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Abstract 

 

Polymorphism, existence of multiple forms of crystalline substances, has 

attracted research interest in transition metal dichalcogenides (TMDs) due to its 

drastic change of properties based on the crystallinity (phase). For example, 

MoS2 is thermodynamically stable as a trigonal prismatic (2H phase, a 

semiconducting material) in ambient condition, but it can be metallic when it is 

octahedral (1T phase). However, it is hard to synthesize the 1T phase of MX2 

(M=Mo, W; X=S, Se) because they are metastable in ambient condition. To 

further study on phase-dependent properties, it is necessary to develop a facile 

method for phase-controlled synthesis. In this thesis, I describe research 

findings in two chapters. 

 

First, I report phase-controlled synthesis method for 1T'-MoX2 (X=S, Se) 

crystals with lateral size up to hundreds of micrometers. The 1T' phase structure 

was carefully characterized by various techniques including the aberration-

corrected scanning transmission electron microscopy (STEM), X-ray 

photoelectron spectroscopy (XPS), X-ray absorption fine structure (XAFS) and 

Raman spectroscopy. By using metastable condition of the 1T' phase in MoS2, 

the phase transition was achieved by thermal annealing and laser irradiation. In 

the end, phase-dependent electrochemical property for HER is demonstrated on 

the basal plane of MoS2.  

 

Second, I used the metallic MoS2 to fabricate the tactile sensor to detect touch 

and press. The metallic MoS2 nanosheets were prepared by Li intercalation 

method and integrated into a thin film by the vacuum filtration method. The 

film exhibited electrically conductive property and response from a touch of 

fingertips. The results offer the insight for development of a cost-effective 

tactile sensor. 
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Chapter 1  

 

Introduction 

 

This chapter is for a brief introduction of the thesis. First, 

hypothesis/problem statement of the thesis is described. The 

objectives and scope is proposed based on the hypothesis/problem 

statement. After that, the dissertation overview for each chapter is 

presented, and then finally, the findings and outcomes are 

summarized. 
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1.1 Hypothesis/Problem Statement 

 

Fossil fuels are still our major source of energy supply, but importance for 

developing sustainable energy technologies keeps increasing due to several 

concerns such as resource depletion and carbon dioxide emission. Renewable 

energy has become one of the most important research topics in current 

scientific and industrial communities. Electrochemical water splitting, 

producing hydrogen and oxygen, is one of the promising candidates of 

renewable energy, however still far from economically feasible due to its 

dependence on noble-metal electrocatalyst such as platinum[1, 2]. Therefore, it is 

crucial to develop economically viable electrochemical catalysts with high 

activity. 

 

Transition metal dichalcogenides (TMDs) are among the most encouraging 

candidates for electrocatalytic hydrogen evolution reaction (HER) in the non-

noble metal based catalysts[3]. Previous studies have found that introducing 

metallic phase by chemical or electrochemical methods into MoS2 and WS2 (the 

semiconducting TMDs) dramatically enhanced the electrocatalytic 

performance[4]. However, it is currently unclear whether the crystal phase or 

other effects such as active sites and conductivity plays the critical role. For 

example, controlled-phase synthesis is of importance in the inorganic materials 

because the different phase influence on intrinsic physical and chemical 

properties such as electrical conductivity and chemical reactivity[5, 6]. It is 

therefore desirable to realize phase-controlled synthesis of TMDs with high 

purity. Material preparation with phase-control has been in demand for group 

VI transition metal dichalcogenides with the metallic-phase. Several approaches 

have been reported to prepare metallic-phase group VI TMDs, but those results 

were suffered from the poor purity and stability, because the 1T/1T' phase of 

MoS2 and MoSe2 are easily changed to the 2H phase due to its metastable 

feature. Hence, it is of importance to establish a universal method for producing 
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metallic (1T') phase MX2 (M=Mo, W; X=S, Se) crystals and study their crystal 

phase-dependent properties and HER performance. 

 

1.2 Objectives and Scope 

 

Group VI transition metal dichalcogenides (TMDs) have intrigued research 

interest as a result of extraordinary properties in mechanical, optical and 

electrical properties derived from their layered and atomically thin structures[7]. 

One of promising application for TMDs is the hydrogen evolution reaction to 

replace noble metal catalysts such as Pt and Ru which are expensive[8]. Even 

though MoS2 has been studied as electrocatalyst for HER, it has been suffered 

from its intrinsic electrical property which is semiconducting materials causing 

high internal resistivity. Notably, the electrical property of TMDs is 

dramatically changed by its crystal phase, i. e. trigonal prismatic (2H) and 

octahedral (1T)[9, 10]. In 1T phase, the MoS2 exhibits metallic property which is 

more applicable for HER than semiconducting property. Several methods have 

been developed to achieve the metallic phase MoS2 by alkali metal 

intercalation[11, 12], e-beam irradiation[13] but the results from those methods 

were insufficient to clarify the intrinsic properties and influence to HER 

performance. Therefore, it is of great fundamental interest to develop an 

approach for producing bulk metallic-phase TMDs crystals and further 

revealing their properties depending on phases and application.  

Based on the aforementioned problem statement, the objective and scopes of 

this thesis are below:  

 

First, it is described for a method to synthesize the phase-controlled 1T'-MoS2 

and 1T'-MoSe2 crystals by flux method. The crystals were investigated by 

various methods such as aberration-corrected scanning transmission electron 

microscopy (STEM), X-ray absorption fine structure (XAFS), X-ray 

photoelectron spectroscopy (XPS), and Raman spectroscopy. The phase 



Introduction                                                                                              Chapter 1 

4 

 

transformation was achieved from 1T'-MoS2 to 2H-MoS2 by using both heat 

treatment and laser irradiation. Three different kinds of microcells with 1T' 

phase or 2H phase MoS2 were designed to clarify the factors for HER in MoS2. 

In the end, the phase-dependent efficiency of basal plane in MoS2 is 

demonstrated for the electrochemical hydrogen evolution reaction. 

 

Second, I investigate on in-plane anisotropic optical and electrical properties of 

1T'-MoS2 nanosheet. The distorted octahedral structure is confirmed by the 

high-resolution transmission electron microscopy (HR-TEM) and aberration-

corrected scanning transmission electron microscopy (STEM). Anisotropic 

lattice vibrations and electrical carrier transport are observed by angle-resolved 

Raman spectroscopy and electronic measurement, respectively. 

 

1.3 Dissertation Overview 

 

The thesis addresses the phase-controlled synthesis of Molybdenum-based 

TMDs via flux method. 1T' phase MoS2 and MoSe2 have been synthesized and 

characterized by various methods to confirm the quality of materials. Intrinsic 

properties were analyzed and, from the arrangement of Mo atoms, unique 

anisotropic properties were exhibited. Based on its thermodynamic stability, the 

concept of phase patterning was demonstrated. In the end, it is demonstrated for 

phase dependent activity of basal plane in 1T'-MoS2 for HER. 

 

Chapter 1 provides a rationale for the research. At first, problem is stated and 

then, it is introduced for objective and scopes. 

 

Chapter 2 reviews the literature concerning recent progress in the TMD 

materials. Specifically, it is described on synthesis methods and intrinsic 

properties. Furthermore, the importance of phase control synthesis is covered. 
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Chapter 3 discusses the principles underlying the phase-controlled synthesis 

and the methods for data analysis. In this chapter, it is explained about 

particular methods for analyzing results that confirm atomic structures as the 

phase designed in detail. 

 

Chapter 4 elaborates a facile method for the crystal phase-controlled synthesis 

of 1T'-MoS2 and 1T'-MoSe2 crystals. Additionally, the crystals are used to 

demonstrate phase transition and phase-dependent hydrogen evolution reaction. 

 

Chapter 5 elaborates on a skin-inspired MoS2 touch sensor. The thin-film 

prepared by MoS2 nanosheet solution are electrically conductive and the 

resistivity and transparency could be controlled by the amount of nanosheet 

solution.  

 

Chapter 6 conclude whole research in this thesis. 

 

1.4 Findings and Outcomes/Originality 

 

This research led to several novel outcomes by: 

1. Establishing a new method to synthesize bulk 1T'-MoS2 crystals with 

high purity. The pure crystals provide a good platform for exploring their 

properties, which is impossible to fulfill with previously reported mixture of 

metallic and semiconducting phase MoS2 nanomaterials. 

 

2. Correlating the distorted octahedral coordinated structure of 1T'-

MoS2 is studied by STEM, X-ray photoelectron spectroscopy (XPS), Raman 

and photoluminescence (PL) spectroscopy. Furthermore, the intrinsic 

anisotropic optical and electrical property of 1T'-MoS2 crystals is revealed.  

 

3. The laser-induced phase transition process from 1T'-MoS2 to 2H-MoS2 
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at desired position with a controlled manner is also verified. 

 

4. The crystal phase-dependent electrocatalysis in TMDs is clarified. Our 

synthesized 1T'-MoS2 crystals provide a unique opportunity to study crystal 

phase-dependent catalytic properties. By carefully designing the 

electrochemical microcells, it was able to exclude the effect of edges and isolate 

the electrochemical activities of the basal plane of 1T'-MoS2. 

