse through the vacancies much more rapidly, which 

facilitated the formation of WS2 IF shells on the surface of WO3-x nanoparticles. 

These initially formed WS2 shells were vital for the formation of WS2 IF 

nanoparticles as they prevented the sintering of tungsten oxides (Figure 7.5b). 

When a high H2 flow rate was used (e.g.40ml/min or 60ml/min), W@WS2 

nanorattles, instead of WS2 IF nanoparticles, were generated (Figure 7.5c and 

d). According to Figure 7.5c and d, nanorattles resultant from firing under 

40ml/min and 60ml/min H2 had similar overall size (about 60nm). However, in 

the case of the latter, thinner shells (~3nm) and larger core (~40nm) were 

obtained compared to in the case of the former (~10nm in thickness and 30nm 

in core size). 
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3.  Formation mechanism of W@WS2 nanorattles 

 

Figure 7.6 HRTEM images of WS2-W nanorattles synthesised at 750°C for (a) 

10min (c) 30min and (e) 1h and shown in (b), (d) and (f) are corresponding EDS 

line scan of nanorattles respectively.  

 

To further assist understanding the formation mechanism of W@WS2 

nanorattles, WO3 and S mixtures were heated at 750°C for 10min, 30min and 

1h respectively under a given H2/Ar flow rate (H2=60ml/min, Ar=80ml/min). After 

10min at 750°C, the formation of nanoparticles with a core-shell structure 

started to become evident (Figure 7.6a). Their shells were found to be about 

3nm thick, which is much thinner compared to the “large” overall diameters 

(about 70nm), leaving a “large” solid core inside. The lattice distances of outer 

shell and inner core were 0.63nm and 0.38nm respectively. The former was 

close to that (0.618nm) between the (002) planes of WS2 and the latter to that 

(0.378nm) between the (100) planes of W18O49, indicating that this nanoparticle 

was composed of a WS2 shell and a W18O49 core. According to the EDS line 

scan, W, S and O elements were detected on the whole particle. The peak 

height of S changed very little along the scanning line, indicating that it was 

purely from the WS2 shell. In other words, the solid core did not contain S. On 

W 

O 

S 

W 

O 

S 
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the other hand, O was only detected at the area corresponding to the solid core, 

and W peaks became strong at the same area, indicating that the solid core 

was composed of W and O. The above results additionally confirmed the 

coexistence of WS2 and W18O49. On increasing the holding time to 30min, WS2 

shells remained unchanged while bright contrast inner cores were seen. EDS 

revealed that oxygen content corresponding to the inner core decreased 

evidently (Figure. 7.6b). The contrast change and the reduction in O indicated 

that the W18O49 core formed initially was further reduced to an intermediate W 

suboxide core or a mixed W18O49-W core. On further increasing holding time to 

1h, W@WS2 nanorattles with diameter of about 60nm and shell thickness of 

3nm were formed (Figure 7.6c). The corresponding EDS line scan showed that 

this nanoparticle had a W-rich area and homogeneous S distribution. This, 

along with the XRD shown in Figure 7.1c, verified that a W core was enclosed 

in a WS2 shell, forming a typical structure of W@WS2 nanorattle.  

 

Based on the results show in Figure 7.6 and the discussion above, and the 

growth mechanism of WS2 IF nanoparticles from WO3 nanoparticles[16, 19], the 

growth mechanism of W@WS2 nanorattles could  be proposed as follows. 

At >650°C, WO3 nanoparticles were initially reduced by H2 to WO3-x containing 

many O vacancies (Eq. (2)) before the sulphidation by S (Eq. (1)). The O 

vacancies in WO3-x facilitated the diffusion of S during the further reaction[16]. 

The synergy (competition) between the H2 reduction and S sulphidation 

processes determined the morphologies of the final products. When the 

concentrations of S and H2 were appropriate, a continuous WS2 shell would be 

firstly formed on the surface of WO3-x (Eq.(1)), preventing effectively the 

merging/sintering between WO3-x nanoparticles, which otherwise would lead to 

the formation of relatively large tungsten oxide precursors. As reported before, if 

the sintered WO3-x precursors were larger than 200nm, WS2 IF nanoparticles, 

even if formed, would not be stable and thus tend to convert quickly into 2H 

flakes[20]. Therefore, the initially formed WS2 shell played vital role in restricting 

the precursor’s size to below the critical value. When the H2 flow rate was 

appropriately low, the relative concentration of S in the atmosphere surrounding 

WO3-x was high, so there would be sufficient amounts of S which diffused to the 

interface of WS2 and WO3-x and reacted with the latter to form WS2 IF 

nanoparticles (Eq (1)). On the other hand, if H2 flow rate was high, the 
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concentration of S would be low. In this case, it would become much more 

difficult for the sulphidation reaction (Eq. (7.1)) to complete. Consequently, 

intermediate WS2-WO3-x core-shell nanoparticles would be formed. Because 

WS2 is stable under H2 atmosphere at 750°C, H2 diffused through the initially 

formed WS2 shell to reduce the WO3-x core to W. Since W has a higher density 

(19.25g/cm3) than WO3 (7.16g/cm3), the volume shrinkage occurred with the 

reduction process, as a result, W@WS2 nanorattles would be formed. 

