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ABSTRACT 
 

Layered transition metal dichalcogenides (TMDs) are particularly intriguing targets due 

to unique anisotropic quantum confinement, phase engineering enabled by rich polymorphism, 

and favorable properties for optical, electronic, magnetic and catalytic applications. Colloidal 

synthesis has been developed as a powerful and scalable solution-phase tool to access free-

standing TMD nanostructures. While several colloidal TMD nanostructures have been prepared, 

questions remain at establishing universal synthetic protocols to directly access well-defined 

nanostructures without post-annealing, delicate adjustment over chemical composition, structure 

and morphology associated with vertical thickness and lateral size, as well as understanding 

formation and transformation for the two-dimensional nanosheets. More challenges, from both 

synthesis and characterization perspectives, emerge for the colloidal synthesis of complex TMD 

species including atomically-mixed alloys and mixed-dimensional heterostructures. In this 

dissertation, I focus on the colloidal synthesis of group 6 TMD (MX 2, M = Mo, W and X = S, Se, 

Te) nanostructures, alloys and heterostructures, as well as systematic study with a suite of 

spectroscopic and microscopic techniques. Moreover, I aim to extract novel fundamental insights 

through exploring the structure-property relationship, which can trigger a wider range of 

applications based on the dimension-confined TMD nanostructures. 

I start with the colloidal synthesis of few-layer 1Tǋ-MoTe2 nanostructures (Chapter 2). 

Uniform 1Tǋ-MoTe2 nanoflowers comprised of few-layer nanosheets form directly in colloidal 

solution, with approx. 1 % lateral lattice compression compared with the bulk analogue. It is 

interesting to directly obtain the metastable monoclinic (1Tǋ) polymorph at low temperatures 

where the 2H phase should be preferred. Besides a small energy difference between 1Tǋ- and 2H-

MoTe2, and modification of the surface energy and formation barrier by organic ligands, grain 

boundary pinning facilitated by polycrystallinity and small domain size also contributes to the 
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stabilization of the metastable 1Tǋ phase as revealed by computational studies. This study 

demonstrates the capability of colloidal approaches to obtain synthetically challenging TMD 

systems.  

I then target nanostructured TMD alloys to elucidate the relationship between continuous 

adjustment of elemental composition and tunable optical properties (Chapter 3). Few-layer TMD 

alloys, MoxW1-xSe2 and WS2ySe2(1-y), exhibiting tunable metal and chalcogen compositions 

spanning the MoSe2-WSe2 and WS2-WSe2 solid solutions, respectively, are directly synthesized 

in colloidal solution. Comprehensive structural characterization of the composition-tunable TMD 

samples are presented, together with instructive chemical synthetic guidelines. Importantly, we 

are able to identify a random distribution of the alloyed elements and various types of vacancy 

sites with high-resolution microscopic imaging. The A excitonic transition of the solution-

dispersible TMD samples can be readily tuned between 1.51 and 1.93 eV via metal and chalcogen 

alloying, correlating composition modification with tunable optical properties.  

In Chapter 4, I further modify the colloidal synthetic approach to access tungsten 

ditelluride (WTe2), which exhibits exotic properties in magnetic and topological devices. 

Nanostructured WTe2 with the orthorhombic (Td) structure is directly synthesized in colloidal 

solution. Microscopic imaging monitors the anisotropic pathway by which the few-layer WTe2 

nanoflowers grow, and captures the co-existence of multiple stacking patterns of the atomically-

thin layers. In addition, nanostructured transition metal ditelluride alloys (MoxW1-xTe2) with 1Tǋ-

MoTe2 and Td-WTe2 as end members are obtained.  

Using the variety of TMD nanostructures now accessible based on our studies and 

previous reports, we investigate the solution-phase deposition of noble metals (Au and Ag) on 

transition metal disulfides (1T- and 2H-WS2), diselenides (MoSe2 and WSe2) and ditellurides 

(1Tǋ-MoTe2 and WTe2) in Chapter 5. Au3+ and Ag+ are reduced on the surface of the TMD 

nanostructures at room temperature via a spontaneous charge transfer process, and the nucleation, 
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growth, structure, and morphology of the deposited Au and Ag are highly dependent on the noble 

metal/chalcogen interface. In particular, efficient electron transfer and strong interactions between 

silver and tellurium through interfacial Ag-Te bonding lead to the deposition of single-atom-thick 

Ag layers on nanostructured 1Tǋ-MoTe2 and WTe2, producing unique monolayer coatings with 

distinct structural and energetic features. Construction of the interface-tunable hybrids indicates 

that colloidal TMD nanosheets provide a diverse platform to probe charge transfer as well as 

interfacial coupling at the atomic scale.   

In Chapter 6, I expand the knowledge gained from previous synthetic studies and exploit 

structure-property relationships of colloidal TMD nanostructures to identify new heterogeneous 

catalysts. Colloidally synthesized 2H-WS2 nanostructures are identified as active and robust 

catalysts to selectively hydrogenate nitroarenes to their corresponding anilines with molecular 

hydrogen. A broad scope of molecular substrates with reducible functional groups including 

alkynes, alkenes, nitriles, ketones, aldehydes, esters, carboxylic acids, amides, and halogens are 

tested to demonstrate the wide applicability of the 2H-WS2 nanostructures for chemoselective 

transformation of substituted nitroarenes. In addition, microscopic evidence indicates that the 

improved performance for the nanostructured 2H-WS2 compared with the inactive bulk 

counterparts is due to the existence of sulfur vacancies situated on the high surface area 

nanosheets.   
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Chapter 1  
 

INTRODUCTION  

Research in the past few decades has indicated that dimensionality plays a significant role 

in defining the properties of materials. Graphene, which contains one layer of carbon atoms, has 

exhibited numerous exotic properties compared with graphite, and triggered both fundamental 

and technological interest in two-dimensional materials.1 However, chemical inertness, intrinsic 

semi-metallic nature, and difficulties in functionalization with preserved local structures, have 

limited the wider application of graphene in various fields.2 Transition metal dichalcogenides 

(TMDs) are a series of compounds with the chemical formula of MX2, where M represents 

transition metals and X represents chalcogen atoms including S, Se and Te. Many TMDs, 

especially Group 4-7 compounds, have a graphite-like layered structure that leads to strong 

anisotropy.3 Compared with graphene, atomic TMD layers possess versatile chemical 

compositions and structures, inducing diverse opportunities for the exploration of novel 

properties and establishment of fundamental theories on the two-dimensional platform.  

Among numerous methods to approach nanomaterials, colloidal chemistry has been 

developed as a versatile and precise tool to access well-defined nanocrystals with tailored 

structures and desired properties. While synthetic protocols for metal nanoparticles, quantum 

dots, and several metal oxide and chalcogenide systems have been established through decades of 

efforts, the colloidal synthesis of nanostructured TMDs is still at an exploratory stage. It is 

appealing to study quantum confinement effects on the anisotropic architecture derived from 

complexes, molecules, and ions, and probe the nanocrystal growth pathway with thermodynamic 

and kinetic control. The unique environment in colloidal solution can also provide an entry way 
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for TMD targets that are synthetically inaccessible using traditional preparation techniques. 

Group 6 TMD compounds, including Mo- and W- disulfides, diselenides and ditellurides, have 

gained extensive interest owing to rich polymorphism and tunable optoelectronic properties with 

band gaps that overlap well with the solar spectrum.4 For this dissertation, I will mainly focus on, 

but not be limited to, the colloidal synthesis of few-layer Group 6 TMD nanostructures. Rational 

synthetic strategies, comprehensive characterization and analysis, fundamental insights extracted 

from experimental and computational discussions, and novel structure-property investigations for 

potential applications, will be highlighted. 