 

5. MoS2 thin-films prepared by nanosheet solution are electrically 

conductive and the resistivity and transparency could be controlled by the 

amount of nanosheet solution. The skin-inspired MoS2 sensor distinguished a 

touch of bare fingertip, and the touch and pressure could be discriminated by 

the different pattern from electrical signals.  
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Chapter 2  

 

Literature Review  

 

In this chapter, I provide the literature review on the recent progress 

for 2D TMD materials. First, compositions and crystal structures 

are depicted and then, the strategies for effective control of phases 

are reviewed with obstacles to be solved. Third, the application for 

phase-controlled materials are introduced including important role 

of phase control in this area. In the end, some tasks related to this 

thesis is addressed based on literature review. 
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2.1 Overview 

 

Research interest on two-dimensional (2D) layered materials has been widely 

promoted since graphene mechanically exfoliated was discovered[1]. 2D 

graphene has shown extraordinary properties distinguished from bulk graphite 

such as unique electronic band structure[2], superior carrier mobility[3] and 

molecular barrier property[4], providing researchers with new research area. For 

a decade, this discovery has led to tremendous development on methodology 

dealing with 2D materials, and the methodology has been embarked on 

applying to other 2D materials, especially transition metal dichalcogenides 

(TMDs). [5-7] 

TMDs have also layered structure and properties dependent on thickness. In 

contrast to graphene, they show diverse electrical properties from metallic to 

dielectric as occupancy in d-orbitals of the transition metal[8]. Due to various 

properties, TMDs has been extensively researched in various area. In TMDs, 

molybdenum disulfide (MoS2) has been researched thanks to its affordability as 

molybdenite. It was the progress dealing with 2D materials and availability of 

MoS2 that were the basis for the explosive studies. Many research unveiled the 

properties of MoS2. It has metallic and semiconducting properties based on its 

structure[9], and  high mobility of more than 200 cm2V-1S-1, on-off ratios of 108 

and low power consumption[10]. The exotic properties have been researched for 

electronics, catalysis, photovoltaics and batteries. 
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2.2 Composition and crystal structures of 2D transition metal 

dichalcogenides 

 

TMDs usually are made up of one transition metal (M) and two chalcogenides 

(X) as a layered structure such as a graphene. A formula of the TMDs is MX2 

and an oxidation numbers of dichalcogenides and transition metal are -2 and 

+4, respectively[8]. In the case of MoS2, it is a combination between the 

molybdenum of group 6 and the sulfur of group 16. Each layer is approximately 

from 6 to 7 Å in thickness, stacked vertically with hexagonally packed 

structures[10]. The molecular geometry of TMDs is able to either trigonal 

prismatic (D3h) or octahedral (D3d) and out of these geometry, trigonal prismatic 

is more stable for MoS2 in theory[11].  This geometry is connected with in-plane 

covalent bonds, but in the case of out of plane, van der Waals force. Due to 

bonding energy difference between covalent bond and van der Waals force, 

layer separation is easy with a method using smaller energy such as mechanical 

exfoliation compared to breakdown of the layer. Furthermore, the structure of 

MoS2 (S-Mo-S) typically leads to various polymorphs such as 1T, 2H, 3R (T: 

trigonal, H: hexagonal, R: rhombohedral) as shown in Fig. 2.2.1. Interestingly, 

these polymorphs reflect origin of its formation. For example, 1T phase is 

found in MoS2 prepared via Li-intercalation method. 2H phase is generally 

exhibited in natural MoS2 and 3R phase is discovered in synthetic MoS2
[12]. 
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Figure 2.2.1 Schematics of (a) crystal structure of MoS2. (b) Structural polytypes: 2H 

(trigonal prismatic coordination, D3h, hexagonal symmetry), 3R (trigonal prismatic 

coordination, D3h, rhombohedral symmetry), 1T (octahedral coordination, Oh). (c) z-

axis view of trigonal prismatic and octahedral coordination. [8] 

 

2.3 Intrinsic properties of TMDs 

2.3.1 Electrical and mechanical properties 

The electronic structure of MoS2 is mainly influenced from metal coordination 

and polymorphs which result in change of the number of d-electron. According 

to crystal field theory, the d-orbitals split into different orbitals in octahedral or 

trigonal prismatic complex, respectively. These orbitals from each complex 

have different energy levels, resulting in variation of electron capacity. Because 

the d-orbitals of 1T-MoS2 is not filled completely, it can act as a metal. On the 

other hand, 2H-MoS2 exhibits a semiconducting property due to fully filled 𝑑𝑧2 

orbitals. In contrast to the number of electrons in d-orbitals of the transition 

metal atom, a kind of chalcogenide atom is less effective for the electronic 

structure. But it is still important for fine tuning of band-gap because the band-
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gap correspondingly decrease ranging from 1.3 to 1.0 eV when the size of 

chalcogenide atom increase from a sulfur to a tellurium[12].   

The mechanical property of MoS2 is commensurate to that of graphene. 

Monolayer MoS2 has physical strength of 270 GPa in young’s modulus, and it 

is even higher than the value of steel and tensile strength of 16-30 GPa[13].  

These breaking strength are an area of theoretical upper limit, which indicates 

the MoS2 layer is predominantly defect-free. Even though it is atomically thin, 

it has potential to use in diverse electronics due to the mechanical robustness 

and electrical properties. 

 

2.3.2 Electronic band structure and optical properties 

It is unique that the number of layers is significantly influenced for the 

electronic band structure of MoS2. From the monolayer to bulk MoS2, the band 

gap between the valence band maximum (VBM) and conduction band 

minimum (CBM) varies in range from 1.95 to 1.2 eV[14].  In the Fig. 2.3.1, the 

direct band gap is placed at K point whereas the CBM is located between K-Γ 

and VBM is positioned at Γ point which comprise in-direct band-gap. 

Arrestingly, both points of the indirect band gap move to opposite direction 

with decreasing the number of layers due to quantum confinement effect and 

change of orbital hybridization between p on sulfur and d on molybdenum 

atoms. Compared to the indirect band gap, the distance of direct band gap less 

influence to the thickness of layers via less dependence from aforementioned 

hybridization. Furthermore, the band gap property dependent on the layer 

thickness affects to the optical features of the material. For example, research 

has detected changes of absorption spectra, photoluminescence and 

photoconductivity with tendency on the thickness (Fig. 2.3.2)[15-17].  Quantum 

yield of monolayer MoS2 is 4 orders higher than that of bulk, but there is still a 

problem to solve which is low value of quantum yield in a monolayer (4 x10-

3)[16]. In MoS2, photoluminescence (PL) peak is mainly characterized as A and 

B excitons at K point. These peaks are tuned through applying excess 
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carriers[18] or mechanical strain[19]. In the former case, trions are generated via 

interactions among an excited electron-hole pair and a hole or electron. Trions 

typically are not stable in room temperature, but exceptionally the trions in 

MoS2 can be observed at room temperature due to strong binding energy. In the 

latter case, in addition to change of PL peak positions, intensity of PL peaks is 

also changed because relaxation pathway is altered from direct to in-direct 

band-gap by strain-induced band-gap transformation. When the strain is applied 

to a bilayer MoS2, the both band-gaps are simultaneously reduced at different 

rate of 67, 94 meV/% strain, respectively.  

 

 

Figure 2.3.1 (a) Simplified electronic band structure of bulk MoS2, exhibiting split 

valence bands. Arrow A and B illustrate for direct band gap transitions whereas I 

shows an indirect band gap transition. (b) Change of electrnoic band strcuture of MoS2 

depending on the thickness[16]. 
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Figure 2.3.2 (a) Absorption and photoluminescence spectra of MoS2
[17]. (b) Strain-

engineering photoluminescence spectra[19]. (c) Trion behaviors of the optical properties 

of a monolayer MoS2 from gate voltage dependence[18].   

 

2.3.3 Lattice vibration properties 

The lattice vibration properties of MoS2 have widely been researched through 

Raman spectroscopy[20]. Main vibrations in MoS2 are the E1
2g in-plane and A1

g 

out of plane mode (Fig. 2.3.3). The modes exhibit tendency with thickness of 

MoS2. With decreasing the number of layers, the E1
2g mode (near 380 cm-1) 

steadily increases while the A1
g modes (near 406 cm-1) decreases, resulting that 

the gap distance between two modes become narrower. Therefore, Raman 

spectroscopy is powerful method to distinguish the layer thickness. The reason 

for the E1
2g shift is related to the dielectric screening effect of long-range 

coulomb interactions[21] whereas the A1
g shift is less affected by the interaction. 

Instead, the A1
g is susceptible to electron doping effect[22].  This unique property 

has led to the research area to pioneer the advanced sensing platform such as a 

molecule sensor[23].   
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Figure 2.3.3 (a) Schematics of E1
2g, E1u and A1g phonon modes. (b) Thickness 

dependence of Raman spectra shift[21].  (c) Graph indicating Raman spectra shift for the 

peak position versus the thickness[20]. 

 

2.4 Preparation strategies of transition metal dichalcogenides 

 

2.4.1 Fabrication of MoS2 – Top-down 

To prepare MoS2 for various purposes, there are several approaches to fabricate 

the suitable MoS2 (Fig. 2.4.1). First of all, mechanical exfoliation opened new 

era to investigate unique properties in MoS2 using an adhesive tape[24].  Bulk 

MoS2 can be exfoliated into even a monolayer thickness and the number of 

exfoliated nanosheets is rapidly measured by an optical microscopy (Fig. 

2.4.1)[25]. The output from this method has single crystallinity and clean surface 

ideal for fundamental studies on characterization. However, mass production is 

still obstacle.  
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Figure 2.4.1 Top-down fabrication. Multilayer MoS2 characterization using the (a) 

optical (b, c) AFM spectroscopy[25].  (d) Liquid exfoliated MoS2 by NMP as a 

solvent[26]. (e) Schematic of the Li-intercalated exfoliation method. 

 

 Liquid exfoliation is able to produce more amount of MoS2. Various solvents 

such as N-methylpyrrolidone (NMP) and isopropyl alcohol (IPA) which can 

interact with MoS2 surfaces are used for this method under sonication[26].  Water 

has also been used for exfoliation with diverse surfactants under sonication[27].  

Intercalating molecules should compensate adhesion energy of inter-layer 

interactions[28] and the method exhibits lower effectiveness without sonication. 

But, sonication breaks MoS2 nanosheets into sub-micron scales[29] and thus this 

method is applicable to research on catalysts, fillers. This method further 

improved in combination with a solvent, sonication time, centrifugation 

condition for separating the materials, resulting in concentration from 0.25 to 

0.3 mg/ml[26]. 

Intercalation is promising separation strategy for high yield preparation. 

Especially, lithium intercalation reported in 1975[30].  At first, bulk specimen is 

immersed in a solution containing n-butyl lithium for a day. During the period, 

lithium ions penetrate into gaps between MoS2 layers. The fully Li-intercalated 
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bulk specimens transfer to aqueous solution to generate the hydrogen, allowing 

them to separate each other. To overcome long experimental time, similar 

strategy was applied to electrochemical process by electrochemical method 

from our group[31].  Through the process, reaction time becomes much shorter (a 

few hours) and the amount of intercalation can be controlled. Distinctively, the 

MoS2 prepared by intercalation method shows octahedral structure (1T-MoS2) 

which has metallic property. The octahedral structure is transformed to trigonal 

prismatic structure by annealing at 300°C and band-gap structure is also 

restored[32]. 

 

2.4.2 Fabrication of MoS2 – Bottom-up 

Although primary studies have scrutinized using MoS2 prepared by top-down 

method, it seems to need more time for top-down to break through the 

limitation for large-scale fabrication. For versatile availability in an industrial 

area, it is necessary to develop the process for large area with a uniform 

structure. The bottom-up synthesis may possible to lead to new era, resolving 

above-mentioned problems.  