Depending on the flow rates of H2, the thicknesses of WS2 shells and 

corresponding sizes of cores varied. A high H2 flow rate resulted in a thin shell 

and a large cores, and vice-versa (Figure 7.5b-d). This was because with 

increasing the flow rate of H2, the concentration of S in the local atmosphere 

surrounding the precursor particles decreased. Consequently, less WO3 was 

converted to WS2, leaving WS2-WO3 nanoparticles with thinner shells. Upon the 

depletion of S, the thicknesses of WS2 shells were fixed and would not change 

in the following H2 reduction process. Finally, W@WS2 nanorattles with thin 

shells were formed. 

 

 

 

Figure 7.7 (a)XRD and (b)TEM images of sample resultant from 1h firing of as-

synthesised nanorattles at 1000°C under Ar atmosphere. 

 

4.  Thermal stability of as-prepared W@WS2 nanorattles 

It is expected that as-prepared W@WS2 nanorattles fabricated at 850°C for 1h 

under different H2 flow rate at 40ml/L would have very high thermal stability in 

a b 



183 
 

an inert atmosphere, considering that WS2 IF nanoparticles have a high 

decomposition temperature around 1300°C [21]. XRD results shown in Figure 

7.7a indicated that after 1h annealing at 1000°C, no phase change occurred in 

the sample which was still composed of W and WS2.  The corresponding TEM 

image (Figure 7.7b) further revealed that W@WS2 nanorattles survived after the 

heat treatment. Compared with untreated sample no obvious changes found. W 

nanoparticles were still enclosed in the WS2 shells and isolated from each other. 

These results indicated that as-synthesised W@WS2 nanorattles had good 

compositional and structural stabilities at appropriately high temperatures.  

 

  

a 
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Figure 7.8 (a) TGA, DTA and (b) MS spectrum of synthesised W@WS2 

nanorattles, examined under air atmosphere with heating rate of 10°C/min. 

 

To further investigate the thermal stability of W@WS2 nanorattles in an 

oxidising atmosphere, thermal gravity analysis(TGA), differential thermal 

analysis (DTA) and mass spectrum (MS) tests were performed in air and the 

results are shown in Figure 7.8. According to Figure 7.8, the mass of sample did 

not change at below about 290°C, indicating that no reaction occurred below 

this temperature. When temperature was increased to above 290°C, the mass 

of the sample was gradually increased to around 3.7% with increasing the 

temperature to about 380°C. On the corresponding DTA curve, there is a small 

exothermal peak in the temperature range of 290°C-380°C, peaked at about 

360°C. In addition, the mass spectrum also shows a very small absorption peak 

of O2 centred at around 360°C while no change in the amount of SO2 was 

observed. As the oxidation of naked W nanoparticles starts at 280°C [17], 

based on above analysis, it can be considered that the mass increase and 

exothermal reaction should be attributable to the oxidation of small amounts of 

naked W nanoparticles coexisting with the nanorattles which calculated to be 

around 13% in weight. The reason for the remaining small amounts of W was 

b 
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not clear, although it could be because of that some finest WO3 nanoparticles 

reacted rapidly with H2 to form W in a short time, which remained in the final 

products due to the slow reaction between W and S.. The mass gain lasted with 

increasing temperature, but reached a plateau when the temperature was 

increased to around 450°C. The total mass gain after the TG test was 15%, 

which was a balance between the 26% mass gain from the W oxidation (weight 

increase) and the 8.5% mass loss from the WS2 oxidation.  

 

In addition, another strong and sharp exothermal peak was found in the 

temperature range of 380°C-450°C, centred at about 410°C. Compared with the 

oxidation of passivated W nanoparticles [17], the exothermal peak is much 

sharper, indicating that a violent reaction occurred.  The corresponding mass 

spectrum shows that two gases were associated with the reaction: O2 and SO2 

(Figure 7.8b). Furthermore, their different peak intensities indicated that the O2 

consumption was much more than the SO2 release. These results confirmed 

the almost simultaneous oxidation of WS2 and W in the temperature range of 

380°C-450°C. Since the oxidation temperature of WS2 IF nanoparticles is 

around 360°C [21], the WS2 shell was firstly oxidised and collapsed when 

temperature was above this value. Then, the enclosed W would start to be 

oxidised. Because the W cores were not covered by tungsten oxides, they were 

ignited in air, generating a large amount of heat. The above results indicated 

that the oxidation temperature of W nanoparticles in as-prepared nanorattles 

was increased to 290°C to 380°C in air, indicating their enhanced thermal 

stability compared with W nanoparticles in an oxidising atmosphere. 
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7.5 Catalytic activity of as-prepared nanorattles 

 

 

Figure 7.9 (a) Time-dependent UV-vis spectral changes of the reaction mixture 

(2-NA and NaBH4 solution) catalysed by W@WS2 nanorattles. The Insert 
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picture shows together the  solutions before and after 28min reaction. (b) Plot of 

ln(Ct/C0) versus time.  