1.1 Structures and Properties of Transition Metal Dichalcogenides 

Distinct from graphene that has one layer of carbon atoms, TMDs have a more diverse 

and complicated array of crystal structures. Each TMD layer is composed of transition metal (M) 

atoms covalently sandwiched by two chalcogen atoms (X) to reach the MX2 stoichiometry, and 

trigonal prismatic and octahedral coordination geometries are typically adopted in TMD 

monolayers. As depicted in Figure 1-1, trigonal prismatic coordination leads to the hexagonal (H) 

phase where chalcogen atoms are vertically aligned with the AbA stacking sequence, while 

octahedral coordination forms the tetragonal (T) phase with the AbC stacking sequence where the 

chalcogen layer is shifted.3 TMD monolayers are then coupled via van der Waals interactions to 

form few-layer and bulk counterparts, and different layer stacking motifs lead to multiple crystal 

structures. Besides 1H and 1T phases, the incorporation of certain elements may also yield 1Tǋ 

structure, which is a distorted version of the 1T polymorph.5 The stacking of TMD monolayers 

with trigonal prismatic coordination can further generate the 2H phase with AbA BaB stacking 

and the 3R phase with AbA CaC BcB stacking. Generally speaking, one polymorph is 

thermodynamically favorable relative to others, but multiple coordination geometries and 
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stacking orders can co-exist in the same TMD sample, providing local structures such as grain 

boundaries and vacancies, as well as interesting observations induced by the breaking of 

symmetry.6 

Given the broad scope of elemental compositions and versatile crystal structures, TMDs 

exhibit diverse electronic properties that can be readily tailored, ranging from insulators to 

semiconductors to semimetals and true metals.2 Considering that the p orbitals contributed by the 

chalcogen atoms are located at much lower energy than the Fermi level (Ef), the electronic 

properties of TMDs are mainly defined by the filling of the transition metal d orbitals. For the 1H 

phase with trigonal prismatic coordination (D3h), the d orbitals split into three degenerate states, 

dz
2, dx

2
-y

2
,xy, and dxz,yz, with an energy gap of ~ 1 eV between dz

2 and dx2
-y

2
,xy. On the other hand, 

the d orbitals degenerate into dxy,yz,zx and dx2
-y

2
,z

2 orbitals for the 1T phase with octahedral 

coordination (D3d).3 As illustrated in Figure 1-2, the completely filled orbitals lead to 

semiconducting nature (group 6 TMDs), while partial filling gives rise to metallic behavior 

(group 5 and 7 TMDs).2 Relative to the influence of metal atoms, the chalcogen species have a 

minor effect on the electronic properties of TMDs. For example, the band gap of 2H-MoS2, 2H-

MoSe2 and 2H-MoTe2 decreases from 1.3 to 1.0 eV because of the broadening of the d bands.7 It 

should be noted that the filling of the transition metal d orbitals also has an impact on the 

coordination preference of TMDs.  As shown in Figure 1-2, group 6 compounds typically have 

the trigonal prismatic phases, while (distorted) octahedral coordination is favored for group 7 and 

10 TMDs. However, the phase preference is not absolute, as external treatments, such as high-

temperature annealing,8 chemical intercalation,9 mechanical strain,10 high pressure,11 and even 

flow of current12 and vacancy creation,13 can result in the formation of the metastable polymorph 

or trigger phase conversion.   

Thickness, or layer number, is another crucial factor that impacts the properties of TMDs. 

The interlayer van der Waals force is much weaker than the intralayer covalent bonds, resulting in 
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anisotropic behavior that depends on layer number. Figure 1-3 shows the band structures of 2H-

MoS2 ranging from bulk to monolayer thickness.14 Bulk and few-layer MoS2 are indirect band 

gap semiconductors with the valence band maximum (VBM) at the ũ point and the conduction 

band minimum (CBM) between the K and ũ points.  When decreasing the thickness down to a 

monolayer, MoS2 becomes a direct band gap semiconductor with VBM and CBM coexisting at 

the K point. Enhanced photoluminescence is observed for monolayer MoS2, MoSe2, WS2, WSe2, 

and 2H-MoTe2 relative to thicker samples.15,16 Besides the indirect-to-direct band gap transition, a 

series of thickness-dependent properties, including band gap opening,17 break of the inversion 

symmetry,18 controlled valley polarization,19 etc., have been observed for mono- and few-layer 

TMD nanosheets.  

1.2 Synthesis of Transition Metal Dichalcogenide Nanostructures 

Given the intriguing properties of the TMD family, numerous fabrication techniques have 

been developed to access nanostructured TMDs with tunable elemental composition, desired 

polymorph and controlled dimension. Here, we present them in two main categories: top-down 

approaches where three-dimensional TMD crystals are thinned down to two-dimensional atomic 

layers, and bottom-up alternatives where basic units as molecules, compounds, complexes, and 

atoms formulate dimension-confined TMD targets through chemical or physical reactions. 

Different synthetic methods give rise to TMD nanostructures with distinct features considering 

yield, uniformity, crystallinity, lateral dimension, interlayer coupling, vacancy types, etc., leading 

to specific functionalities. 
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1.2.1 Top-down Synthetic Approaches 

Derived from the micromechanical cleavage process to obtain graphene from graphite,20 

mechanical exfoliation has become a simple and well-established route to obtain mono- and few-

layer TMD nanosheets. TMD layers are repeatedly peeled off from the bulk counterparts through 

breaking the weak interlayer coupling and then fastened on the substrate. While high-quality 

TMD nanosheets with the lateral size ranging from 25 to 200 µm could be retrieved,21 the 

identification of monolayer samples requires preliminary optical imaging with sufficient contrast 

and resolution, and further confirmation with Raman spectra and atomic force microscope (AFM) 

techniques. Tremendous efforts have been employed to increase the yield of monolayer TMDs 

through mechanical exfoliation, such as modifying the TMD-substrate interaction with 

pretreatment (cleaning and annealing),22 and choosing a different substrate (Au film) that has 

stronger affinity than that for the commonly-used SiO2.23 In addition to the mechanical 

exfoliation assisted with scotch tape, nanomechanical cleavage has been recently developed as an 

effective tool to accurately control the layer number of TMD nanosheets with a sharp tip, and the 

whole process can be in-situ monitored with AFM or high-resolution transmission electron 

microscopy (HRTEM).24 In-depth studies on strain originating from intralayer curving and 

bending, as well as interlayer siding and kinking, can also be realized at the atomic scale.  

Mechanical exfoliation produces large-area high-quality TMDs with mono- or few-layer 

thicknesses that are ideal for the demonstration of proof-of-concept devices and observation of 

basic condensed matter physics phenomena. However, large quantities of TMD nanosheets with 

narrow thickness distributions are desired for technological applications and industrial 

manufacturing. Liquid exfoliation, a method that transforms a wide range of van der Waals solids 

to mono- and few-layer counterparts, has been investigated as a promising technique to satisfy the 

large-scale production. Coleman and co-workers pioneered the liquid exfoliation of various 
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layered compounds with ultrasonication, where the fragmentation and exfoliation of TMD 

powders results in the formation of separated, individual layers.25 The exfoliated nanosheets can 

be further separated into different categories based on thickness with post-centrifugation. 

According to the solubility parameter framework, they also indicated that the selection of solvent 

largely determines the exfoliation efficiency. High-boiling solvents including N-methyl-2-

pyrrolidone (NMP), N-cyclohexyl-2-pyrrolidone (CHP), and dimethylformamide (DMF), as well 

as low-boiling polar solvents containing surfactants and polymers as ligands, are excellent solvent 

candidates for the sonication-exfoliation process.26 To further demonstrate the applicability of 

liquid exfoliation on large-scale manufactures, they fabricated the all-printed, vertically stacked 

transistors with graphene source, drain and gate electrodes, a TMD channel, and a boron nitride 

separator, all of which come from a liquid-exfoliated nanosheet dispersion as the printer ink.27 

More optimization over network morphology and connectivity, together with the selection of 

ionic liquid, are anticipated to realize the full potential of scalable fabrication comprised of two-

dimensional ultrathin nanosheets.  

The lamellar structure of TMDs enables the accommodation of a series of electron-

donating species such as alkali metals, polymers and organometallic compounds.28 Upon 

intercalation, electrons transfer from the guest species to the d orbitals of the metal atom, 

inducing a phase transition from the semiconducting 2H phase to the metallic 1T phase. Lithium 

intercalation and exfoliation have been extensively studied due to the high reduction potential as 

well as favorable interlayer mobility. The lithiation process can be accomplished by both 

chemical or electrochemical approaches,8,29 giving rise to the formation of LixMX 2 through 

charge transfer. Through hydrolysis and ultrasonication, the lithiated TMD samples are further 

exfoliated into individual layers that disperse as colloidal suspensions. The yield of nanosheets is 

strongly correlated with the lithium intercalation degree, as partial lithiation leads to 

inhomogeneous co-existence of 2H and 1T phases. Fan et al. studied the substoichiometric 
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lithiation in MoS2 and revealed that at initial intercalation stages (x Ò 0.2 in LixMoS2), MoS2 still 

preserves the initial 2H polytype and thus it is possible to access 2H-MoS2 trilayers with the 

exfoliation yield of 11-15 %.9 Besides lithium intercalation, a variety of small molecules 

including H2O,30 NH3,31 N2H4,32 etc., have been utilized as intercalants to expand the interlayer 

distance and facilitate the exfoliation process. 