Chemical vapor deposition, or CVD, has been researched for the purpose to 

fabricate large-area synthesis of MoS2 (Fig. 2.4.2)[33-35].  To explain these 

strategies, different precursors have been used for each CVD synthesis. Lee and 

co-workers deposited MoS2 using MoO3 and sulfur powders under co-

vaporized condition. In this report, it was reported that aromatic molecules such 

as graphene oxide can assist growth of MoS2 on substrates. Zhan and coworkers 

fabricated MoS2 of approximately 1 cm-2 from single-layer to 5 layers on the 

Mo metal thin film by the sulfurization[36], completing it in 5 h under 750 °C. 

Liu and co-workers[34] showed a two-step method via dip-coating and annealing 

process for large-area MoS2 more than 3 cm-2. For example, substrates such as a 

sapphire or SiO2/Si wafer were cleaned and dipped into (NH4)2MoS4 solution 

and then heated at 500 °C in Ar/H2 condition to avoid oxidation, followed by 
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annealing them at 1000 °C in Ar/S gas to enhance the crystallinity. These 

approach overcame to synthesize sub-square centimeter area for MoS2. 

 

 

Figure 2.4.2 Bottom-up fabrication. Schematic and an optical image of CVD of MoS2 

from (a) solid S and MoO3 precursors[33].  (b) Sulfur exposure on the Mo substrate[36].  

(c) (NH4)2MoS4 using a dip-coating method[34]. 

 

2.4.3 Phase engineering in 2D transition metal dichalcogenides 

 

Octahedral-structured TMDs, 1T-MX2 (M = transition metals, X = chalcogen 

atoms), are composed of MX2 layers derived from MX6 octahedral structure. In 

the case of an undistorted structure, it has a hexagonal lattice which is 

observable from TiS2 containing no electron in d orbital (d0). Interestingly, the 

1T-MX2 phases show various lattice structures based on the numbers of 

electrons in d orbital of transition metals. For example, TaS2, which has d1 metal 

ion, exhibits periodic lattice distortions of metal atoms[37], and β-MoTe2 and 

WTe2, which has d2 metal ion, consist of zigzag chain structure[38,39]. 

MoS2, group VI TMDs with d2 metal ion, has been observed trigonal prismatic 

structure (2H) in nature. However, the phase transition was induced in MoS2 

during Li intercalation for exfoliation[40]. The anomalous phenomenon has 

attracted research interest to establish the mechanism of phase transition. 

According to the crystal field theory, the 𝑑𝑧2 orbital is the lower energy level in 

2H phase while the 𝑑𝑥𝑦,𝑦𝑧,𝑧𝑥 orbital is the higher energy level in 1T phase than 

that of the 𝑑𝑧2 orbital. In the case of transition metals with d2 state, 2H phase in 

MoS2 is more thermodynamically stable than 1T phase in MoS2 by filling two 
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electrons into the 𝑑𝑧2  orbital which is the lowest energy level in the 

configuration[41]. However, as Li atoms are intercalated into 2H-MoS2, some of 

electrons in Li transfer to the MoS2. The excess electrons need to be filled into 

𝑑𝑥𝑦, 𝑑𝑥2−𝑦2  orbitals in 2H phase, and the 𝑑𝑥𝑦,𝑦𝑧,𝑧𝑥 orbital is more suitable to 

stabilize MoS2 with excess electrons donated by Li atoms[42]. Therefore, phase 

transition can be considered as the stabilization process of the materials related 

to the number of electrons in d orbital of transition metals.  

 

2.5 The application for TMDs 

 

2.5.1 Hydrogen evolution reaction 

Hydrogen is regarded as the environmentally friendly energy sources. To 

replace fossil fuels due to problems related to resource depletion and 

environmental pollution, the hydrogen production have the limelight. One of 

the general methods to produce hydrogen is water splitting which is the 

chemical reaction to decompose the water into oxygen and hydrogen. In this 

reaction, catalysts play an important role in the hydrogen evolution reaction 

(HER) process to achieve high productivity by reducing the overpotential and 

minimizing Gibbs free energy. Fig. 2.5.1 illustrates the HER activity of 

different catalysts, plotting the exchange current density (i0) for hydrogen 

evolution versus the simulated Gibbs free energy for the absorbed hydrogen 

atom over diverse catalysts[43]. From the Fig. 2.5.1, we can see that Pt is located 

at top of the volcano curve. Commonly, catalysts for HER are efficient under 

acidic condition. But those efficient catalysts are expensive because they are 

mainly rare-earth metals. Therefore, the development of HER electrocatalysts 

with high efficient and low cost is of great important. MoS2 is considered as the 

promising catalyst to replace Pt since it is close to the Pt group metals. Many 

experiments demonstrated that the edge of MoS2 plays an important role for 

HER. Generally, it is simple for the process of the electron transfer in a single-

layer MoS2 nanosheet, which is from support to the nanosheet, while that for the 

electron transfer of MoS2 nanoparticle is more complex, which is attributed to 

the additional process that the electrons need to pass through each layers[44], 
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increasing the resistance, as shown in Fig. 2.5.2. It can be seen that the MoS2 

nanosheet has a promising structure for HER, especially single-layer MoS2 

nanosheet.  

 

Figure 2.5.1 A plot of the exchange current density (i0) for hydrogen evolution versus 

the simulated Gibbs free energy for the absorbed hydrogen atom over various metals 

and MoS2
[43]. 

 

 

Figure 2.5.2 Schematic of the conductivity of active sites on MoS2 nanoparticle (a) and 

nanosheet (b) [44]. 

 

According to the aforementioned results, there has been tremendous research 

efforts for enhancing the HER performance of MoS2 nanosheet to compete 

against rare-earth metals. The main approaches are to decrease the resistivity of 

MoS2 nanosheet and to expose the more number of the HER active sites. For 

example, gold nanoparticle is decorated on the surface of MoS2 nanosheet to 

reinforce the electron transfer and inhibit restacking nanosheets[45]. The number 
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of layers also influences to the catalytic performance in MoS2 nanosheets. The 

catalytic activity of MoS2 decreases with the addition of the each number of 

layer by a factor of 4.47 [46]. The results reveal that improving the efficiency of 

electron transfer toward the vertical direction is another efficient way to design 

MoS2 with high catalytic activities. Accordingly, ultrathin MoS2 nanosheet with 

many active sites may be a promising candidate for HER. The defect-rich MoS2 

ultrathin nanosheet (Fig. 2.5.3a) showed an HER activity with a Tafel slope of 

50 mV dec-1, an onset potential of 120 mV, and an excellent electrochemical 

durability (Fig. 2.5.3c-e) [47]. The reason is that the rich defects result in 

exposing additional active edge sites by partial breaking of the catalytically less 

active basal planes (Fig. 2.5.3b). The conductivity of the defect-rich MoS2 

ultrathin nanosheets can be improved by the effective oxygen incorporation, 

and the oxygen-incorporated MoS2 shows an improved onset overpotential, 

large cathodic current density and excellent cycling stability[48]. Furthermore, it 

is expected that 1T phase of MoS2 with metallic nature of sulfide edge may 

enhance the catalytic activity. The metallic 1T MoS2 nanosheet can be obtained 

by exfoliation with Li intercalation, as shown in Fig. 2.5.4a[49]. The obtained 1T 

MoS2 exhibited more enhanced HER catalysis than 2H MoS2, with the onset 

potential of 150 mV and a Tafel slope of 43 mV dec-1 (Fig. 2.5.4b) [49]. Then, 

Voiry et al. prepared metallic 1T MoS2 nanosheet by using an intercalation 

method without solvent. It exhibited dramatically enhanced catalytic activity for 

HER with a low Tafel slope of 40 mV dec-1[50].  The result indicates that phase 

engineering is able to improve charge transfer kinetics in metallic MoS2, 

playing a vital role in HER process. However, it is still a great challenge to 

investigate the catalytic property for the 1T phase in detail due to its poor 

stability. 
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Figure 2.5.3 (a) SEM image of MoS2 nanosheet. (b) Atomic reconstruction of (a). (c) 

Polarization curves of various samples and (d) corresponding Tafel plots. (e) Durability 

test after 3000 CV cycles[47]. 

 

Figure 2.5.4 (a) MoS2 images characterized by SEM and TEM. (b) Corresponding 

polarization curves[43]. 

 

2.5.2 Energy storage 

Li-ion battery (LIB), the most promising energy storage system, has high 

potential and low atomic weight, resulting in large energy density with a 

theoretical value of 400 Wh/kg[51]. The layered material like metal 

dichacolgenide has the interlayer spacing. They can hold different species, such 
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as Li+ ion. Bulk MoS2 is able to be used as the LIB electrode due to lithium ion 

insertion or extraction. But the structure of MoS2 is not stable during the 

exfoliation process. Moreover, it suffers from the low energy density, leading to 

its limit as cathode materials. It is noteworthy that MoS2 nanosheet can be 

considered as anodes for LIB owing to the structure stability[52]. There are many 

parameters to affect the performance of MoS2 nanosheet as an effective anode 

material in LIB, such as conductivity, morphology, structure, size, and so on.  

 

 

Figure 2.5.5 (a) TEM image of MoS2/graphene material. (b) Rate capability of 

MoS2/graphene samples at different current density[53]. 

 

For the bulk MoS2, the charge capacity is significantly degraded from 800 mA h 

g-1 to 226 mA h g-1 after 50 cycles. In contrast to bulk MoS2, the restacked 

MoS2 maintained the capacity above 750 mA h g-1 after 50 cycles, displaying 

high charge storage capacities. This may be due to the increasing layer 

spacing[54]. The performance of MoS2 anode could be further improved in the 

presence of poly(ethylene oxide). It was found that poly(ethylene oxide) can 

stabilize the disordered structure during the repeated cycles. Moreover, with the 

increase of amount of PEO, the spacing between layers of MoS2 nanosheets 

was increased, which is advantageous for improving the capacity of MoS2 

nanosheet[55]. It is interesting to note that MoS2/graphene, prepared by L-

cysteine assisted hydrothermal process, can further improve the specific 
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capacities as well as the cycling performance because of the robust mechanical 

characteristics from the composite materials and synergistic effects between 

graphene and MoS2
[53]. With an appropriate Mo:C molar ratio, the material 

showed highest specific capacity of 1100 mA h g-1 at a current of 100 mA g-2 

and high-rate capability (Fig. 2.5.5). It is challenging to solve the capacitive 

loss in the first cycle for MoS2-based anodes. All in all, it is a promising anode 

material in the future for energy storage applications. 