 

 

NH2 NO2

NaBH4
catalysts

NH2 NH2

H2 NaBO2 (6)
 

         

The as-prepared nanorattles were used as a catalyst to catalyse several 

important reactions including 2-NA conversion and H2 production from NaBH4. 

Here, as an example, the catalytic performance of as-prepared nanorattles in 

the case of 2-NA to OPD conversion will be presented. To convert the toxic 2-

NA to OPD via hydrogenation, NaBH4 water solution was used as H2 source 

(Eq. (6)). 2-NA almost did not react with NaBH4 if no catalyst was used, even 

after a long time period, e.g., two days [22]. Therefore, an appropriate type and 

amount of catalyst needs to be used to accelerate the reaction. In this work, as-

prepared nanorattles were tentatively used as the catalyst to accelerate this 

reaction.  

 

Shown in Figure 7.9 is the UV-vis spectrum evolution of 2-NA and NaBH4 

reaction mixture with reaction time when as-prepared nanorattles were used as 

the catalyst. 2-NA solution had two UV absorption peaks centred at around 

280nm and 410nm respectively [23]. Upon addition of W@WS2 nanorattles, the 

peak height at 410nm reduced evidently with the time. In addition, the peak 

centred at 280nm was also found to be shifted to 290nm gradually. After 30min 

reaction, only the 290nm peak which was the characteristic peak of OPD [24] 

could be found in the UV-vis spectrum, indicating that 2-NA was completely 

converted to OPD. The ratio of 2-NA concentrations at times t (Ct) and 0 (C0), 

was measured from the relative intensity ratio of the respective absorbance, 

At/A0, at 410 nm. A linear relationship between ln(Ct/C0) and time was obtained 

(Figure 7.9b), indicating a first-order reaction. Standard deviation from the mean 

was determined to estimate the error in ln(Ct/C0). From the slope of the straight 

line in Figure 7.10b, the reaction rate constant when using W@WS2 nanorattle 

as an catalyst was determined as 1.74 × 10-3s-1.  
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Figure 7.10 UV-vis absorption spectrum of the reaction solutions catalysed by 

W@WS2 nanorattles, after (a) 1 cycle, (b) 2 cycles and (c) 3 cycles. Plots were 

offset for better observation.   

 

 

 

Figure 7.11 TEM image of sample after 3 cycles catalytic reaction. 

 

The nanorattles could be recycled by simple centrifugation. To test their stability 

as a catalyst, they were repeatedly used to catalyse the reaction for 3 cycles. 

The UV-vis spectrum from each cycle is shown in Figure 7.10. Only the 

characteristic peak of OPD at 290nm appeared in each cycle, indicating that 2-

NA had been completely converted into OPD, which further indicated that even 

after 3 cycles the nanorattles still exhibited catalytic activity. Nevertheless, the 

time to the complete reaction was increased with the cycle, 37, 52and 70min for 

cycles 1, 2 and 3 respectively, indicating the gradually decreased catalytic 
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activity with the cycle. Interestingly, after 3 cycles, the nanorattles still retained 

their morphologies (Figure 7.11). These results suggested that as-synthesised 

nanorattles not only had excellent structural stability but also good catalytic 

stability. 

  

The catalytic performance of as-prepared nanorattles was close or slightly 

better than that of the popular Au@SiO2 nanorattle catalysts (the rate constant 

was 1.69 × 10-3s-1  [25]) for the conversion reaction, but much better than 

immobilized Au nanoparticles (the rate constant was 1.27 × 10-3s-1).[14] These, 

along with the much lower cost of as-prepared nanorattles, suggested that they 

could be potentially used to replace the expensive gold-based catalysts 

currently used. Furthermore, it is believed that they also could be potentially 

used to catalyse other important reactions, e.g. H2 generation reactions (the 

work is ongoing and will be reported in another future publication). Nevertheless, 

future work is still needed to clarify the catalytic mechanism and further optimise 

the sizes of the catalysts to further improve their catalytic performance.  

 

7.1.4 Conclusions 

 

W@WS2 nanorattles were prepared via a novel one-step sulphidation process, 

i.e., by heating WO3 nanopowder and S at a temperature between 750-950°C in 

a H2/Ar atmosphere. By varying the H2 flow rate, WS2 nanoflakes, IF 

nanoparticles and W@WS2 nanorattles with different shell thicknesses could be 

readily produced. Based on the results, the reaction mechanism was proposed. 

When H2 was used, WO3-x -WS2 core-shell nanoparticles were initially formed. 

After the depletion of S, the WO3-x core could not be converted into WS2 but 

reduced by H2 to W gradually, leading to the formation of W@WS2 nanorattles. 