Besides exfoliation, thinning has been developed as a novel top-down strategy to peel 

ultrathin layers from multi- and few-layer TMD crystals through laser sublimation,33 thermal 

annealing,34 plasma treatments34 and chemical etching.35 While the yield is low relative to other 

exfoliation methods, thinning permits delicate control over local surface structures monitored 

with microscopic and spectroscopic characterization techniques. Li , Zhang and co-workers 

replaced the top-layer of sulfur with selenium atoms with hydrogen plasma stripping and thermal 

selenization, obtaining MoSSe Janus monolayers.36 Breaking the out-of-plane structural 

symmetry of TMD monolayers with atomic precision paves the road for future studies of 

plasmonics, piezoelectricity and spintronics based on the existence of vertical dipoles on the 

planar platform.       

1.2.2 Bottom-up Synthetic Approaches 

Chemical vapor deposition (CVD) is one of the most common approaches to synthesize 

TMD nanosheets with controlled composition, thickness, lateral size and quality. Typically, three 

categories can be used to classify the CVD process: chalcogenization of the metal precursor 

(metal or metal oxides), metal-organic chemical vapor deposition (MOCVD), and atomic layer 

deposition (ALD).37 To achieve large-area uniform layers on various substrates, numerous studies 

have been performed to investigate factors that influence nucleation, growth, and grain boundary 

formation of mono- and few-layer TMDs.38 The growth is initiated with the formation of small 
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thicker cores, and further domain expansion induces thinner edges. The final domain shape is 

closely related to the structure polytype. For instance, triangular islands are typically observed for 

2H polymorphs at early stages, and further lateral growth could form symmetric or truncated 

hexagons.39 In contrast, Td-WTe2 and 1Tǋ-MoTe2 exhibit quadrilateral shapes for monolayer 

single crystals owing to the intrinsic (distorted) tetragonal structure.40 CVD is a sophisticated 

synthetic process, as a series of experimental parameters, including growth temperature, the 

position of precursor and substrate, precursor amount, carrier gas composition and flow rate, 

reaction time, substrate types, etc., could produce samples with different morphological features 

and distinct properties. With delicate control, separate domains can merge together with well-

stitched planar boundaries instead of vertically overlapping multilayers, which is a significant 

step towards large-scale manufacture of high-quality, large-area and uniform TMD atomic 

layers.39 One important advantage of CVD is the accessibility of well-defined doping or alloying 

with a broad scope of functional elements,41 and direct growth of lateral and vertical 

heterostructures with clean atomic interfaces.42 Therefore, a key goal for developing CVD-based 

techniques is to manufacture large-area, continuous and high-quality mono- or few-layer TMD 

nanosheets on cost-effective substrates, which could be further industrialized for electronic and 

opto-electronic devices.  

In contrast to CVD that involves chemical reactions, physical vapor deposition (PVD) is 

defined as reactants and products maintaining the same chemical composition during the 

synthetic process. Thin coatings of MoS2 and WS2 prepared by PVD have been studied and 

applied in industrial fields owing to the superior stability and well-known lubricating properties.43 

The remarkable attributes discovered in recent years for atomically-thin TMD nanosheets have 

triggered new interests in PVD that starts with bulk TMD crystals or powders. In a typical PVD 

process, bulk materials are first vaporized and dissociated into molecular species, and then 

physically deposited on the substrate to build thickness-confined layers.26 The van der Waals 



9 

 

 

interaction for group 6 TMDs is weaker than that of graphite, thus PVD could be utilized to 

produce TMD nanosheets although it is not convenient to obtain graphene with the same strategy. 

PVD-synthesized TMD nanosheets are generally monocrystalline with a large lateral size, of high 

optical quality, and applicable to a variety of substrates. While complex TMD systems such as 

heterostructures and alloys have been reported with PVD,44,45 the tunability is relatively restrained 

compared with CVD given that only MX2 layers within the TMD framework can be incorporated. 

Recently, Hong et al. investigated atomic defects in MoS2 monolayers fabricated by mechanical 

exfoliation, CVD and PVD, and predicted the electronic properties according to computational 

studies.46 They found that mechanical exfoliation and CVD methods introduce mainly sulfur 

vacancies, while antisite defect with sulfur substituted by molybdenum atoms are dominant in 

samples prepared by PVD. This opens up the opportunity for novel magnetic devices since the 

anitisite defect in monolayer MoS2 is predicted to possess a magnetic moment of 2 µB, while 

pristine MoS2 is non-magnetic. Probing the local structure of TMD samples prepared with 

different techniques is appealing to understand the fabrication mechanism and rationalizing 

unique behaviors on the two-dimensional platform. 

Besides bottom-up approaches in the gas phase, wet chemical synthetic strategies are 

being developed to access TMD nanostructures in solution. Typically, wet chemical routes refer 

to chemical reactions in the liquid phase at elevated temperatures and high pressures in some 

cases to precipitate mono and few-layer TMD architectures. The nucleation and growth 

mechanism of nanostructured TMDs in liquid media are fundamentally different from the 

diffusion-driven mechanism in gas-phase synthesis, which contributes to the emergence of novel 

morphologies and new synthetic chemistry. Wet-chemical approaches can be mainly divided into 

two categories, hydro/solvothermal synthesis under high pressure in Teflon autoclaves, and 

colloidal synthesis in three-neck flask under inert atmosphere. Considering the theme of this 
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dissertation, here I briefly summarize recent developments for the colloidal synthesis of TMD 

nanostructures. 

The colloidal synthesis approach we use to access nanostructured TMDs was initially 

established for nanoscale targets with intriguing optical properties due to quantum confinement, 

such as quantum dots and noble metal nanoparticles.37 Research progress has expanded colloidal 

synthesis to the chalcogenide system comprising metal-chalcogen bonds, and tremendous efforts 

are being applied to identify empirical guidelines for controlling the crystal structure and 

morphology, as well as constructing complex heterostructures. Cheon and colleagues developed 

reliable methodologies to access a series of TMD nanostructures,47 and demonstrated that 

precursor activity and ligand capping are crucial to synthesizing monolayer TMDs with confined 

dimensions.48,49 Recently, they fabricated uniform single-layer TMD quantum dots via colloidal 

synthesis in conjunction with liquid exfoliation, and successfully probed the role of lateral 

confinement on the optical properties.50 Ozin and co-workers realized phase engineering of 1T- 

and 2H-WS2 nanostructures by including or excluding hexamethyldisilizane (HMDS), 

respectively.51 Distinct morphologies (nanosheets vs. nanoflowers) were also observed for the 

two polymorphs, which is attributed to the difference in electrostatic stabilization in colloidal 

solution. Beyond synthesis, colloidal TMD nanostructures provide a unique platform to study 

quantum confinement effects and structure-property relationship. With few-layer MoSe2 

nanoflowers, Sun et al. investigated interlayer decoupling based on a reversible and dynamic 

variation of the out-of-plane Raman vibration mode position when employing different laser 

powers.52 Zhang, Gu and colleagues reported a synthetic strategy to graft two-dimensional MoS2 

and MoSe2 nanosheets on one-dimensional Cu2-xS nanowires via epitaxial growth, which can be 

applied as promising photocatalysts towards the hydrogen evolution reaction.53 Apart from direct 

synthesis, colloidal solution function that can facilitate chemical transformations, for instance, in-

situ solution-phase annealing of chemically exfoliated TMD nanosheets54 and cation and anion 
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exchange enabled versatile tuning of chemical composition with morphology and structure 

retention.55 While synthetic protocols for transition metal disulfides and diselenides have been 

rationally designed, the synthesis of ditellurides remains comparatively unexplored. In addition, 

synthetic strategies in colloidal solution and systematic characterization implications are desired 

to approach complex systems, particularly for TMD alloys with continuously tunable 

compositions and TMD heterostructures with interfacial synergistic effects.             