 

2.5.3 Electronic devices 

Graphene-based electronic devices have been attracted tremendous attention 

because of the unique electrical and optical properties. Compared to graphene, 

MoS2 has an indirect (1.29 eV) and direct band gap (1.9 eV) in the bulk and 

monolayer, respectively[56]. It opens up a new way for the next generation 

electronic devices. Simulations and theoretical studies expected that single-

layer MoS2 is available for an active-layer in devices with high mobility up to 

350 cm2/Vs at room temperature, high on/off ratios over 10 orders as well as a 

transconductance of 4.4 ms/µm[57], implying that dielectric engineering by 

using high-κ dielectrics is an efficient route to achieve high mobility devices 

through screening of charge impurities. Das et al. explained a mode to interpret 

the current flow patterns related to the charge impurity scattering in MoS2
[58]. 

As shown in Fig. 2.5.6, a resistor network composed of monolayer and van der 

Waals gap between the layers is applied to describe the current flow in a multi-

layer MoS2. Interestingly, the current mainly flows in upper layers regardless 

the amount of various gate biases. In addition, “hot spot” can be found when the 

layers are close to the source and the drain contacts. The predictions have 

successfully explained high-performance devices by 2D materials including 

MoS2 for next generation devices. 
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Figure 2.5.6 Current distributions in a multilayer MoS2. (a) Movement of current 

distributions in multilayer MoS2 devices depending on various gate voltages. (b) A 

schematic of a resistor network model for multilayer MoS2 systems[58]. 

 

The very first MoS2 few layer field effect transistor (FET) exhibited low carrier 

mobilities in the range of 0.5-3 cm2 V-1 s-1[24].  In order to enhance the mobility, 

Radisavljevic et al.[10] used HfO2 high-κ gate dielectric as the tope gate 

dielectric, as shown in Fig. 2.5.7. The transistor exhibited the mobility of 200 

cm2 V-1 s-1 and room-temperature current on/off ratio exceeding 108, which 

open up a way in electronics application based on two dimensional materials. 

Recently, high mobility of 100 cm2 V-1 s-1 for the bottom-gated MoS2 FET 

device[59] and 170 cm2 V-1 s-1 for the top-gated MoS2 FET device[60] as well as 

517 cm2 V-1 s-1 for the dual-gated MoS2 FET device[61] can be obtained using 

Al2O3 as the high-κ dielectric. In addition, ionic liquids have been used as a 

dielectric material to improve the mobility of MoS2 device[62]. 
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Figure 2.5.7 (a) Schematic of a top-gate monolayer MoS2 field effect transistor with a 

high-κ HfO2 gate dielelctric. Transfer characteristics of a top-gated (b) and back gated 

(c) monolayer MoS2 field effect transistor. (d) Output characteristic of monolayer 

MoS2 field effect transistor[54]. 

 

The direct transition optical gap in MoS2 makes it a promising candidate for 

optoelectronic application. Earlier MoS2 optoelectronic device exhibited rapid 

switching times of 50 ms and a considerable photocurrent when the light was 

irradiated with the wavelength less than 670 nm[63]. The performance of MoS2 

phototransistor has been improved by using high-κ Al2O3 as gate dielectric. The 

device had a short carrier lifetime of 1.27 ns and a larger photoresponsivity 

of >100 mA/W[64]. Tsai et al.[65] developed metal-semiconductor-metal 

photodetectors by using few-layered MoS2, which can be used in harsh 

environments. This device showed a high broadband gain up to 13.3, a rapid 

response time of 70 µs and short carrier lifetime of 110 µs, as shown in Fig. 

2.5.8. It is worth mentioning that the photoresponsisvity up to 880A/W has been 

obtained for monolayer MoS2 devices[66], which is attributed to the direct 
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bandgap of monolayer MoS2. The monolayer MoS2 has been suggested as a 

promising candidate for application in optoelectronics. 

 

Figure 2.5.8 (a) Schematic and (b) optical image of MoS2 photodetector. 

Photoresponse (c) and high-resolution time response of MoS2 photodetector in the dark 

and under laser illumination[68]. 

 

2.5.4 Sensors 

In addition to the intriguing electronic and optoelectronic properties, MoS2 has 

high surface-to-area ratios due to the two dimensional structure. Based on this 

merit, the MoS2 has potential for the application in FET sensing, which can be 

used to detect organic molecular, biological molecular and gas. Up to now, gas 

molecules, such as NO, NO2, NH3 and so on, have been detected by monolayer 

or few layer MoS2. For example, Dattatray et al.[67] developed few-layered 

MoS2 FET sensor, which exhibited high sensitivity to NO2 and NH3, as showed 

in Fig. 2.5.9b. It was found that NO2 caused an increase in the resistance while 

NH3 caused a decrease in the resistance, which is based on a charge transfer 

mechanism. Upon exposure to triethylamine, the resistance of MoS2-based FET 

sensor could decrease with increasing gas concentration, because triethylamine 

is a strong electron donor. This FET sensor showed high sensitivity toward 
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triethylamine[68]. In addition, MoS2-based FET sensor can be used to detect pH 

changes of the electrolytic solution and biomolecules (streptavidin) [69]. In a 

wide pH range of 3 to 9, the device showed ultrahigh sensitivity (713 for a pH 

change of 1 unit). For streptavidin detection, the sensitivity is as high as 196, 

when the concentration of streptavidin is 100 femtomolar. Both pH and protein 

sensing can obtain high sensitivity in the subthreshold region. From the 

experimental results, MoS2–based biosensors could be a promising candidate 

for next-generation diagnostics. 

 

Figure 2.5.9 (a) Illustration of MoS2 transistor-based NO2 gas sensing device. (b) Real-

time current response to NO2 exposure with increasing concentration[67]. (c) Drain 

current as a function of gate voltage for MoS2 FET-based pH sensor. (d) MoS2 FET 

sensor for detection of streptavidin[71]. 

 

2.6 Questions to be answered based on literature review 

 

As discussed in the aforementioned literature review, tremendous progress has 

been achieved in the synthesis and preparation for layered TMDs, and various 
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applications have been researched. In spite of those effort, there are still several 

questions to be answered for further investigation. 

 

First, several reports have been achieved to synthesize metallic-phase group-VI 

TMDs, but they was only able to obtain the mixture of metallic and 

semiconducting phases or the metallic phase with the small lateral size of less 

than micrometers. One may wonder whether it is possible to synthesize 

metallic-phase group-VI TMDs with lateral size up to hundreds of micrometers 

or not, and the product is large enough to investigate intrinsic properties of the 

metallic-phase group-VI TMDs? In addition, is it possible to distinguish 

electrocatalytic properties of different phases in MoS2? 

 

Second, it has been confirmed that MoS2 can be exfoliated into few layer 

nanosheets by solution process, and the exfoliated MoS2 nanosheets are 

considered as the electrical conductive material. By using electrical conductive 

materials, there have been immense research interest on artificial electronic 

skins. Especially, human skin provides human median nerve with distinct 

signals, enabling the brain to distinguish the touch and press. Is it possible to 

mimic those capability of human skin for developing MoS2-based touch sensor? 

 

2.7 PhD in context of literature 

 

The focus on this thesis is preparation of metallic 1T'-MoX2 (X=S, Se) crystals, 

and exploration of its electrochemical properties depending on different phases. 

The aforementioned questions are addressed in the following contents. The 

contribution of my thesis is in this part is listed as follows: 

 

First, a facile method has been developed for preparation of 1T'-MoX2 (X=S, Se) 

crystals. The obtained crystals have the lateral size of hundreds of micrometers. 

The atomic arrangement in different phases of MoS2 is carefully characterized 
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by the aberration-corrected scanning transmission electron microscopy and 

selected area electron diffraction (SAED) patterns. Additionally, due to its 

metastable nature, the phase transformation from 1T'-MoS2 to 2H-MoS2 is 

achieved by thermal annealing and laser irradiation. Based on the 1T'-MoS2 

crystal and phase transformation, the electrocatalytic properties are 

demonstrated for the basal plane in MoS2 with different phases. 

 

Second, a skin-inspired sensor that is possible to distinguish touch and pressure 

has been demonstrated by mimicking rapidly adapting receptors and slowly 

adapting receptors by using MoS2 nanosheet solution. The thin-film prepared 

by nanosheet solution are electrically conductive and the resistivity and 

transparency could be controlled by the amount of nanosheet solution. The 

skin-inspired MoS2 sensor distinguished a touch of bare fingertip, and the touch 

and pressure could be discriminated by the different pattern from electrical 

signals.  
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Chapter 3 

 

Experimental Methodology 

 

The rationale for selection of methods and materials is discussed, in 

this chapter. The chemicals and experimental procedures are 

described in detail. Subsequently, the methodology for 

characterization of results is explained, and then, device fabrication 

is illustrated. 
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3.1 Rationale for materials and method selection 

 

In the first part of the thesis, the layered TMDs, especially, MoS2 and MoSe2 

were selected as the target materials and flux method was used to prepare 

phase-controlled crystals. From the materials of view, those TMDs are proper 

candidates because phase transition in those materials are relatively well 

explained as representatives among 2D materials. In group VI TMDs, the 

lithium intercalation is dominant process for phase transition. Based on the 

study on lithium intercalation, my goal has been utilization of the process into 

flux method. From the method point of view, flux method is attractive to 

prepare large size single crystals. From conventional methods such as n-butyl 

lithium solution or lithium intercalation by electrochemical process, it is the 

limit to prepare large size flakes due to the fractures by sonication or hydrogen 

evolution. The limit has hindered investigation on intrinsic properties of the 

materials. Therefore, it is of great importance for the phase-controlled synthesis 

to study on phase-dependent intrinsic property in TMDs. 

 

3.2 Chemicals and synthesis process 

 

3.2.1 Chemicals 

 

Potassium molybdate (K2MoO4, 98%), Sulfur powder (S, 99.5%), Selenium 

powder (Se, 99.5%), Iodine (I2, 99.8%) and Acetonitrile (99.8%) were 

purchased from Sigma Aldrich. Hydrogen (20% H2 / 80% Ar) and purified 

Argon (Ar, 99.9%) were purchased from Leeden National Oxygen Ltd. in 

Singapore. The deionized water was purified using Milli-Q System (Millipore, 

Billerica, MA, USA). All the materials were used as received without any 

further purification.  
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3.2.2 Synthesis of 1T'-MoS2 crystals 

In a typical procedure, K2MoO4 (500 mg) and S powder (500 mg) were mixed 

and then ground for 15 min. The obtained mixture was annealed at 450 oC for 

1.5 h under the gas flow of H2 (10 sccm) and Ar (190 sccm). After cooling to 

room temperature, the product was taken out and mixed with S powder (500 

mg), and then  annealed at 450 °C for 1.5 h under the gas flow of H2 (10 sccm) 

and Ar (190 sccm). Subsequently, the reaction zone was heated to 850 °C in 

heating rate of 10 °C/min under the gas flow of H2 (40 sccm) and Ar (160 sccm) 

and then maintained for 10 h. After cooling down to the room temperature at 

rate of 10 °C/min, the obtained powder was washed with DI water until the pH 

value of suspension was 7-8. Then, the powder precursor was stored in DI 

water for 24 h. After soaking in an I2 acetonitrile solution (4 mmol, 15 ml) for 3 

h, the powder was washed with DI water for one time. Finally, the 1T'-MoS2 

crystals were obtained after drying at room temperature in vacuum oven.  