The catalytic activity of as-prepared W@WS2 nanorattles were tested using the 

conversion reaction from 2-NA to OPD as a working tool. They showed better 

catalytic performance than Au-based nano catalysts currently used or proposed. 

It is believed that the synthesis strategy used in this work could be readily 

extended to fabricate other transitional metal nanorattles such as Mo@MoS2 

and Ti@TiS2. Furthermore, the as-prepared nanorattles could be similarly used 
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to catalyse other important reactions. 

 

7.2 Synthesis of WS2@WS2 nanorattles and their 

catalytic activity in the hydrogen evolution reaction 

7.2.1 Introduction 

Because of their rapid depletion and growing environmental concerns, fossil 

fuels will be replaced by renewable resources in the future. Compared with 

traditional fossil fuels, hydrogen is frequently advocated as the alternative 

“clean and renewable” energy carrier because of its high energy density and 

environmentally friendly combustion product [26, 27]. Among various 

techniques of hydrogen production, steam reforming is the most commonly 

used by industry. In this technique, hydrogen and carbon dioxide are readily 

generated by the reaction of methane with water. However, this technique 

suffers from several drawbacks, including the involvement of non-renewable 

methane and the generation of carbon dioxide as a by-product. An appealing 

approach to overcome the drawbacks of this technique and other conventional 

techniques is through the splitting of water by either light or electricity [27, 28]. 

When sufficient energy is supplied, water can be readily decomposed into H2 

and O2. Because water is abundant on earth and oxygen is a safe side product, 

this technique can be used to produce H2 on a large scale. However, in this 

technique, the existence of a high overpotential of the hydrogen evolution 

reaction (HER, 2H+ + 2e- = H2) largely limits its efficiency because most of the 

electric energy is wasted without being used for generating H2. To solve this 

problem, it is necessary to find suitable electrocatalysts that can decrease the 

overpotential of the HER. Platinum metal has already been demonstrated to be 

an excellent catalyst in HER, resulting in nearly a zero overpotential [29].  

However, its low abundance and extremely high price greatly limit its application 

in this aspect.  

 

Recently, transition metal sulphides MS2 (M = Mo and W) have attracted 

tremendous attention because of their outstanding electrocatalytic properties for 

the HER [30-36]. It has been proposed and experimentally verified that their 
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electrocatalytically active sites are on their metallic edges [30, 37]. To improve 

the electrocatalytic performance of MS2, it is necessary to increase the 

concentration of their metallic edges. Several technical routes have been 

proposed, including decreasing the sizes of the particles, improving their 

dispersion and introducing large amounts of sulphur defects [35, 38-45]. 

Moreover, considering that metal sulphides exhibit relatively poor electrical 

conductivity, which hinders the H2 evolution, several alternative techniques 

have been developed, by which conductive materials were added to improve 

the electrical conductivity [33, 46, 47]. For example, because of its high 

conductivity and large thin layer structure, reduced graphene oxide (rGO) was 

used as one of the most effective additives to increase the conductivity of MS2. 

After the in-situ synthesis of MS2-rGO composites, MS2 nanoflakes were 

dispersed homogeneously on large basal planes of rGO. These nanoflakes 

were connected by more conductive rGO, resulting in a dramatic increase in the 

overall conductivity [33, 46].  

 

Some transition metal sulphides are known to have a graphite-like layered 

structure, in which adjacent layers are weakly bonded by van der Waals forces. 

Similarly to graphite, which can be exfoliated to monolayer graphene, 

monolayer MS2 also can be produced and used as an excellent electrocatalyst 

for the HER [36, 48-50]. This behaviour is attributed to the dramatic increase in 

the electrical conductivity associated with the conversion from 2H MS2 (semi-

conductor) to 1T MS2 (conductor). Further investigation on these monolayer 

compounds has revealed that the active sites not only concentrate on the edges 

of layers but also on the basal planes, leading to the great improvement [36].  

 

In terms of the literature review performed by the author, WS2 monolayers 

fabricated by Cheng et al. exhibited the best electrocatalytic performance 

among all the WS2-based catalysts (the overpotential was approximately 100 

mV and the Tafel slope was 48 mV/dec) [48]. Initially, WCl6 and S were 

dissolved in the mixture of oleylamine and 1-octadecene. Then, this solution 

was heated to 360°C under a N2 atmosphere. After the reaction, the as-

synthesised product was washed and finally annealed in Ar at 500°C to remove 

any organic residues, leading to the formation of agglomerated WS2 

monolayers. Nevertheless, this technique suffered from several drawbacks, 
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including complicated operation and a low yield and thus was not applicable to 

a large-scale production. 

In this chapter, novel WS2@WS2 nanorattles were fabricated by simply heating 

nanorattle precursors and S at a low temperature. Because of the nanorattle 

structure, enclosed thin WS2 nanoflakes can completely expose their edges in 

solution without agglomerating with each other. Therefore, this material 

exhibited similar catalytic performance as that reported for WS2 monolayers. 

This finding, along with the simple operation process and possible large batch 

sizes, makes this technique suitable for future large-scale production. 