1.3 Applications of Transition Metal Dichalcogenides 

Bulk group 6 TMDs, such as MoS2 and WS2, are widely utilized as solid lubricants due to 

low friction and high stability against acids and oxygen.43 Recent investigations of TMD 

nanosheets ranging from mono- to few-layer systems, has unveiled new properties that attract 

world-wide attention. Here, I briefly summarize the applications of TMDs for optics and 

electronics, catalysis, energy storage and conversion, and magnetism, highlighting the 

opportunities and challenges brought by the transition from three-dimensional bulk materials to 

two-dimensional atomic layers. 

1.3.1 Optics and Electronics 

The indirect-to-direct band gap transition for monolayer TMDs leads to pronounced 

enhancement of photoluminescence, owing to a higher efficiency during the electron-hole 

recombination process in direct band gap semiconductors.21 The color of the emitted light could 

be readily tuned in a wide energy range based on the elemental and structural diversity of the 

TMD family.41,45 Doping and alloying renders ideal continuous tuning over band gaps, and 

heterostructure formation enables unique exitonic behaviors. However, one drawback for the 
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TMD-based light emission is that the measured quantum yield (0.01-6 %) is much lower than the 

expected value for typical direct band gap semiconductors.21,56,57 Tremendous efforts have been 

made to elevate the quantum yield to a practical level. Javey and co-workers developed an air-

stable solution-based technique, where processing monolayer MoS2 with bis(trifluoromethane) 

sulfonimide, a non-oxidative organic super acid, improves the photoluminescence and minority 

carrier lifetime by more than two orders of magnitude (Figure 1-3).58 The chemical treatment also 

eliminates defects that would mediate non-radiative recombination, giving rise to a quantum yield 

of more than 95 % with a lifetime as long as 10.8±0.6 ns. 

Thickness-confined TMDs are also appealing for the fabrication of transistors in 

electronic devices. Two-dimensional TMD nanosheets have been processed as the 

semiconducting channel connected to the source and drain electrodes, and separated by a 

dielectric layer from the gate electrode. The channel conductivity is tuned by the gate electrode, 

enabling controllable flowing current between source and drain electrodes. Field-effect transistors 

based on MoS2 monolayers exhibit excellent on/off ratios (>107) for effective switching, reduced 

short channel effects due to the sub-nanometer thickness, and reasonably high mobilities.59 In 

addition, flexibility with mechanical stability and optical transparency of TMD monolayers are 

desired for next-generation nanoelectronics. Coupling the favorable electronic properties with 

acute optical sensitivity, monolayer TMDs and relevant two-dimensional heterostructures are 

demonstrated as ultrathin photodetectors and photovoltaics.4,60     

1.3.2 Catalysis 

Nanostructured TMDs have been extensively investigated as promising catalysts for 

various reactions, due to low cost, intrinsic high surface area, and controllable engineering of the 
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active sites. Here, I mainly focus on recent achievements of hydrogen evolution reaction (HER) 

and CO2 reduction driven by nanostructured TMD electrocatalysts. 

The hydrogen evolution reaction (2H+ + e- = H2, HER) is important for the production of 

hydrogen fuel and developing clean energy technology to mitigate world-wide pollution 

problems. Conventional active HER catalysts are noble metals where global scarcity and high 

cost limit their further application. As a highly active catalyst for the hydrodesulfurization (HDS) 

process,61 MoS2 has the potential to catalyze the HER reactions given mechanistic similarity 

between the HDS and HER processes.62 Nørskov and co-workers predicted a reasonably high 

HER activity for the MoS2 edge sites in acid based on the volcano plot according to density 

functional theory (DFT) computations.63 Since then, numerous experimental work has been 

performed to explore MoS2-based catalysts in acidic, neutral and alkaline conditions. Jaramillo et 

al. experimentally proved that the sulfur-terminated Mo-edges in the 2H-MoS2 nanostructures are 

active sites for the HER,64 indicating that nanostructure engineering is crucial to enhancing the 

electrochemical catalytic activity for TMDs where the bulk counterparts are not active. Various 

morphologies with large surface area, such as nanosheets,65 nanoflowers,66 and assembled films,67 

have been fabricated to enhance the HER performance of TMDs through creating more active 

edge sites. Karunadasa et al. reported the synthesis of a Mo (IV) inorganic complex, 

[(PY5Me2)MoS2]2+, that mimics the sulfur-terminated edges of MoS2, and demonstrated that 

powerful molecular catalysts could be rationally designed for the HER reaction.68     

Besides morphological design, phase engineering also plays a key role in improving the 

performance of TMD-based HER catalysts. While the HER active sites of 2H-MoS2 are well-

recognized as the edges, the large basal plane area remains inactive. Theoretical calculations 

reveal that distinct from the semiconducting basal-plan, the sulfur-terminated molybdenum edges 

are metallic.69 Inspired by this, Chhowalla and co-workers used chemical exfoliation to prepare 

metallic 1T-MoS2 nanosheets as HER catalysts and obtained a notably low Tafel slope of 40 



14 

 

 

mV/dec.65 Through controlled oxidation experiments on 1T- and 2H-MoS2 nanosheets and 

hydrogen production assessment, they demonstrated that the catalytically-inert basal plane of 2H-

MoS2 could be activated through phase conversion.  Furthermore, they probed the electrocatalytic 

performance of the chemically exfoliated WS2 nanosheets with a high concentration of the 1T 

phase, and proposed that the presence of strain as well as metallic 1T sites contribute to the 

enhanced activity and electrochemical stability.70  

Electrochemical conversion of CO2 to fuels is another appealing solution to efficiently 

utilize the ever-growing CO2 emitted to the atmosphere. Salehi-Khojin and co-workers identified 

bulk MoS2 as a robust CO2 reduction catalyst, where superior performance was obtained with a 

high current density and low overpotentials in ionic liquids. Microscopic imaging combined with 

first-principles modeling uncovered that the metallic Mo-terminated edges with high d-electron 

density favors the selective conversion of CO2 to CO.71 In addition, they designed a light-

harvesting system based on WS2 nanoflakes, which also exhibits an excellent CO2 reduction 

activity in ionic liquids.72 The designed artificial leaf mimics the biological photochemical 

process without applied potentials and achieves solar-to-fuel efficiency of ~4.6 % under sun 

illumination. 

Besides intrinsic catalytic activity, two-dimensional TMD nanostructures can also be 

applied as stable and versatile semiconducting substrates to anchor nanoscale catalysts.73 

Therefore, more catalytic systems are anticipated with TMD heterostructures, ranging from HER 

and CO2 reduction, to chemical transformations of organic molecules, and photocatalytic systems.       

1.3.3 Energy Storage and Conversion 

As van der Waals solids, TMDs are known to accommodate alkali metal cations with 

reversible intercalation-extraction process.74 Thus, TMDs are regarded as potential anode 
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materials for rechargeable lithium-ion batteries. However, compared with commercially-available 

graphite anodes, bulk TMDs are not ideal battery electrodes given the higher but not sustainable 

capacity caused by structural instability during cycling, low energy density, limited voltage 

window, and poor electrical conductivity.75 Modification of morphology, structure and 

dimensions dramatically enhances the performance of TMD-based battery electrodes. Restacking 

of the exfoliated TMD layers induces a three-dimensional architecture with loosely stacked two-

dimensional layers that could buffer the structural change during Li+ intercalation and 

deintercalation and contribute to a better cycling sustainability. On the other hand, incorporating 

carbonaceous materials such as graphene, graphene oxides, carbon fibres, and carbon nanotubes 

to form functional composites can noticeably increase the overall electrical conductivity.76 For 

MoS2/graphene composites, a specific capacity of ~1100 mAh g-1 was obtained at a current of 

100 mA g-1, with good cycling stability and high-rate performance.77 Beyond lithium-ion 

batteries, nanostructured TMDs are also implemented as active materials in novel rechargeable 

battery systems, such as sodium-ion batteries,78 lithium-sulfur batteries,79 lithium-air batteries,80 

magnesium-ion batteries,81 and so on. 