 

3.2.3 Synthesis of 1T'-MoSe2 crystals 

The synthesis procedure for 1T'-MoSe2 was similar to that of 1T'-MoS2 except 

that the S powder was replaced by the Se powder. 

 

3.2.4 Preparation of 2H-MoS2 and 2H-MoSe2 crystals 

The 2H-MoS2 and 2H-MoSe2 crystals were obtained by annealing 1T'-MoS2 

and 1T'-MoSe2 crystals, respectively, at 200 °C for 2 h in Ar. 
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3.3 Characterization 

 

It is required to choose proper techniques to confirm the experimental results 

such as the composition, crystal phase, morphology and other physicochemical 

properties. Especially, the way to recognize atomic arrangement is necessary to 

distinguish different crystal phase in atomically thin 2D materials. Several 

techniques have been developed for this purpose such as transmission electron 

microscopy (TEM) and Raman spectroscopy. In this section, several 

characterization techniques are briefly described for 2D TMD materials. 

 

3.3.1 Scanning electron microscopy 

 

Scanning electron microscopy (SEM) is a conventional technique extensively 

used for morphological characterization in various research field such as 

material science, chemistry, biology and etc. The SEM provides higher 

magnification than optical microscopy over two orders by replacing the light 

source with electron beam. Because the resolution of images is mainly 

determined by the wavelength of radiation and the shorter wavelength offers the 

better resolution, SEM which utilizes shorter wavelength of electrons facilitates 

high-resolution image. During irradiation of electrons to samples, various 

signals are generated with interaction between electrons and the samples 

including secondary electrons (SEs), back-scattered electrons (BSEs) and X-

rays.1 Even though the transmission electron microscopy offers higher 

magnification, the SEM is convenient to prepare specimens and affordable to 

diverse samples. 

In this thesis, the SEM images were obtained on a field-emission scanning 

electron microscope (JSM-7600F) coupled with energy dispersive X-ray 

spectroscopy (EDS). 
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3.3.2 Transmission electron microscopy 

The transmission electron microscopy (TEM) is a potent analytical technique in 

material science, chemistry and even biology2. The image from TEM is formed 

by collection of electrons which is interacted with samples as the electron beam 

is transmitted via samples. Due to the prerequisite, “transmission”, the samples 

need to be satisfied with several requirements to obtain high-resolution images. 

First, the samples are thin enough to be transmitted by the electron beam. 

Second, the samples have to be stable in high vacuum condition. Third, the 

samples should be stable under the electron beam irradiation. Up to now, the 

TEM is one of the most powerful tools to investigate nanomaterials for 

crystallinity, lattice, grain boundaries, interlayer distance and elemental 

compositions. Especially, in 2D materials research area, TEM is indispensable 

because the physicochemical properties are highly related to its crystal structure, 

atomic arrangements and chemical compositions. Even, atomic-level defects 

such as atomic substitution, doping and vacancy are able to influence to their 

properties tremendously3 due to atomically thin thickness of 2D materials. 

Therefore, it is inevitable to associate imaging techniques with atomic 

resolution for 2D material research. Additionally, because TEM enables 

selected area electron diffraction (SAED) and energy dispersive spectroscopy 

(EDS) to investigate crystal structure and chemical composition, it may have 

effectively led unprecedented pace to develop the research for 2D materials.  

 

3.3.3 Raman spectroscopy 

 

Raman spectroscopy is one of the spectroscopic technique used to characterize 

vibrational or rotational modes in molecules and materials4. It collects 

information from Raman scattering by irradiation of laser as a light source to 

samples. When the light is irradiated to samples, most of them interact with the 

samples by an elastic process (Rayleigh scattering) but a small amount of light 

is generated with inelastic scattering. In Raman study, we can obtain the 
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specific information of materials from the inelastic scattering. For 2D materials, 

Raman spectroscopy offers fast and non-destructive analysis with high spatial 

resolution which are ideal for fundamental characterization. Specifically, this 

method can effectively distinguish each 2D materials because they have 

different lattice vibrations with various chemical compositions. For example, 

MoS2 and MoSe2 are a tetragonal prismatic structure. Even though they are 

same crystal phase, MoS2 and MoSe2 have 2 and 1 Raman peaks, respectively 

because of the difference of chalcogen atom. Moreover, the Raman peaks are 

dependent on the layer numbers of several 2D materials because of the long-

range coulomb interaction5.  Therefore, it is possible to determine the material 

and layer numbers, simultaneously. 

 

3.3.4 X-ray photoelectron spectroscopy 

 

X-ray photoelectron spectroscopy (XPS) has been a widely used technique to 

study properties of atoms, molecules and surfaces such as chemical 

composition, chemical states and electronic states. The photoelectron from 

samples are generated by the photoemission process when high energetic 

electrons interact with samples. The photoemission follows an equation below: 

ℎ𝑣 = 𝐸𝐵 + 𝐸𝐾 

where hv is the initiating photon energy, EB is the electron binding energy 

relative to the vacuum level and EK is the kinetic energy of photoelectron. In 

addition, the reference of instrument needs to be considered, so that EB is 

replaced by EB + 𝜙�ref. From the binding energy, it is possible to identify the 

elemental composition at the any solid surface of materials. By XPS, the energy 

distributions of photoemission from samples can be plotted, spatial distributions 

of any specific element can be mapped, and the depth profile can be analyzed 

from 10 nm to several μm. Those functions in XPS involve unveiling the 

chemical states of elements to determine the crystal phase in TMDs. For 

example, the Mo 3d and S 2p core levels are shifted to higher binding energy up 
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to 1.1 eV when the Li coverage increases in MoS2
6. The core level shift in Mo 

and S is distinct feature to confirm each phase, including that the intercalation is 

accompanied with electron transfer between MoS2 and Li to fill in the d orbital 

of Mo. In this thesis, the elemental compositions and phases of materials were 

determined by XPS. 
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Chapter 4* 

 

1T' Phase MoS2 and MoSe2 Crystals 

 

Tremendous effort has been devoted to the phase-controlled 

synthesis of inorganic crystals, particularly the metallic-phase 

group-VI transition metal dichalcogenides (TMDs), in which the 

transition metals are Mo and W, and the chalcogens are S, Se and 

Te, because of their superior performance in electrocatalysis and 

energy storage compared with their semiconducting counterparts. 

Although several synthetic methods have been developed to prepare 

the metallic-phase MX2 (M=Mo, W; X=S, Se), the obtained products 

always coexist with the thermodynamically stable semiconducting 

phase, severely retarding the exploration of their properties and 

applications. Here, we report the preparation of metallic-phase 1T'-

MoX2 (X=S, Se) bulk crystals in large scale. The distorted 

octahedral coordination structure and intrinsic electrical property 

of 1T'-MoS2 crystals have been studied. Impressively, the 1T'-MoS2 

can be converted to 2H-MoS2 after thermal annealing and laser 

irradiation. More importantly, the results of hydrogen evolution 

reaction (HER) carried out in electrochemical microcells prove the 

crystal phase-dependent electrocatalysis of MoS2, i.e. the basal 

plane of 1T'-MoS2 is much more active than that of 2H-MoS2. 

 

* The content in this chapter has been published in Nature Chemistry (Nat. Chem. 2018, 10, 

638-643) 
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4.1 Introduction 

 

Crystal phase-controlled synthesis of inorganic materials is critically important 

since the crystal structure can significantly affect their physicochemical 

properties, such as magnetic[1], electrical[2], optical[3] and catalytic properties[4,5]. 

The group-VI transition metal dichalcogenides (TMDs), such as MoS2 and 

MoSe2, can exist in several polymorphs including 2H and 1T phases, depending 

on the coordination modes between the transition metal and chalcogen atoms[6]. 

The octahedral coordinated TMDs, i.e. 1T phase, exhibit metallic properties, 

whereas the trigonal prismatic coordinated TMDs, i.e. 2H phase, are typically 

semiconductors with band gap of 1–2 eV[7]. Importantly, the 1T phase TMDs, 

compared to the 2H phase TMDs, show superior performance in the catalytic 

hydrogen evolution and energy storage, since the charge transfer resistance is 

dramatically reduced in the metallic phase[8-10].  

Until now, several strategies have been used to synthesize metallic-phase 

group-VI TMDs, such as the flux method[11], alkali metal intercalation[12-14], e-

beam irradiation[15], plasma hot electrons transfer[16], mechanical strain[17], 

colloidal synthesis[18] and hydrothermal reaction[19]. However, the 1T phase of 

MX2 (M=Mo, W; X=S, Se) is metastable and easily converted to the stable 2H 

phase[10]. Except the thermodynamically stable 1T'-MoTe2 and 1T'-WTe2
[11], the 

aforementioned methods can only produce the mixture of metallic and 

semiconducting phase TMD nanomaterials with lateral size less than 10 

μm[10,14,19], which severely retards the exploration on the electrical properties of 

metallic-phase MX2 and their applications. Therefore, it is of critical importance 

to develop a method for producing metallic-phase MX2 (M=Mo, W; X=S, Se) 

bulk crystals and then revealing their crystal phase-based properties and 

applications. 

Here, we report a facile method for the crystal phase-controlled synthesis of 

1T'-MoX2 (X=S, Se) crystals with lateral size up to hundreds of micrometers, 

which have been characterized by the aberration-corrected scanning 
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transmission electron microscopy (STEM), X-ray photoelectron spectroscopy 

(XPS), X-ray absorption fine structure (XAFS) and Raman spectroscopy. The 

phase transformation from 1T'-MoS2 to 2H-MoS2 has been achieved using both 

thermal annealing and laser irradiation. Furthermore, as a proof-of-concept 

application, three kinds of electrochemical microcells with 1T'-MoS2 or 2H-

MoS2 as working electrode have been fabricated. Our results demonstrate that 

the basal plane of 1T'-MoS2 is highly efficient for HER with an onset 

overpotential of only 65 mV and a current density (j) of 607 mA cm-2 at an 

overpotential (η) of 400 mV (vs. RHE) as compared to that of 2H-MoS2. 