 

7.2.2 Experimental 

0.1g W@WS2 nanorattles prepared using the technique described in Chapter 

eight (synthesised after 1-h heat treatment at 850°C in Ar) were used as the key 

precursor.  These nanorattles were ultrasonically dispersed in 100ml ethanol for 

1 h before 2-h oven-drying at 80°C. The dry nanorattles were mixed with 

excessive S powder (the molar ratio of nanorattle to S was 1:20) and were then 

heated at 350°C in an Ar atmosphere for 1 h to completely sulphurise the W 

cores. UV spectra were obtained by a Jenway 6715 UV/visible 

spectrophotometer. 

 

Electrochemical measurements were performed with a 3-electrode cell using a 

CHI 602D potentiostat from CHI instruments, Inc. In this process, 40 mg of the 

catalyst, 20 mg conductive carbon black and 0.8 ml of 5 wt% Nafion solution 

were dispersed in 10 ml of 4:1 v/v water/ethanol by 1-h sonication to form a 

homogeneous ink. Then, 5 μl of the catalyst ink (containing 19 μg of the catalyst) 

was loaded onto a gold electrode with a 2-mm diameter (loading ~ 0.6 mg/cm2). 

Linear sweep voltammetry (using the potentiostat from CH Instruments) with a 

scan rate of 2 mVs−1 was conducted in 0.5 M H2SO4 using a Ag/AgCl electrode 

(in 1 mol/L KCl) as the reference electrode and a Pt wire as the counter 

electrode. In 0.5 M H2SO4, the potential of the reversible hydrogen electrode 

(RHE) is equal to the potential of the Ag/AgCl electrode plus 0.22 V: E(RHE) = 

E(Ag/AgCl) + 0.22 V.   
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7.2.3 Results and discussion 

1. Composition and morphology analysis of WS2@WS2 

nanorattles 

 

Figure 7.12 XRD patterns of (a) W@WS2 nanorattles and (b) product after 1-h 

sulphidation of W@WS2 nanorattles at 350°C. All indexed planes belong to WS2 

 

As discussed before (Chapter eight), as-synthesised W@WS2 nanorattles were 

composed of WS2 inorganic fullerene-like (IF) hollow nanospheres and an 

encapsulated mobile W core. The typical XRD pattern of W@WS2 nanorattles 

given in Figure 7.12a shows the characteristic peaks of WS2 and W. The low-

angle shift (~0.2°) of the (002) peak of WS2 was attributed to the formation of 

the WS2 IF structure. After 1-h sulphidation at 350°C, W was completely 

converted into WS2 with no discernible impurities (Figure 7.12b). The 

broadening of the characteristic peaks indicated that the product still maintained 

nanoscale dimensions. Moreover, compared with the precursor, the (002) peak 

of WS2 shifted to higher 2θ angle (~0.1°), suggesting that the generated WS2 

did not have an IF structure. The (100) peak exhibited an apparent asymmetry, 



194 
 

which usually occurred in the XRD pattern of synthetic carbons due to the 

presence of turbostratic stacking of the layers [51]. Therefore, the generated 

WS2 might also exhibit a similar structure with random orientated layers. 

 

 Figure 7.13 UV-vis spectrum of a sample fired at 350°C for 1 h under an Ar 

atmosphere.      

 

 

 

The optical absorption spectrum was measured for the sample composed of 

pure WS2 phase obtained after 1-h heat treatment at 350°C. According to 

Figure 7.13, the absorption of the UV beam gradually increased with decreasing 

wavelength. Such a shoulder-form spectrum is usually due to tiny particle sizes. 

According to Tenne et al. [52], a bulk WS2 material has two characteristic peaks 

assigned, respectively to A and B excitons at 636 and 525 nm. These two 

excitons were also observed on Figure 7.13, i.e., a weak absorption edge at 

510 nm and an obvious absorption peak at 630 nm, indicating that the sample 

was composed of the WS2 phase, which was consistent with the XRD 

identification. The blue-shift of the two peaks suggested that this sample 

contained WS2 IF nanoparticles with thin layers [52]. In addition to these two 
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peaks, a much stronger broad peak centred at 405 nm was observed from the 

UV spectrum. As the energy shift associated with the lateral size reduction in 

layered metal dichalcogenides is significant [53]., the obvious blue-shift arising 

from the strong quantum confinement effect suggested that the sizes of the 

product were very small.  

 

Figure 7.14. Room-temperature Raman spectrum of the sample fired at 350°C 

for 1 h under an Ar atmosphere. 

 

Figure 7.14 presents the Raman spectrum of the product after 1-h sulphidation 

at 350°C. Apart from some weaker peaks, three pronounced peaks centred at 

295 (2LA-2E2g) cm-1, 350 (overlapped peak of 2LA mode and E2g mode) cm-1 

and 417 (A1g) cm-1 were clearly observed. The peaks matched with the 

characteristic peaks of WS2 [54]. Moreover, the A1g mode redshifted by 5 cm-1 

compared with the WS2 bulk material, arising from the increased restoring force 

caused by the van der Waals interactions established among layers [54]. 