Supercapacitors are widely applied as energy storage devices with higher power densities 

relative to rechargeable batteries. The large surface area of nanostructured TMDs is beneficial for 

the application of electrical double layer capacitors (EDLCs) with charge separation at the 

electrode/electrolyte interface, and the interlayer spacing provides opportunities for the 

intercalation-derived pseudocapacitors.76 While restacking of TMD nanosheets favors the 

accommodation of structural changes during cycling for rechargeable batteries, the overall 

capacitance is diminished due to the decrease of specific surface area. To address this problem, 

Wang et al. fabricated three-dimensional MoS2 nanoflowers with two-dimensional nanosheets 

protruding from the center core. When incorporated into EDLC, the as-prepared sample delivers 

capacitances of 168 F g-1 at 1 A g-1 and 148 F g-1 at 4 A g-1, with 92.6 % capacitance remaining 
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after 300 cycles at 1 A g-1.82 Another factor that limits the implementation of TMDs as 

supercapacitor electrodes is the low conductivity. As discussed above for battery electrodes, 

hybridizing TMDs with carbon materials,83 metal foils84 and conductive polymers85 could 

improve the conductivity. On the other hand, given the diversity of the electronic properties 

depending on elemental composition and polymorphism, choosing TMDs with favorable 

conducting properties could also address this issue. With ammonia-assisted chemical exfoliation, 

Xie and co-workers assembled few-layer metallic VS2 nanosheets to construct the electrodes of 

in-plane supercapacitors, realizing a specific capacitance of 4760 µF/cm2 with superior cycling 

stability.31 Semi-metallic Td-WTe2 with few-layer thickness has also been utilized as all-solid-

state flexible supercapacitor electrode materials with excellent volumetric and power densities.86 

Chhowalla and co-workers showed that chemically exfoliated MoS2 nanosheets can efficiently 

intercalate H+, Li+, Na+ and K+ via electrochemical processes, obtaining capacitance values 

ranging from ~400 F cm-3 to ~700 cm-3 in various aqueous electrolytes.87 They also demonstrated 

that 1T-MoS2 are potential high-voltage (3.5 V) electrode candidates in organic electrolyte.     

1.3.4 Magnetism 

The overall saturated magnetization in bulk MoS2 is small, while different types of 

magnetism, including diamagnetism,88 paramagnetism89 and ferromagnetism90 have been 

observed in mono- and few-layer MoS2 samples. Intrinsic defects in the as-synthesized TMD 

nanosheets, such as edges, vacancies and grain boundaries, introduce a wide scope of magnetism 

in the local area according to theoretical and experimental explorations.6 On the other hand, 

doping TMD nanosheets with 3d transition metal atoms, as in the case of manganese doping in 

monolayer MoS2 via CVD process,91 is effective to introduce magnetic ordering and appealing 

for future studies of diluted magnetic semiconductors. Ali and co-workers reported the discovery 



17 

 

 

of an extremely large positive magnetoresistance for the layered non-magnetic orthorhombic 

WTe2, where no saturation was observed at higher applied magnetic fields.92 Chen at al. found a 

similar situation for the orthorhombic phase of MoTe2 (Td-MoTe2).93 Identifying the large 

magnetoresistance of orthorhombic transition metal ditellurides is significant for the study of 

magnetoresistivity and further applications as magnetic sensors, magnetic memory and hard 

drives. Moreover, as type-II weyl semimetals, WTe2,94 Td-MoTe2
95 and composition-adjustable 

MoxW1-xTe2 solid solutions,96 have provided inspiration for new superconductors and topological 

devices.  

1.4 Experimental Work  

In this dissertation, I focus on developing colloidal synthetic approaches to access group 

6 TMD nanostructures, ranging from synthetically challenging ditelluride systems (1Tǋ-MoTe2 

and WTe2), and composition-tunable TMD alloys (MoxW1-xSe2, WS2ySe2(1-y), and MoxW1-xTe2), to 

noble metal/TMD heterostructures, as well as nanostructured 2H-WS2 for the selective 

hydrogenation of nitroarenes. Beyond synthesis, I aim to probe fundamental questions of phase 

engineering, structure-property relationships, and interfacial interactions on the two-dimensional 

TMD platform with advanced characterization techniques and computational studies. 

In chapter 2, I report the colloidal synthesis of the monoclinic molybdenum ditelluride 

(1Tǋ-MoTe2) nanostructures. The as-prepared 1Tǋ-MoTe2 nanostructures exhibit a three-

dimensional nanoflower morphology composed of two-dimensional nanosheets. X-ray diffraction 

and Raman spectra are employed to confirm the formation of the metastable monoclinic phase of 

MoTe2, and the whole pattern fitting results indicate a ~ 1 % lateral lattice compression relative to 

the bulk counterpart. Theoretical calculations suggest that small grain sizes and polycrystallinity 

collectively contribute to the formation and preservation of the metastable 1Tǋ polymorph, instead 
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of the thermodynamically favorable 2H phase. Additionally, Raman spectra of the 1Tǋ-MoTe2 

nanostructures exhibit a laser energy dependence, which could be caused by electronic 

transitions.  

Chapter 3 describes the colloidal synthesis of transition metal dichalcogenide alloys with 

tunable optical properties. Colloidal few-layer TMD alloys, MoxW1-xSe2 and WS2ySe2(1-y), are 

prepared in colloidal solution with comprehensive adjustment over metal and chalcogen 

compositions that span the MoSe2-WSe2 and WS2-WSe2 solid solutions, respectively. Empirical 

synthetic guidelines and systematic characterization discussions are presented to unveil the 

formation process of the alloyed nanoflowers and structural transition from one end member to 

the other. The random distribution of the metal and chalcogen elements are substantiated with 

atomic-resolution microscopic analysis, where the tilt-angle dependency of the intensities of the 

high-resolution annular dark field imaging associated with distinct atomic configurations is 

explored for non-flat samples, and different types of point vacancies are identified. In addition, 

UV-vis spectra indicate that the A excitonic transition of the TMD alloy nanostructures can be 

readily tuned between 1.51 and 1.93 eV through modulating metal and chalcogen compositions. 

Chapter 4 discusses the preparation of WTe2 and MoxW1-xTe2 nanostructures as an 

expansion to complete the colloidal TMD library. Td-WTe2 nanostructures with a flower-like 

morphology are prepared following the synthetic strategy mentioned in Chapter 2. A suite of 

characterization techniques, including X-ray diffraction, X-ray photoelectron spectroscopy, 

microscopic imaging, and Raman spectra are applied to confirm the phase-purity of the as-

obtained product. Atomic-resolution microscopic analysis reveals the anisotropic formation 

pathway of the few-layer WTe2 nanostructures and co-existence of multiple stacking motifs for 

the two-dimensional WTe2 layers. I further demonstrate the versatility of the synthetic approach 

by fabricating nanostructured MoxW1-xTe2 alloys with 1Tǋ-MoTe2 and Td-WTe2 as end members, 

where elemental composition and crystal structures can be systematically adjusted. 
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Chapter 5 describes the study of depositing noble metal components (Au and Ag) on the 

nanostructures of transition metal disulfides (1T-/2H-WS2), diselenides (MoSe2 and WSe2) and 

ditellurides (1Tǋ-MoTe2 and WTe2) through a room-temperature reduction process of noble metal 

cations facilitated by a spontaneous electron transfer process. With higher Fermi energies and 

more accessible electrons originated from the semi-metallic nature, 1Tǋ-MoTe2 and WTe2 tend to 

reduce more Au3+ to form uniform nanoparticles compared with transition metal disulfides and 

diselenides, based on a series of control and competitional experiments. Reduction of Ag+ on 

transition metal disulfides and diselenides introduces a bimodal distribution of small and large Ag 

particles, mainly due to the mobility difference of Au and Ag at the noble metal/chalcogen 

interface. Interestingly, efficient charge transfer and strong interaction between Ag and Te lead to 

the formation of atomic Ag layers upon Ag+ reduction on 1Tǋ-MoTe2 and WTe2. Microscopic 

imaging, together with X-ray photoelectron spectroscopy, X-ray absorption spectroscopy and 

theoretical calculations are employed to probe the unique structural and energetic features of 

Ag/1Tǋ-MoTe2 and Ag/WTe2. Interface-tunable deposition of noble metals on nanostructured 

TMDs reveals that the two-dimensional MX2 layers can function as instructive templates to guide 

the formation and growth of noble metal components.  