 

4.2 Results and discussion 

 

4.2.1 Crystal structure of 1T'-MoS2 

 

The crystal structures of 2H- and 1T'-MoS2 are illustrated in Fig. 4.1, showing 

the symmetry difference between the trigonal prismatic coordinated 2H-MoS2 

and the distorted octahedral coordinated 1T'-MoS2
[6,20].  

 

Figure 4. 1 Schematic illustration of 2H- and 1T'-MoS2 structures. 

 

The synthetic method of 1T'-MoS2 crystals is shown in detail in the Chapter 3. 

The scanning electron microscopy (SEM) image shows that the layered 1T'-

MoS2 crystals with lateral size up to hundreds of micrometers have been 

obtained (Fig. 4.2a). The energy-dispersive X-ray spectroscopy (EDS) gives 

strong signals of Mo and S elements with atomic ratio of ~1:2 (Fig. 4.2b), 

which is in consistent with the composition of MoS2.  
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Figure 4. 2 (a) SEM image and (b) EDS spectrum of the prepared 1T'-MoS2 

crystals. Inset in (a): A digital photograph of the obtained 1T'-MoS2 crystals. Inset in 

(b): Atomic ratio of Mo and S obtained from the EDS spectrum. 

 

The atomic structure of single-layer 1T'-MoS2, obtained by mechanical 

exfoliation of 1T'-MoS2 crystal, is revealed by STEM (Fig. 4.3a). The 

alternating one-dimensional bright and dark stripes are clearly observed, arising 

from the asymmetric distribution of Mo and S atoms, which is consistent with 

the structure of 1T'-MoS2 as shown in Fig. 1a. Moreover, the corresponding fast 

Fourier transform (FFT) image (inset of Fig. 4.3a) proves the as-prepared 

layered 1T'-MoS2 crystals with distorted octahedral coordinated structure. The 

selected area electron diffraction (SAED) patterns (Fig. 4.3c) obtained at 

different positions of one 1T'-MoS2 crystal prove its distorted octahedral 

coordinated structure.  

 

Figure. 4. 3 (a) STEM image of single-layer 1T'-MoS2 nanosheet. Inset: The 

corresponding FFT diffraction. (b) TEM image of a typical 1T'-MoS2 crystal. (c) 

SAED patterns obtained from the corresponding positions in (b). The scale bars in (c) 

are 2 1/nm. 
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Based on the X-ray diffraction (XRD) characterizations (Figs. 1d,e), the peaks 

of 1T'-MoS2 shift towards the higher degree as compared to the 2H-MoS2 

obtained by annealing 1T'-MoS2 in Ar atmosphere at 200 oC for 2 h, consistent 

with their crystal structures[8]. Atomic force microscopy (AFM) characterization 

(Fig. 4. 5) reveals that the thickness of single-layer 1T'-MoS2 nanosheet 

obtained by mechanical exfoliation is ~0.9 nm. All the aforementioned results 

confirm that 1T'-MoS2 crystals have been successfully synthesized.  

 

Figure 4. 4 (a) XRD patterns of 1T'-MoS2 crystals and 2H-MoS2 crystals obtained 

by annealing 1T'-MoS2 crystals. (b) Magnified XRD patterns of the (002) peaks of 1T'- 

and 2H-MoS2 crystals, i.e. the red dashed area in (a). 

 

Figure. 4. 5 (a) AFM image of mechanically exfoliated 1T'-MoS2 nanosheet. (b) 

The thickness of single-layer 1T'-MoS2 nanosheet measured from the corresponding 

white dotted line in (a). 

 

4.2.2 Characterizations of 1T'- and 2H-MoS2 

 

To study the thermostability of 1T'-MoS2 crystals, thermal gravimetric (TG) and 

differential scanning calorimetry (DSC) were performed in Ar atmosphere from 

40 to 200 oC (Fig. 4.6a). An exothermic peak centered at 97.2 oC was observed. 
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However, the weight was preserved with the increase of temperature, indicating 

the phase transformation from the metastable 1T' phase to the 

thermodynamically stable 2H phase. Furthermore, TG-DSC was performed on 

the 2H-MoS2 crystals (Fig. 4.6b), in which no exothermic peak appeared in this 

process, confirming that the thermal annealing can transform 1T'-MoS2 to 2H-

MoS2, and the obtained 2H-MoS2 crystals are thermodynamically stable. 

Moreover, the 1T'-MoS2 and thermal-induced 2H-MoS2 crystals are 

investigated by XPS (Fig. 4.7). The Mo 3d peaks of 1T'-MoS2 located at 228.3 

and 231.4 eV are corresponding to 3d5/2 and 3d3/2, respectively. Both of them 

showed shift of ~0.8 eV to lower binding energy as compared to the 2H-

MoS2
[21].  

 

Figure 4. 6 (a) TG-DSC curves of 1T'-MoS2 crystals. (b) TG-DSC curves of 2H-

MoS2 crystals. 

 

Figure 4. 7 XPS Mo 3d spectra of 1T'-MoS2 crystals and 2H-MoS2 crystals 

obtained by annealing 1T'-MoS2 crystals. 
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The XAFS spectra showed the lower chemical state in 1T'-MoS2 crystals owing 

to the enrichment of electron on the surface (Fig. 4.8a) [15]. The variation 

tendency of interatomic distances for different shells obtained by theoretical 

calculation is consistent with the experimental XAFS results (Fig. 4.8b), 

confirming the thermal-induced phase transformation from the 1T'-MoS2 

crystals to 2H-MoS2 crystals[22]. Furthermore, the thermal-induced phase 

transition process was confirmed by STEM (Fig. 4.9), in which the Mo zigzag 

chains in 1T'-MoS2 were changed to the hexagonal arrangement in 2H-MoS2. 

Simultaneously, S atoms arranged in asymmetry hexagonal structure around 

Mo atom in 1T'-MoS2 were altered to the hexagonal arrangement with trigonal 

prismatic coordination with Mo in 2H-MoS2.  

 

Figure 4. 8 (a) Normalized XAFS spectra and (b) the corresponding Fourier 

transform of 1T'- and 2H-MoS2 crystals. Inset in (b): Calculation results of the 

average Mo-S and Mo-Mo interatomic distances in 1T'- and 2H-MoS2 crystals. 

 

Figure 4. 9 STEM images of the single-layer 1T'-MoS2 nanosheet before (a) and 

after (b) thermal annealing. Scale bars: 1 nm. 
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The Raman spectra of 1T'- and 2H-MoS2 flakes are presented in Fig. 4.10a. The 

2H-MoS2 flakes were prepared by annealing the 1T'-MoS2 flakes obtained by 

mechanical exfoliation of 1T'-MoS2 crystals. Two main Raman modes, i.e. A1g 

and E2g, exist in as-obtained 2H-MoS2 flakes. This result is consistent with the 

natural 2H-MoS2 flakes[23]. As shown in Fig. 4.10a and Table 4.1, the distinct J1, 

J2, J3 and A1g peaks appeared, while the characterization Raman peaks for 1T-

MoS2, i.e. Eg (258 cm-1) and Ag (357 cm-1), and the characteristic E2g peak (380 

cm-1) for 2H-MoS2 were absent in the 1T'-MoS2 due to the broken structural 

symmetry[24,25], revealing that our method has been successfully used to 

synthesize 1T'-MoS2 crystals. The photoluminescence (PL) spectra of 2H- and 

1T'-MoS2 flakes are shown in Fig. 4.10b. Different from the metallic 1T'-MoS2, 

two PL peaks, originated from the combination of interlayer coupling and spin-

orbit coupling of 2H-MoS2, are present, implying the bandgap opening of MoS2 

after the thermal annealing process[26].  

 

Figure 4. 10 (a) Raman and (b) PL spectra of 1T'-MoS2 flakes and 2H-MoS2 flakes 

obtained by annealing 1T'-MoS2 flakes. 

 

Table 4. 1 Comparison of Raman peaks for MoS2 with different crystal phases. 
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Importantly, our method can also be used to synthesize the metallic 1T'-MoSe2, 

which can also be converted to the stable 2H-MoSe2 after thermal annealing, 

proving the generality of our method for preparation of metallic-phase bulk 

TMDs crystals (Figs. 4.11–14).  

 

Figure 4. 11 (a) SEM image and (b) EDS spectrum of the prepared 1T'-MoSe2 

crystals. Inset in (b): Atomic ratio of Mo and Se obtained from the EDS spectrum. 
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Figure 4. 12 (a) XRD patterns of 1T'-MoSe2 crystals and 2H-MoSe2 crystals 

obtained by annealing 1T'-MoSe2 crystals. (b) Magnified XRD patterns of the (002) 

peaks of 1T'- and 2H-MoSe2 crystals, i.e. the red dashed area in (a). 

 

Figure 4. 13 DSC curves of 1T'- and 2H-MoSe2 crystals. 

 

Figure 4. 14 XPS Mo 3d spectra of the 1T'- and 2H-MoSe2 crystals. 

 

 4.2.3 Laser-induced phase transformation from 1T'-MoS2 to 2H-MoS2 

 

To achieve the controlled phase transformation from 1T'-MoS2 to 2H-MoS2, 

local phase patterning on a 1T'-MoS2 flake was implemented by using laser 

irradiation. After two circular regions in a 1T'-MoS2 flake were irradiated by 

laser, their color was obviously changed (Fig. 4. 15). Furthermore, the confocal 

Raman and PL were used to characterize the 1T'-MoS2 flake before and after 

laser irradiation. The signals of J1 mode of the 1T'-MoS2 flake before and after 
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the laser irradiation at the circular regions are shown in Fig. 4. 16a and 4. 16b, 

respectively. It can be found that the signals of J1 mode on the circular regions 

were extinct after laser irradiation. However, the signals of E2g mode of the 2H-

MoS2 were observed on the circular regions after the laser irradiation (Fig. 4. 

16c). Furthermore, the PL signals of 2H-MoS2 appeared on the circular regions 

after laser irradiation (Fig. 4. 16d). The corresponding Raman and PL spectra 

obtained from the laser-irradiated circular regions are displayed in Fig. 4. 16e 

and 4. 16f, respectively, showing the characteristic peaks of 2H-MoS2. 

Importantly, the typical Raman peak of MoO3 (~820 cm-1) was not detected at 

the position of phase transformation (Fig. 4. 16e) [27]. All these results proved 

the phase transformation from 1T'-MoS2 to 2H-MoS2 in the selectively laser-

irradiated regions.  