Because the redshift is always observed for ultrathin WS2 flakes, it could be 

expected that this sample might be composed of ultrathin WS2 flakes.  
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Figure 7.15. TEM images of (a, b) W@WS2 nanorattles and (c, d) product after 

1-h sulphidation of W@WS2 nanorattles at 350°C. (e) High-magnification image 

of select area of (d). 

 

Figure 7.15 presents TEM images of the samples whose XRD patterns are 

shown in Figure 7.12. As observed in Figure 7.15a, the original W@WS2 

nanorattles had a small size distribution from 30 nm to 90 nm (Figure 7.15a). 

The thicknesses of the outer shells (5-10 nm) were much smaller compared 

with the overall sizes, leaving “large” inner voids (Figure 7.15b). W cores were 

also observed in almost every nanoparticle. The average size of the W cores 
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was estimated to be approximately 30 nm, which was smaller than the void 

sizes (50-100 nm) of the hollow nanospheres. After sulphidation, the product 

nanoparticles retained the shell shapes and sizes of the nanorattle precursors 

(Figure 7.15c). The high-resolution image shows a continuous, layered shell 

with a lattice distance of approximately 0.63 nm, indicating that the original WS2 

IF shell was not damaged during sulphidation (Figure 7.15d). However, solid W 

cores were replaced by many loosely assembled WS2 nanoflakes (Figure 

7.15e). Because of the limitation of outer WS2 shells, the lateral dimension of 

each WS2 nanoflake was not larger than the sizes of the WS2 IF shells. In 

addition, the thicknesses of each nanoflake were no larger than 5 nm because 

of the low reaction temperature. Because the HER catalytic performance of 

WS2 is related to its edge concentration [30, 37], these loosely assembled WS2 

nanoflakes are expected to exhibit good catalytic performance. 

 

2.  Properties of WS2@WS2 nanorattles 

  

 

Figure 7.16. Nitrogen adsorption–desorption isotherms of as-synthesised 

WS2@WS2 nanorattles 
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The N2 adsorption-desorption isotherms measured for the as-prepared 

WS2@WS2 (Figure 7.16) can be classified as type-IV with the jump beginning at 

a relative pressure in the range P/P0 = 0.4-0.5, indicating that the uniform 

mesoporosity was produced by the ion exchange process [55]. Barrett–Joyner–

Halenda (BJH) analyses based on this result revealed that the average specific 

surface area (SSA) and the average pore size of the nanorattles were ~48 m2/g 

and 4.2 nm, respectively. Compared with the W@WS2 nanorattle precursor 

(SSA is approximately 20 m2/g), the sulphidation process resulted in a great 

increase of the SSA. This result is due to the conversion from a single solid W 

core (low SSA) to several WS2 tiny nanoflakes (high SSA). In addition, the 

mesoporous structure made these nanorattles permeable to many molecules 

such as 4-NP, 4-NA and methyl blue. Therefore, reactant species could easily 

diffuse through the WS2 shell and react each other on the surfaces of the WS2 

nanoflakes enclosed.          
    

 

a 
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Figure 7.17. (a) Polarisation curves of bulk WS2, WS2 nanoflakes and WS2 

nanorattles. (b) Corresponding Tafel plots and (c) durability test showing 

negligible current loss even after 5000 CV cycles.  

 

b 

c 
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The HER electrocatalytic performance of WS2@WS2 nanorattles on a gold 

electrode was measured using the standard three-electrode electrochemical 

configuration in 0.5 M H2SO4 electrolyte, as described in the “Experimental” 

section. According to Figure 7.17a, the WS2@WS2 nanorattles exhibited a small 

onset overpotential of 100 mV versus the reversible hydrogen electrode (RHE). 

Compared with bulk WS2 (250 mV vs. RHE) and WS2 nanoflakes (200 mV vs. 

RHE), this value is much smaller, which suggests the much better catalytic 

activity of the WS2@WS2 nanorattles. Moreover, the cathode current density 

was 71 mA/cm2 at an overpotential of -300 mV, which is much higher than that 

of bulk WS2 (2.7 mA/cm2) and WS2 nanoflakes (18 mA/cm2). Because the 

current density is proportional to the quantity of evolved H2, this large value 

indicated that a large amount of H2 was released at this low potential. The 

corresponding Tafel plots in Figure 7.17b reveal three slopes: 68 mV/dec, 71 

mV/dec and 92 mV/dec for the WS2 nanorattle, WS2 nanoflake and bulk WS2, 

respectively. It is apparent that the Tafel slope value for the WS2 nanorattle is 

much lower than that of the other two materials, indicating better HER catalytic 

performance. 