Chapter 6 investigates 2H-WS2 nanostructures as active catalysts for the chemoselective 

hydrogenation of substituted nitroarenes to corresponding anilines. A broad scope of molecular 

substrates containing both nitro and other reducible functional groups including alkynes, alkenes, 

nitriles, ketones, aldehydes, esters, carboxylic acids, amides, and halogens are tested, and most of 

the nitro groups are transformed to amine groups with high yield whereas the other functional 

group remains unchanged. Recycling experiments reveal that the nanostructured 2H-WS2 

catalysts are stable after five consecutive tests, indicating the potential to be reused after being 

retrieved. In-depth microscopic investigations suggest the sulfur vacancies on the 2H-WS2 
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nanosheets are the key to driving the selective hydrogenation of nitroarenes, whereas bulk 2H-

WS2 powders are not active under the same reaction conditions.  
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1.6 Figures 

 
Figure 1-1: Different Polymorphs of monolayer and stacked monolayer TMDs: (a) 1H phase, (b) 

1T phase, (c) distorted 1T phase, (d) 2H phase, (e) 3R phase. Reproduced with permission from 

Reference 3. Copyright 2015 The Royal Society of Chemistry. 

 

 

 

 

Figure 1-2: Schematic illustration exhibiting the progressive filling of the transition metal d 

orbitals in group 4, 5, 6, 7 and 10 TMDs, where the Fermi level (Ef) is within the energy gap 

between bonding (ů) and anti-bonding states (ů*). The filled and unfilled states are in the color of 

dark and light blue, respectively. Reproduced with permission from Reference 2. Copyright 2013 

Macmillan Publishers Limited. 
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Figure 1-3: Calculated band structures for (a) bulk, (b) quadrilayer, (c) bilayer and (d) monolayer 

MoS2, where direct excitonic transition emerges at K point only for monolayer MoS2, while 

indirect transitions are observed for thicker MoS2 samples. Reproduced with permission from 

Reference 14. Copyright 2010 American Chemical Society. 

 

 

 
Figure 1-4: (a) Photoluminescence spectrum for the as-exfoliated and TFSI-treated MoS2 

monolayers at an incident power of 0.01 W cm-2. The inset shows the intensity comparison after 

normalization. Photoluminescence images of (b) the as-exfoliated and (c) TFSI-treated MoS2 

monolayers with optical images in the insets. Reproduced with permission from Reference 58. 

Copyright 2015 American Association for the Advancement of Science.  
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Terrones, M.; Schaak, R. E. Low-Temperature Solution Synthesis of Few-Layer 1T'-MoTe2 

Nanostructures Exhibiting Lattice Compression, 2830-2834, Copyright 2016 Wiley-VCH Verlag 
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Chapter 2  
 

COLLOIDAL SYNTHESIS OF 1T'-MoTe2 NANOSTRUCTURES  

2.1 Introduction  

Transition metal dichalcogenides (TMDs) of the Group VI elements, including MoS2, 

MoSe2, WS2, and WSe2, are layered van der Waals solids having fascinating properties that 

depend sensitively on the thickness and stacking registry of the metal-chalcogen slabs that 

comprise them, as well as on the crystal symmetry, coordination environment, and lattice strain.1ï

3 As a result, monolayer and few-layer TMD nanosheets have emerged as important and tunable 

materials for new applications in catalysis,4 energy conversion and storage,5 photovoltaics,6 and 

electronic and optoelectronic devices.7ï9 MoTe2 has recently become a particularly interesting 

TMD target because of its small bandgap, low thermal conductivity, and high Seebeck coefficient 

relative to its sulfur and selenium analogues,10 as well as reports of superconductivity11 and 

possible new capabilities in valleytronics.12 However, accessing two-dimensional (2-D) sheets of 

MoTe2 is more challenging than for MoS2 and MoSe2 because of synthetic issues with precursors 

and products, including oxidation,13 volatility,14 thermal instability,15 and phase targeting.16 

Solution-dispersable MoTe2 nanostructures reported previously required exfoliation of bulk 

powders17 or irregular particle mixtures18,19.  

The most stable polymorph of MoTe2 is the hexagonal 2H phase, which has trigonal 

prismatic coordination and is semiconducting with a bandgap of ~1.0 eV.8 The 1Tǋ phase, which 

is monoclinic and has a distorted octahedral coordination environment for Mo that contains in-
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plane metal-metal bonds, is stable at higher temperatures than the 2H polymorph and is 

semimetallic with bands that overlap near the Fermi level.11,16 2H-MoTe2 therefore is more 

synthetically accessible than metastable 1Tǋ-MoTe2, although there is only a small energy 

difference between the 2H and 1Tǋ polymorphs.20 This near-degeneracy is useful for some 

applications of MoTe2, such as phase-change memories and the facile creation of ohmic 

heterophase homojunctions between 2H- and 1Tǋ-MoTe2 via laser-induced patterning.21 However, 

the small energy difference between 2H- and 1Tǋ-MoTe2 makes it challenging to selectively target 

one polymorph, and subtly different synthetic parameters can lead unpredictably to the formation 

of one vs. the other. Here, we report a low-temperature solution-phase synthesis that leads 

directly to the formation of the higher-temperature 1Tǋ polymorph of MoTe2. 1Tǋ-MoTe2 forms as 

uniform nanoflowers comprised of few-layer nanosheets that exhibit a ~1% lateral lattice 

compression relative to the bulk analogue, and density functional theory (DFT) calculations 

suggest that transformation back to the more stable 2H polymorph is suppressed through grain 

boundary pinning. In addition, we discuss an observed dependence of the 1Tǋ-MoTe2 Raman 

spectra on the laser energy.   

2.2 Experimental Section 

2.2.1 Materials 

Oleylamine (technical grade, 70 %) and hexamethyldisilazane (HMDS, reagent grade, ů

99%) were purchased from Sigma Aldrich. Tellurium powder (-200 mesh, 99.5%, metal basis), 

molybdenum(V) chloride (MoCl5, 99.6%, metal basis) and oleic acid (technical grade, 90%) were 

purchased from Alfa Aesar. Tri-n-octylphosphine (TOP, ů85%) was purchased from TCI 
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America. Solvents, including toluene and ethanol, were of analytical grade. All chemicals were 

used as received without further purification. 

2.2.2 Synthesis of 1T'-MoTe2 Nanostructures 

All reactions were carried out under an argon atmosphere using standard Schlenk 

techniques and workup procedures were performed in air. 7 mL of oleylamine (21.3 mmol), 3 mL 

of TOP (6.7 mmol) and 150 mg of tellurium powder (1.2 mmol) were added to a 100-mL three-

neck flask and degassed for 30 min under vacuum at 120 °C. The flask was then heated to 260 °C 

under argon and kept at that temperature for 30 min, during which time all of the powder 

dissolved and formed a yellow solution. After cooling to 100 °C, 0.5 mL of HMDS was injected 

and the mixture was heated to 300 °C. Meanwhile, 41 mg of MoCl5 (0.15 mmol) was dissolved in 

1 mL of oleic acid (3.1 mmol) with sonication, producing a brown solution. The molybdenum 

precursor was then injected dropwise into the hot mixture at a rate of 2 mL/h using a syringe 

pump. After 30 min, the injection was completd and the heating mantle was removed to allow the 

reaction mixture to cool to room temperature. The black products were washed three times using 

a 1:1 toluene/ethanol mixture and stored in ethanol under argon. 

2.2.3 Characterization 

Powder X-ray diffraction (XRD) patterns were collected using a Bruker-AXS D8 

Advance diffractometer equipped with Cu KŬ radiation and a LynxEye 1-D detector. Whole 

pattern fitting of the XRD data was performed using MDI Jade 2010 software. Simulated XRD 

patterns were generated using the CrystalMaker/CrystalDiffract software package. Transmission 

electron microscopy (TEM) images were obtained from a JEOL 1200 EX II operating at 80 kV or 
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a Philips 420 operating at 120 kV. High-resolution TEM (HRTEM) images, dark field TEM 

images, and energy-dispersive X-ray spectroscopy (EDS) data were acquired using a FEI Titan 

G2 TEM with a spherical aberration corrector on the probe-forming lens at an accelerating 

voltage of 200 kV. ES Vision software (Emispec) was applied for EDS data interpretation. X-ray 

photoelectron spectra (XPS) were acquired using a Kratos Analytical Axis Ultra XPS. Micro-

Raman measurements were performed in a Renishaw inVia confocal microscope-based Raman 

spectrometer. The laser spot size using the 100× objective lens was approximately 1 µm. 

2.2.4 Theoretical Calculation 

DFT calculations were performed by the Vienna Ab-initio Simulation Package 

(VASP)22,23 within the generalized gradient approximation (GGA-PBE)24 using projector-

augmented waves.25,26 Total energies were converged at a plane-wave energy cutoff of 400 eV. 