 

 

Figure 4. 15 Optical images of a 1T'-MoS2 flake before (a) and after (b) laser 

irradiation at two white dotted circular regions. 
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Figure 4. 16 (a, b) Raman mapping images of a 1T'-MoS2 flake obtained in the J1 

vibrational mode before (a) and after (b) laser irradiation at two white dotted circular 

regions. (c) Raman mapping image of the flake in (b) obtained in the E2g vibrational 

mode. (d) PL mapping image (580-755 nm) of the flake in (b). The green dashed lines 

in (a-d) represent the edge of MoS2 flake. The scale bars in (a-d) are 2 μm. (e) Raman 

spectrum at the laser irradiated region, i.e. the red circle in (c). (f) PL spectrum at the 

laser irradiated region, i.e. the black circle in (d). 

 

 

4.2.4 Phase-dependent HER measurements in electrochemical microcells 

 

As a proof-of-concept application, after three kinds of electrochemical 

microcells, i.e. EM-1, EM-2, and EM-3, were fabricated (Fig. 4. 17a, see the 

Experimental Section), they were used for the electrocatalytic HER 
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measurements of the MoS2 nanosheet exposed to the electrolyte (0.5 M H2SO4) 

(Figs. 4. 17b,c).  

 

Figure 4. 17 (a) Schematic illustration of fabrication of three kinds of 

electrochemical microcells (EM-1, EM-2 and EM-3). (b) Scheme of the 

electrochemical set-up for the electrocatalytic HER measurement on electrochemical 

microcells. (c) Photograph of the electrochemical set-up for the electrocatalytic HER 

measurement on electrochemical microcells. 

 

Our measurements proved the contacts between the MoS2 nanosheet and the 

Cr/Au electrodes are Ohmic contact for EM-1 and EM-2, and Schottky contact 

for EM-3 (Figs. 18-20).  

The linearity of drain current (Id) depending on the drain voltage (Vd) in 1T'-

MoS2 nanosheet-based device proves the Ohmic contact between the 1T'-MoS2 

nanosheet and the Cr/Au electrodes. The gate voltage (Vg) has no effect on the 

Id, indicating the typical metallic properties of the 1T'-MoS2 nanosheet with 

conductivity in range of 700-1000 S/m, which is calculated by Equations (1) 

and (2).  

𝐺 =
𝐼

𝑉
= 𝜎

𝐴

𝑙
                                      (1) 

𝜎 =
𝐼 × 𝑙

𝑉 × 𝐴
                                      (2) 
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where G (A/V) is conductance, V is voltage (V), I is current (A),  𝜎 is electrical 

conductivity (S/m), A is cross-sectional area of the conductor (m2) and 𝑙 is the 

length of conductor (m). 

 

 

Figure 4. 18 (a) Optical image of as-prepared 1T'-MoS2 nanosheet-based device. (b) 

The conductance of 1T'-MoS2 nanosheet-based device measured at gate voltage (Vg) 

ranging from -30 to 30 V. 

 

In the 2H/1T'-MoS2 nanosheet-based device, the 2H-MoS2 channel was 

prepared in the 1T'-MoS2 nanosheet. The two parts of 1T'-MoS2 connected to 

the Cr/Au electrodes were linked by the 2H-MoS2 channel (Fig. 4. 19a). The 

contacts between the 1T'-MoS2 nanosheet and the Cr/Au electrodes, and 

between 2H-MoS2 and 1T'-MoS2 in the 2H/1T'-MoS2 nanosheet are Ohmic 

contact based on the linearity of Id depending on Vd (Fig. 4. 19b). It 

demonstrates that, during the HER measurement in EM-2, the electrons are 

transported from the Cr/Au electrode to the exposed area of 2H-MoS2 via the 

Ohmic contact with the linkage of 1T'-MoS2 between them, ensuring a highly 

efficient charge transport. In the 2H/1T'-MoS2 nanosheet-based device, the 

conductance depending on Vg was observed, further confirming the 

transformation of channel material from metallic 1T' phase to semiconducting 

2H phase. It can be calculated that the on/off ratio of the 2H/1T'-MoS2 

nanosheet-based device prepared by laser-induced phase patterning is ~103 (Fig. 

4. 19c). These results demonstrated that 2H channel with high quality can be 

obtained through laser-induced phase patterning. 
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Figure 4. 19 (a) Optical image of as-prepared 2H/1T'-MoS2 nanosheet-based device. 

(b) The conductance of 2H/1T'-MoS2 nanosheet-based device measured at Vg ranging 

from -30 to 30 V. (c) Gate-voltage-dependent drain current (Id-Vg) of 2H/1T'-MoS2 

nanosheet-based device at drain voltage (Vd)=1 V. 

 

The nonlinearity relationship between Id and Vd reveals the Schottky contact 

between the 2H-MoS2 nanosheet and the Cr/Au electrodes. Its conductance is 

dependent on the Vg, confirming the n-type semiconducting properties in the 

2H-MoS2 nanosheet (Fig 4. 20). 

 

 

Figure 4. 20 (a) Optical image of as-prepared 2H-MoS2 nanosheet-based device. (b) 

The conductance of 2H-MoS2 nanosheet-based device measured at Vg ranging from -

30 to 30 V. 

 

As shown in Figs. 4. 21a and b, the basal plane of 1T'-MoS2 in EM-1 shows 

remarkable HER performance with an onset overpotential of 65 mV and a 

current density of 607 mA cm-2 at 400 mV (vs. RHE). However, in EM-2, after 

laser-induced phase transformation from 1T' to 2H in the exposed basal plane 

area of 1T'-MoS2 nanosheet, the HER performance dramatically decreased with 
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onset potential of 200 mV and a current density of 43 mA cm-2 at 400 mV (vs. 

RHE) (Figs. 4. 21a,b). After thermal annealing of EM-2, the phase of whole 

MoS2 nanosheet changed from 1T' to 2H, resulting in the further decrease of the 

HER performance in EM-3 due to the Schottky barrier, i.e. high contact 

resistance, between the 2H-MoS2 nanosheet and the Cr/Au electrodes (Fig. 4. 

22) [28,29]. The aforementioned results demonstrate that the basal plane of 1T'-

MoS2 is much more active in the electrocatalytic HER compared to that of 2H-

MoS2, which could be attributed to the intrinsic distorted octahedral crystal 

structure in 1T'-MoS2
[20]. In addition, the metallic phase 1T'-MoS2 shows better 

charge transport ability compared to the semiconducting 2H-MoS2, contributing 

to the high HER performance, which is consistent with a previous report[30]. 

Although extensive research efforts have been devoted to investigation of the 

role of edges, doping, defects, and strain of TMDs and charge transport between 

TMDs and electrodes in electrocatalytic performances[30-32], our metallic phase 

1T'-MoS2 crystals provide a unique opportunity to study the effect on 

electrocatalysis solely based on the crystal phase. Our results proved the crystal 

phase-dependent electrocatalysis, offering a new insight into the design and 

synthesis of highly efficient catalysts. 

 

 

Figure 4. 21 (a) Polarization curves obtained in EM-1, EM-2 and EM-3. Inset: 

Optical microscope image of EM-1. Scale bar: 20 μm. (b) Tafel plots obtained from 

the polarization curves in (a). 
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Figure 4. 22 Arrhenius plots of the conductance for 1T'-, 2H/1T'- and 2H-MoS2 

nanosheet-based devices at Vg=40 V. The results confirm the high Schottky barrier 

between the 2H-MoS2 nanosheet and the Cr/Au electrodes. 

 

4.3 Conclusion 

 

In summary, we report a facile and robust method to prepare the 1T'-MoX2 

(X=S, Se) crystals. The distorted octahedral coordination structure in 1T'-MoS2 

crystals is confirmed by the STEM, XPS, XAFS and Raman spectroscopy. The 

intrinsic optical and electrical properties of as-obtained 1T'-MoS2 are 

characterized. The laser- and thermal-induced phase transformation from 1T'-

MoS2 to 2H-MoS2 crystals has been achieved. Three kinds of electrochemical 

microcells used for the electrocatalytic HER measurements are constructed. The 

remarkable HER performance on the basal plane of 1T'-MoS2 was found with 

an onset overpotential of 65 mV and a current density of 607 mA cm-2 at 400 

mV (vs. RHE), which is among the best in the MoS2-based electrocatalysts. The 

excellent HER performance originates from the higher active basal plane and 

better charge transport ability of 1T'-MoS2 compared to that of 2H-MoS2. Our 

findings could open up a new avenue for preparation of metastable metallic-

phase TMDs, and exploration of crystal phase-dependent properties and 

applications in electrochemical devices, catalysis, and so on. 
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 Chapter 5  

 

Skin-inspired MoS2 tactile sensor 

 

Human skin plays a key role to communicate with circumstance by 

perception of the pressure, temperature, vibration, and etc. To mimic 

the human skin by electronics so-called e-skin, various electronic 

devices have been developed with functional nanomaterials, and 

some 2D materials are considered as one of the functional materials 

due to the electrical properties, chemical stability and high surface 

area to volume ratio. Particularly, MoS2 thin film prepared by the Li 

intercalation method exhibited promising properties for the tactile 

sensors. In this chapter, I demonstrate a skin-inspired MoS2 touch 

sensor with recognizing touch and press. 
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5.1 Introduction 

 

Human skin, a largest sensory organ covering our entire body, is 

multifunctional sensory system to recognize various external stimuli, allowing 

us to communicate and interact with circumstance. Due to the demand in 

wearable electronics, robotics and so on[1], the effort to make the artificial 

electronic skins (E-skin) has been boosted to mimic functions of the human skin 

which is possible to perceive the temperature and mechanical force including 

stretching, bending and touch. Capabilities such perceptions may enable them 

to extend their utilization such as diagnostic devices for real-time healthcare by 

monitoring hear rate and body temperature, and prosthetics[2,3]. 

Haptic perception of human skin is facilitated by four different 

mechanoreceptors which are 241 ea per square centimeter in fingertips and 58 

in the palm and distributed in the various range of depth below the skin[4]. The 

four receptors are Pacinian corpuscle, Ruffini corpuscle, Merkel receptor and 

Meissner corpuscle classified by sensory function, stimuli and its locations. 

Pacinian corpuscle and Meissner corpuscle, called rapidly adapting receptors, 

detect temporal changes from skin deformation (e.g. vibration) while Ruffini 

corpuscle and Merkel receptor, called slowly adapting receptors, are possible to 

sense stationary force from stimuli. From the mechanoreceptors, human skin is 

allowed to detect the haptic perception with spatial resolution of 0.5 to 1 mm[5], 

vibrations up to 700 Hz[6], the pressure threshold up to 0.055 g and 0.019 g on 

the fingertips of men and women, respectively[7]. The performance of human 

skin could be the aim for E-skins.  