 

Table 7.1. HER parameters of various WS2 samples 

Materials Tafel slope 

(mV/dec) 

Overpotential 

(mV) 

Ja 

(mA/cm2) 

Cdl
b 

(µF) 

WS2 

nanorattle 

68 100 71 3.6 

WS2 

nanoflake 

71 200 18 1.1 

WS2 bulk 92 250 2.7 0.8 

 (a) Current densities (j) were recorded at overpotential (ƞ) = 300mV. (b) Cdl 

were estimated by plotting the ΔJ (Ja-Jc) at 0.15 V vs. RHE against the scan 

rate, where the slope is twice Cdl.   

 

 

 

 

 



201 
 

Table 7.2. Comparison of the HER performances of various types of WS2 

materials   

Synthesis Methods Overpotential  

(mV) 

Tafel Slope  

(mV/dec) 

Hydrothermal synthesis in the  

presence of graphene  

nanosheets, and then vacuum  

annealing at 300°C[46] 

~200 58 

Sulfidation of a tungsten  

precursor in H2 

S at 450°C[32] 

200-250 135 

Lithium intercalation and  

exfoliation of bulk WS2 

materials[47] 

280 110 

Lithium intercalation and  

exfoliation of bulk WS2 

materials[49] 

80-100 (1T) 

~200 (2H) 

60 (1T) 

110 (2H) 

Sonochemical exfoliation  

from WS2 nanotubes[56] 

~150 ~200 

Direct reaction of W and S[57] 477 N/A 

Reaction of WO3 with sulfur  

at 600°C[45] 

~100 72 

High temperature solution  

synthesis[48] 

~100 48 

Reaction of W@WS2 nanorattle with sulfur  

at 450°C (this work). 

~100 68 

 

 

Because the active sites of WS2 were on their metallic edges, WS2 IF 

nanoparticles, due to their closed cage structures, exhibited poor HER 

performance However, WS2 nanoflake cores in the produced WS2 nanorattles 

exhibited much better catalytic effects in the HER process. Although pristine 

WS2 nanoflakes should have similar numbers of active sites as those of WS2 

nanorattles, their severe agglomeration results in poor contact between their 

catalytic sites and the reactants lead to inferior HER performance. This problem 
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was solved by introducing this nanorattle structure, which not only prevented 

the agglomeration of nanoflakes but also supplied sufficient space for the 

catalytic reaction. As a result, as-prepared WS2 nanorattles exhibited a 

considerably improved HER performance. The double layer capacitance is a 

parameter used to estimate the active sites of catalysts [36] because the double 

layer capacitances of catalysts are linearly proportional to their effective active 

surface areas [36]. Therefore, the largest Cdl of the WS2 nanorattles (Table 7.1) 

suggested that these nanorattles had more active sites than the other two 

materials. Compared with work performed by other researchers, the as-

synthesised nanorattles exhibited one of the lowest overpotential values, the 

highest current density at 0.3 V and a good Tafel slope (Table 7.2), indicating 

that they had the great potential of being used as an alternative HER catalyst. In 

addition to good catalytic activity, the stability of a catalyst is very important. To 

test the stability of the nanorattle catalyst, the HER process was continuously 

performed for 5000 cycles in H2SO4 solution. Figure 7.17c presents the 

polarisation curves measured before and after the 5000 CV cycles ranging from 

0.05 to 0.35 V at a scan rate of 100 mV/s. The almost coinciding two curves 

indicated that the WS2 nanorattles exhibited excellent, long-time 

electrochemical stability.      

 

 

7.2.4 Conclusions 

WS2@WS2 nanorattles were prepared via a simple solid-gas reaction. In this 

technique, as-synthesised W@WS2 and S were used as the raw materials and 

were fired at 350°C for 1 h in Ar. Well-dispersed WS2 nanoflakes (the sizes and 

thicknesses were below 100 nm and 5 nm, respectively) with abundant edges 

were generated in-situ in the WS2 shells. These nanoflakes exhibited good HER 

activity with a small onset overpotential of 100 mV and a small Tafel slope of 68 

mV/dec. It is believed that the synthesis strategy used in this work can be 

readily extended to fabricate other transitional metal nanorattles such as 

WC@WS2, MoS2@MoS2 and WSe2@WSe2. 
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Chapter Eight 

Conclusions and Suggestions for Future Work 

Conclusions 

 

In summary, WS2, MoS2 and ZrS2 nanoparticles with controllable morphologies 

have been successfully produced on large scale via two techniques and the 

optimized heat production parameters have been identified. 

 

For the synthesis of WS2 via solid-gas reaction of WO3, H2 and S, H2 played a 

very important role on the formation of WS2 nanoflakes and IF nanoparticles. 

When H2 was absent, although WS2 could be readily generated, it was 

impossible to obtain IF nanoparticles. Instead, WS2 nanoflakes were fabricated. 

By analysing the products obtained by different heat treatment using various 

techniques, the main effects of H2 were clarified: (1) initially forming continuous 

WS2 coating on the surface of Tungsten oxide cores to maintain the nanosizes 

and isolate them from agglomeration; (2) building a proper synergy between S 

and O interdiffusion during sulfurization by generating O vacancies.  