Ionic relaxations for single unit cells and 5×3×1 supercells were performed with k-point grids of 

20×10×1 and 4×4×1, with an electronic convergence threshold of 10ï5 eV and force convergence 

threshold of 0.002 eV/Å. Interatomic force constants were obtained using the supercell method 

with 90 atoms for monolayer and 180 atoms for bulk to ensure convergence. The phonon 

dispersion and density of states (DOS) are calculated from the force constants using the Phonopy 

code.27 

2.3 Results and Discussion 

1Tǋ-MoTe2 was synthesized by injecting a solution of MoCl5 in oleic acid dropwise into a 

mixture of TOP, TOP-Te, oleylamine, and HMDS at 300 ̄C. It is conjectured that MoCl5 reacts 

with oleic acid to form a molybdenum oleate complex28 and that oleylamine provides a reducing 
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atmosphere,29 ultimately leading to the formation of MoTe2. Control experiments indicates that 

HMDS is required to produce crystalline, uniform MoTe2 nanostructures in high yield. After 

washing and centrifugation, the black-colored product was dispersed in ethanol and stored under 

argon. The MoTe2 product oxidizes when exposed to air for several hours, as indicated by the 

XPS data (Figure 2-1); a similar instability under ambient conditions for mechanically-exfoliated 

MoTe2 grown by chemical vapor transport has been reported previously.30 Figures 2-2 and 2-3 

show TEM images of the MoTe2 product, which consists of flower-like nanostructures having 

diameters that range from 100ï150 nm.  The nanoflowers contain aggregates of few-layer 

nanosheets that emanate from a central core, as has been observed previously for other solution-

synthesized TMD nanostructures.31 EDS data, shown in Figure 2-3d, confirms the 1:2 ratio of Mo 

to Te, and comparison of the selected area electron diffraction (SAED) pattern with the simulated 

diffraction pattern suggests the formation of 1Tǋ-MoTe2 (Figure 2-2c). 

HRTEM images, shown in Figures 2-2d, 2-2e and 2-3c, reveal multiple crystal facets due 

to the curled and aggregated nature of the nanosheets that protrude from the central core. The 

dark-field HRTEM image in the inset to Figure 2-2d shows a side view of a curled-up few-layer 

nanosheet. The observed lattice spacing of 1.4 nm, shown in the main panel of Figure 2-2d, 

matches well with that expected for the (002) plane of 1Tǋ-MoTe2. The HRTEM image in Figure 

2-2e shows that the 1Tǋ-MoTe2 nanoflowers are comprised of crystalline domains that are approx. 

10 nm in diameter with observed lattice spacings of 0.3 nm and 1.4 nm, which correspond well to 

the expected values for the (010) and (002) planes of 1Tǋ-MoTe2, respectively. As shown in the 

inset to Figure 2-2e, the simulated diffraction pattern for the [100] projection of 1Tǋ-MoTe2 

matches well, both quantitatively and qualitatively, with the fast Fourier transform (FFT) of the 

HRTEM image in Figure 2-2f.  

Powder XRD data further confirm the formation of 1Tǋ-MoTe2 and also provide 

important insights into the unique structural features of the few-layer nanosheets. Figure 2-4 
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shows the experimental powder XRD pattern for the 1Tǋ-MoTe2 nanoflowers, along with 

simulated patterns for 2H-MoTe2, 1Tǋ-MoTe2, and Td-MoTe2 for comparison. The simulated 

XRD patterns for 2H-MoTe2 and Td-MoTe2, which is a less-common higher-symmetry 

orthorhombic variant of monoclinic 1Tǋ-MoTe2,32 clearly do not match the experimental XRD 

pattern. 1Tǋ-MoTe2 appears to match qualitatively, but the peak positions of the database pattern 

diverge measurably from those of the experimental pattern, especially at higher 2q values. It 

should also be noted that the crystallinity of the as-synthesized 1Tǋ-MoTe2 nanocrystals 

compromises when exposed to air, as illustrated in Figure 2-4d. 

Figure 2-5 shows a whole pattern fitting of the experimental XRD data using 1Tǋ-MoTe2 

as the initial model. Because of the low-symmetry monoclinic crystal structure of 1Tǋ-MoTe2, the 

large number of closely spaced peaks, and a lack of peak-to-peak resolution due to the peak 

broadening that results from the nanoscale domains, only the a, b, c, and ɓ lattice parameters were 

allowed to vary while all other parameters and variables remained fixed. The primary goal of the 

refinement was to ascertain how the lattice parameters would have to change in order to better 

match the experimental data. The refinement of the 1Tǋ-MoTe2 nanoflowers reproducibly 

converged to approximate lattice constants of a = 6.25 Å, b = 3.42 Å, c = 13.79 Å, and ɓ = 93.9°.  

The value of ɓ for bulk 1Tǋ-MoTe2 is 93.96°, which matches that generated by the Rietveld 

refinement. All of the other lattice constants decreased by 0.5 ï 1.3%, suggesting that the few-

layer nanosheets that comprise the 1Tǋ-MoTe2 nanoflowers exhibit a slight compressive lattice 

strain.  Specifically, bulk 1Tǋ-MoTe2 (PDF #04-007-1140) has a = 6.33 Å, b = 3.47 Å, and c = 

13.86 Å,33 while the lattice constants for the 1Tǋ-MoTe2 nanoflowers are ï1.26%, ï 1.30%, and ï

0.51% smaller, respectively. Even with the low-symmetry crystal structure and broad peaks, the 

fit to the 1Tǋ-MoTe2 model having the refined lattice constants matches significantly better to the 

experimental data than the bulk 1Tǋ-MoTe2 data.  
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Obtaining the metastable 1Tǋ-MoTe2 phase rather than the more stable 2H polymorph is 

interesting, especially since the 1Tǋ-MoTe2 nanoflowers form directly at 300 °C, at which the 2H 

phase should be preferred. Calculations have shown that the energy difference between the 1Tǋ 

and 2H phases is smaller for ditellurides than it is for disulfides and diselenides, approaching only 

35 meV per MoTe2 unit.16 In addition, organic ligands and solvents can modify the surface energy 

and further lower the energy barrier for forming 1Tǋ-MoTe2 rather than the 2H polymorph, as 

predicted computationally and also as observed in the colloidal synthesis of 1T- and 2H-WS2 

nanosheets.34 Furthermore, among the Mo- and W-dichalcogenides, MoTe2 is most amenable to 

phase transformation under lattice strain.  Indeed, a recent study proposed that 1Tǋ-MoTe2 is more 

stable than 2H-MoTe2 under tensile strain, and this can be achieved in gas-phase synthesis by 

tuning the amount of Te.35 Collectively, these previous experimental observations and 

computational predictions help to rationalize our observed formation of lattice-compressed 1Tǋ-

MoTe2 when synthesized as few-layer nanosheet architectures at low temperatures in solution. 

It is also interesting that the 1Tǋ-MoTe2 nanoflowers do not transform back to the 2H 

polymorph. Figures 2-6 and 2-7 show the total energy plotted as a function of the lateral lattice 

constants a and b, producing a 1Tǋ/2H phase diagram for bulk and monolayer MoTe2, as 

calculated using DFT. The c axes are fixed at the experimental values for each phase while the a 

and b lattice constants vary from 5.86ï6.86 Å and 3.31ï3.71 Å, respectively. Although the energy 

minimum for the 2H phase is lower than that of 1Tǋ, the difference of only 13 and 42 meV per 

MoTe2 unit for bulk and monolayer systems is comparable to room temperature thermal energies, 

thus opening up the possibility for phase accessibility. The calculations also reveal that a 

transition from 1Tǋ-MoTe2 to 2H-MoTe2 requires changing both the a and b lattice constants 

significantly. Because of the polycrystalline nature of the nanosheets and the small 8ï10 nm grain 

sizes, as shown in Figures 2-2 and 2-3, simultaneous changes of the a and b lattice constants 

could be mechanically disfavored: given an initial 1Tǋ structure with lattice constants at the 
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equilibrium values, the nucleation of the phase transition from 1Tǋ to 2H is made more difficult 

by mechanical pinning at grain boundaries. Therefore, the 1Tǋ structure could be locked in by a 

collective elastic-deformation barrier against the transformation into the more stable 2H 

polymorph. DFT calculations reveal that 1Tǋ-MoTe2 is indeed preferable by 25 meV per MoTe2 

unit for bulk systems and 5 meV for monolayer systems when the lattice parameters are fixed at 

these values. This suggests that small grain sizes and polycrystallinity may effectively stabilize 

the metastable 1Tǋ phase in the MoTe2 nanoflowers. 