In order to detect external stimuli in E-skins, the stimuli is required to be 

converted into electrical signals, and several strategies have been developed 

such as piezoresistivity[8,9], capacitance[10,11], piezoelectricity[12,13], 

transistor[14,15]. Especially, piezoresistive sensors have been tremendously 

studied due to proper accessibility originated from simple fabrication process 
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and high sensitivity. The sensors have commonly sandwiched structures 

consisting of flexible substrates and electrical conductive active layers. For the 

flexible substrates to provide devices with mechanical compliance, 

polydimethylsiloxane (PDMS) and its derivatives are largely used for 

supporting active materials in E-skins owing to intrinsic stretchability, easy 

figuration and commercial availability, and cellulose nanopaper[16] and silk[17]  

are also promising candidates. To find proper active materials for transducing 

external stimuli to electrical signals, electrically several conductive materials 

have been employed such as carbon nanotubes (CNT)[18,19], graphene[20,21], 

conductive nanowires[22,23]. Even though tremendous research effort has been 

made successful approach to the similar sensitivity with human skin[24,25], there 

are still remained obstacles to overcome for practical application with cost-

effective, multifunctional and high sensitivity. 

Transition metal dichalcogenides (TMDs) are a part of layered materials 

consisting of transition metal layers which is sandwiched by two chalcogen 

atoms. They are able to be exfoliated into single layer nanosheet structures by 

physical and chemical methods[26,27], allowing them to use as solution-

processable materials. The nanosheets ink has great potential into electronics 

due to cost effectiveness and easy fabrication process[28], but they have  not 

vigorously been studied in pressure sensor, yet. 

Herein, I demonstrate a skin-inspired sensor that is possible to distinguish touch 

and pressure by mimicking rapidly adapting receptors and slowly adapting 

receptors by using MoS2 nanosheet solution. The thin-film prepared by 

nanosheet solution are electrically conductive and the resistivity and 

transparency could be controlled by the amount of nanosheet solution. The 

skin-inspired MoS2 sensor distinguished a touch of bare fingertip, and the touch 

and pressure could be discriminated by the different pattern from electrical 

signals.  
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5.2 Results and discussion 

 

5.2.1 Characterization of the MoS2 thin film 

For the preparation of nanosheet solution, 50 mg of MoS2 powders of were 

dispersed in 5 ml of 2 M N-butyl lithium in cyclohexane in glove box at room 

temperature. The vial with the mixed solution was stagnated for 2-3 days for the 

reaction. After the reaction, the supernatant was carefully decanted to a cleaned 

container and washed it by hexane for 2-3 times. The solution was further 

washed 2-3 times with deionized water by centrifugation (3000 rpm). The 

washed precipitation was dispersed into deionized water by sonication process. 

The aqueous MoS2 solution was used for fabricating a MoS2 film with the 

thickness of around 1-2 μm on AAO (anodic aluminum oxide) membrane with 

pore size of 200 nm by a vacuum filtration (Fig. 5.1a).  

 

 

Figure 5. 1 (a) An optical and (b) SEM image of MoS2 film in AAO membrane by 

a vacuum filtration method. 

The MoS2 film is able to be transferred to other substrates. In this experiment, I 

transferred the thin film onto PDMS substrates for flexible devices.  
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Figure 5. 2 Optical images for a transfer process of MoS2 thin film. 

For the transfer, at first, the MoS2 film is required to be fully dried to prevent 

from the surface interaction between MoS2 film and PDMS by water. On the 

dried MoS2 film, PDMS substrate was placed, and to make flawless contact 

between two layers, I used vacuum filtration as shown in Fig 5.2a. As a result 

of the process, MoS2 thin film was transferred to PDMS layers with high 

transparency. In contrast, thicker MoS2 film was transferred to PDMS 

substrates without vacuum filtration method (Fig. 5.2c). By using both methods, 

I controlled the transparency and resistivity of the MoS2 thin film. 

 

5.2.2 Electrical property of a MoS2 thin film 

The electrical property was characterized for a transferred MoS2 film on a 

PDMS substrate by the electrical contact with the silver paste (Fig. 5.3a). 

Figure 5.3b shows the I-V characteristic of MoS2 thin film device without any 

applied pressure, the resistance of the device was 200 kΩ. The electrical current 

was efficiently modulated by the pressure generated from a finger. When the 

pressure was applied to MoS2 pressure sensor, the region was deformed with 

increasing the number of the nanosheet contacts by compression of MoS2 thin 

films. It could improve the conductance by increasing percolating pathways of 

the device.  
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Figure 5. 3 (a) An optical image of a MoS2 thin film device. (b) I-V characteristics 

of a MoS2 thin film device and its response from pressure (c). 

 

Figure 5. 4   

 

5.2.3 Response of touch and press from a MoS2 tactile sensor 

To further confirm the availability of the MoS2 thin film as a skin-inspired 

touch sensor, the thin films were integrated as a sandwiched structure by PDMS 

substrates as shown in Fig. 5.4a. The electrical contact was made by conductive 

copper tapes. Interestingly, from the electrical signals, it was possible to 

distinguish touch and sustained pressure in this device. Figure 5. 4b shows the 

electrical signal from a finger touch. When a finger touched to the surface of the 

device, it generates a sharp spike signal, and then the electrical conductance 

was maintained at a certain level during an applying pressure from the finger. In 

the end, the electrical signal was decreased with the removal of a finger. The 

sharp spike signal which is indicative to the touch could be attributed to the 

triboelectric effect between a fingertip and a PDMS layer. The operating 

mechanism was explained by coupling of contact charges between two 
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materials and electrostatic induction[29]. To further confirm the reason of a sharp 

spike signal, the current and voltage were monitored simultaneously during a 

finger touch on the device. With the finger touch, electrical voltage was 

generated at the same time at the point of the sharp spike signal (Fig. 5.4c). 

From the result, it is assumed that the electrical signal was generated by a 

voltage from the triboelectric effect between a fingertip and PDMS. Therefore, 

the MoS2 touch sensor is available to distinguish the touch and press by 

triboelectric and piezoresistive effect, respectively.   

 

5.3 Conclusion 

In conclusion, a skin-inspired MoS2 touch sensor was demonstrated with 

recognizing touch and press. The MoS2 prepared by Li intercalation method 

was easily fabricated and transferred to PDMS substrates, and electrically 

conductive. Instant touch and sustained pressure were able to detect by a sharp 

spike signal and increased current originated from triboelectric and 

piezoresistive effect. In fact, when people grip and lift any objects, human skin 

provides human median nerve with distinct signals, enabling the brain to 

distinguish the touch and press[30]. Therefore, this result shed light on the cost-

effective development for tactile sensors to handle with complex tasks. 
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Chapter 6  

 

Discussion and Future Work 

 

This chapter offers a general discussion to conclude this thesis and 

discusses the originality of the research in this thesis. Additionally, 

the reconnaissance works are elaborated, which can be 

implemented in the future, based on researches in this thesis. 
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6.1 General discussion 

 

This thesis describes on the phase-controlled design and synthesis of group VI 

transition metal dichalcogenides, i.e., MoS2 and MoSe2. The physicochemical 

properties are characterized to confirm the different phases, and optical and 

electrical properties are further investigated depending on each phase. 

Moreover, it is studied that electrochemical property for HER on the basal plane 

of MoS2 is dependent on different phases.  

 

6.1.1 Discussion on the 1T' Phase MoS2 and MoSe2 Crystals 

 

In this section, a facile method was described for the crystal phase-controlled 

synthesis of 1T'-MoX2 (X=S, Se) crystals. The size of crystals are up to 

hundreds of micrometers which is enough to characterize its intrinsic properties. 

Based on the prepared materials, the unique properties in 1T'-MoS2 were 

investigated such as zigzag Mo atoms structure, Raman spectrum and metallic 

electrical property by STEM, Raman spectroscopy and conventional electrical 

measurement system. Phase transition from 1T' to 2H phase was achieved by 

thermal annealing and laser irradiation for bulk and selected area, and it was 

confirmed that the materials properties were dramatically changed in different 

phases. Based on aforementioned findings, three different electrochemical 

microcell were designed to demonstrate phase-dependent HER on the basal 

plane of MoS2. 

 

6.1.2 Discussion on the skin-inspired MoS2 tactile sensor 

 

In this section, by using metallic MoS2 nanosheets, I have demonstrated a skin-

inspired MoS2 touch sensor with recognizing touch and press. The MoS2 thin 

films were cost-effectively fabricated by solution process such as Li 

intercalation and vacuum filtration method. At first, the prepared MoS2 thin 
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film exhibited electrical conductive property with metal contacts.  The electrical 

conductance was modulated external stimuli such as touch and press from 

fingertips. From the electrical signals, it was possible to investigate mechanisms 

to generate two shapes of signals, allowing us to recognize the moment of touch 

and press. Therefore, I believe this result shed light on the cost-effective 

development for tactile sensors to handle with complex tasks. 

 

6.2 Reconnaissance work 

 

Although some works have been reported on phase-controlled synthesis and 

related research in this thesis, there are opportunities to do further research in 

this field. Based on the current progress in this thesis, I will give a discussion 

on potential works. 

 

6.2.1 Phase-controlled synthesis for other group VI TMDs 

 

In chapter 4, the phase-controlled synthesis for 1T'-MoS2 and MoSe2 is clearly 

demonstrated. I think that there are two main factors for this process; the 

potassium molybdenum oxide, a precursor for 1T'-MoS2, and flux method 

process. Especially, the potassium in the precursor may act as an electron donor 

into Mo atoms, which is similar to the phenomena from Li intercalation. Once 

this precursor and process are successful to prepare 1T' phase materials, it is 

plausible that the other group VI TMDs can be fabricated by similar precursor 

and process such as 1T'-WS2 and WSe2, because the tungsten (W) has similar d 

orbital state from electron configuration in the same group VI with 

molybdenum. Therefore, this method can be extended into other group VI 

TMDs for phase-controlled synthesis. 

 

6.2.3 In-plane anisotropic properties of metallic 1T' Phase MoS2 
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Among polymorphs in 2D TMDs, distorted octahedral (1T') structure has 

unique structure, consisting of transition metal zigzag chains, and the structure 

induces anisotropic properties in optical and electrical properties due to broken 

lattice symmetry, while most 2D TMDs show isotropic properties.  For example, 

atomic arrangement dependent anisotropic properties have been researched for 

optical properties and electrical properties by ReS2. Similar to anisotropy of 

ReS2, angle-resolved magnetoresistance and Raman spectroscopy was reported 

in WTe2 and MoTe2, respectively. Therefore, metastable 1T' phase group VI 

transition metal dichalcogenides would be promising materials to investigate 

anisotropic properties. 
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