 

Beside the involvement of H2, the production of WS2 was also found to be 

closely related to many other parameters such as temperature, holding time, 

raw material size and amount. By varying these parameters, lots of WS2 

nanoparticles with various morphologies were produced. Among these products, 

a unique W@WS2 nanorattle structure drew the author’s attention because it 

had good potential to be used as nanoreactor. After further investigation on this 

kind of nanorattles, they showed decent catalytic performance on the 

conversion from 2-Nitroaniline (2-NA) to o-Phenylenediamine (OPD), arising 

from the presence of WS2 shells which could efficiently isolate each W core 
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from agglomeration while leaving sufficient room for the catalytic reaction. When 

the W cores were further converted to WS2 from the reaction with S, WS2@WS2 

nanorattles were firstly fabricated. Because the synthesised WS2 cores were 

tiny and well-dispersed, these WS2@WS2 nanorattles exhibited excellent 

catalytic HER performance.  

 

Because MoS2 highly resembles WS2, the solid-gas reaction was also applied 

to produce MoS2 nanomaterials. MoS2 particles with typical IF structure were 

synthesised under similar heat treatment conditions as the production WS2 IF 

nanoparticles. By analysing the sizes of produced WS2 and MoS2 and the 

morphologies of reaction intermediates, both of these two reactions follow a 

“template growth” mechanism. Based on the comparison with the products 

obtained from conventional H2S involved technique, the yield and morphology 

of produced WS2 and MoS2 from this new route are quite similar. Moreover, the 

usage of relatively simple equipment and replacement of toxic H2S with H2 and 

S make the technique have good potential to be used on large scale production.   

 

Apart from solid-gas reaction, CVD is another efficient technique used to 

synthesise metal dichalcogenides. However, WS2 IF nanoparticles produced via 

CVD usually have a large amount of defects or even disconnection, leading to 

poor mechanical properties. To address this problem, an additional annealing 

process was introduced in our experiments to heal these defects. During the 

investigation, many parameters such as temperature, reaction time and gas 

flow rate were thoroughly analysed to obtain an optimized condition. Based on 

this optimized condition, well-crystallized WS2 IF nanoparticles were produced                 

after annealing. Then, CVD was also applied on the synthesis of ZrS2 

nanoflakes with very tiny sizes (<30nm). Because of the small size, these 

nanoflakes exhibit strong quantum confinement and luminescence effects. In 

addition, these nanoflakes also exhibit good photocatalytic activity for the 

decomposition of 4-NP which is a major pollutant on many areas.  

 

Further Work 
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In the future, as-synthesised IF nanoparticles have good potential to be used as 

reinforcement in various composites arising from their good mechanical 

properties and spherical structure. For example, because of their excellent 

shock wave resistance, they can be mixed with metal or ceramic matrix to form 

a kind of new composite armour. Because of the small sizes of as-synthesised 

ZrS2, these nanoflake might also exhibit good performance in fast 

charging/discharging cycles recovery of the reversible capacity. Based on 

similar principle with the good catalytic HER performance, the WS2@WS2 

nanorattles might also be good candidate in the battery area (e.g. Li and Na 

battery). Moreover, by adding some visible absorber such as CdS, these 

nanorattles could also show decent photocatalytic performance. Here are some 

plans in detail: 

 

As mentioned in the literature review (Chapter two), WS2 nanotubes were 

readily produced from the template reaction of WO3 nanowhiskers and H2S. As 

a result, it is possible to produce WS2 nanotubes on large scale by replacing 

WO3 nanoparticles with nanowhiskers via the same H2S-free route. Similarly, 

MoS2 nanotubes might also be produced by the same route when MoO3 

whiskers are used as precursor.  Because all current techniques on the 

synthesis of MoO3 nanotubes are essentially based on the gas-gas reaction 

mechanism, it will be the first report on “template growth” of MoS2 nanotubes. 

Therefore, it will be much easier to control the sizes of products than common 

techniques. 

 

Although ZrS2 nanoflakes have already been produced, the detailed mechanism 

is still unclear. To understand the mechanism, it is important to investigate the 

decomposition process of ZrS3. Therefore, ZrS3 nanoshees should be produced 

at first and then heated under different temperatures and holding times. By 

analysing the compositions and morphologies of products, it is possible to 

summarise a reasonable synthesis mechanism. 

 

Because of the high similarity between WS2 and MoS2, Mo@MoS2 nanorattles 

can also be produce via the same technique which might also have good 

catalytic performance. Besides, since both WS2 and MoS2 are biocompatible 
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materials, the corresponding nanorattles are safe to be used as drug delivery 

vehicle.  

 

As discussed in Chapter seven, S atoms can diffuse through WS2 shells of 

W@WS2 nanorattles to react with W cores, leading to the formation of 

WS2@WS2 nanorattles. Therefore, some other materials such as carbon can 

also react with W cores by the same route. Consequently, WC@WS2 

nanorattles are able to be prepared. Because WC also has decent HER 

catalytic performance, this new WC@WS2 nanorattle material might also exhibit 

excellent HER catalytic performance.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