Figure 2-8 shows Raman spectra of the 1Tǋ-MoTe2 nanoflowers obtained with 2.54 eV 

(488 nm), 2.41 eV (514.5 nm), and 1.92 eV (647.1 nm) laser energies. Considering the instability 

of MoTe2 under ambient conditions and to avoid heating effects and sample damage, we 

performed laser power dependence measurements from 4 to 65 µW for each wavelength, as 

shown in Figure 2-9. The Raman spectra at laser energies of 2.41 eV and 2.54 eV show peaks 

corresponding to Ag modes, situated at 113 cmï1, 130 cmï1, 162 cmï1 and 264 cmï1; this confirms 

the monoclinic phase of MoTe2 and is in good agreement with our first-principles calculations 

(Figures 2-10 and 2-11).  In addition, a peak related to the Bg mode is observed near 190 cmï1 at a 

2.54 eV laser energy, as previously reported by Park et al.35 Notably, two peaks below 150 cmï1 

are observed at 2.41 and 2.54 eV laser energies, but not at 1.92 eV, suggesting a possible 

electronic resonance condition. Guo et al. have reported several features associated with a 

double-resonant Raman process at the M point in mono- and few-layer 2H-MoTe2.36 Although the 

Raman spectra of 1Tǋ-MoTe2 have recently been studied, further calculations and measurements 

under different resonance conditions must be performed to gain a better understanding of these 

observations. 
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2.4 Conclusions 

In conclusion, 1Tǋ-MoTe2 nanoflowers have been synthesized using a low-temperature 

solution method. The compressive lattice strain and polycrystalline nature of the few-layer 

nanosheet flower-like architectures contribute to the formation of the 1Tǋ phase, which exhibits 

wavelength-dependent Raman spectra. The ability to access metastable and lattice-compressed 

TMD polymorphs using colloidal synthesis techniques complements more traditional gas-phase 

fabrication techniques, thus opening the door to larger-quantity samples that are not confined to a 

substrate, as well as targeted phase formation using lower temperatures and different reagents.   
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2.6 Figures 

 

 

Figure 2-1: (a) Full-range X-ray photoelectron spectra (XPS) for the 1T'-MoTe2 nanoflowers, 

revealing a Mo:Te ratio of 1:2.06. High-resolution XPS spectra of the (b) Te 3d and (c) Mo 3d 

regions. Compared with previous reports, we attribute the minor peaks (*) to surface oxidation of 

the nanostructure. 
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Figure 2-2: Representative (a) low- and (b) high-magnification TEM images of 1T'-MoTe2 

nanostructures. The corresponding SAED pattern is shown in (c), along with a simulated pattern 

at the bottom for comparison.  (d) High- and low-magnification dark-field HRTEM images of 

curled few-layer nanosheets showing the (002) interlayer spacing.  (e) HRTEM image showing 

the polycrystalline nature. An enlarged HRTEM image of the (100) plane is shown in (f).  The 

inset in (e) shows the FFT of the (100) plane in (f), along with the simulated [100] diffraction 

pattern 

.  

Figure 2-3: (a) TEM image and (b) dark-field TEM image of 1T'-MoTe2 nanoflowers. The inset 

for panel (a) shows a photograph of a vial containing a colloidal suspension of as-synthesized 

samples. (c) HRTEM of the nanoflower structure highlighting the polycrystalline nature. (d) EDS 

spectrum of the 1T'-MoTe2 nanoflowers verifying the Mo:Te ratio of 1:2. The Cu signal comes 

from the Cu grid and the Si signal is attributed to residual HMDS.  
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Figure 2-4: Comparison between the experimental XRD pattern for the 1T'-MoTe2 nanoflowers 

and simulated patterns for bulk (a) 2H, (b) 1T' and (c) Td-MoTe2. (d) XRD patterns characterizing 

the degradation of 1T'-MoTe2 after one week of exposure to air. 

.  

Figure 2-5: Powder XRD patterns, showing the experimental (observed) data for the 1T'-MoTe2 

nanostructures in blue, the refined (calculated) XRD pattern in pink, and the difference curve 

(observed ï calculated) in green.  Reference patterns for 1T'-MoTe2 (PDF card # 04-007-1140) 

and 1T'-MoTe2 incorporating the refined lattice constants after the fitting are shown in black and 

red, respectively.  
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Figure 2-6: Phase diagram plotted as lattice constants a and b change from 5.86ï6.86 Å and 3.31ï

3.71 Å, respectively, for monolayer (left) and bulk (right) 1T'-MoTe2. The c constant is fixed at 

the experimental value. The 1T' phase is more energetically favorable when the red surface is 

lower, and the 2H phase is more energetically favorable when the blue surface is lower.  

 

 

 

Figure 2-7: Phase diagram of monolayer (left) and bulk (right) MoTe2.  The 1T' phase is more 

energetically favorable in the red region, and the 2H phase is more energetically favorable in the 

blue region.  The black dots indicate the energy minimum for each phase.  
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Figure 2-8: Raman spectra of the as-prepared 1T'-MoTe2 nanostructures for excitation energies of 

1.92 eV (red), 2.41 eV (green) and 2.54 eV (blue).  The spectra are normalized to the intensity of 

the Ag peak at 162 cm-1.  For clarity, the Raman modes are labeled according to bulk notation. 

 

 

 

Figure 2-9: Raman spectra of as-prepared 1T'-MoTe2 nanostructures for excitation energies of (a) 

2.54 eV (488 nm), (b) 2.41 eV (514.5 nm), and (c) 1.92 eV (647.1 nm). The spectra are 

normalized to the intensity of the Ag peak at 162 cm-1. The peak at 162 cm-1 was assigned as Bg in 

previous reports, while we assign Ag here according to our DFT calculation over phonon 

dispersion (Figure 2-10) and Raman active modes (Figure 2-11) considering the ůh plane (Figure 

2-12).   
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Figure 2-10: Phonon dispersion and density of states (DOS) for monolayer 1T'-MoTe2 with Ci 

symmetry (left) and bulk (right) 1T'-MoTe2 with C2h symmetry as calculated at the DFT level. 

The horizontal gridlines mark the Raman active modes for comparison with experimental data. 
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Figure 2-11: Raman active and infrared active modes of monolayer 1T'-MoTe2 viewed from the 

direction of (a) [002] and (b) [010]. The blue and yellow spheres represent Mo and Te atoms, 

respectively. 
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Figure 2-12: The ůh plane is shown in the unit cell to clarify the notations of the Raman modes. 

The blue and yellow spheres represent Mo and Te atoms, respectively. 

 

  



 

*Reprinted in part with permission from J. Am. Chem. Soc., 139, Sun, Y.; Fujisawa, K.; Lin, Z.; 

Lei, Y.; Mondschein, J. S.; Terrones, M.; Schaak, R. E. Low-Temperature Solution Synthesis of 

Transition Metal Dichalcogenide Alloys with Tunable Optical Properties, 11096-11105, 

Copyright 2017 American Chemical Society.  

 

 

Chapter 3  
 

COLLOIDAL SYNTHESIS OF TRANSITION METAL 

DICHALCOGENIDE ALLOYS WITH TUNABLE OPTICAL 

PROPERTIES 

3.1 Introduction  

Layered transition metal dichalcogenides (TMDs) are of broad interest as two-

dimensional (2-D) beyond-graphene materials due to their unique and diverse properties.2,3 

Coupled by weak van der Waals interactions, each TMD layer is composed of a transition metal 

atom (M) covalently bonded to six chalcogen atoms (X). Hexagonal (2H) phases comprised of 

metal-chalcogen layers stacked in a trigonal prismatic arrangement are most commonly observed, 

although the identities of the metal and chalcogen atoms and their coordination geometries can 

lead to rich polymorphism, with multiple classes of TMD structure types each having distinct 

properties.4 The anisotropic nature of 2-D TMD crystals facilitates the formation of both 

monolayer and few-layer nanosheets with unique properties that depend on their thicknesses.5 

The group VI TMD compounds MoS2, WS2, MoSe2, and WSe2 have been studied most 

extensively because of their narrow semiconducting band gaps that overlap well with the solar 

spectrum, as well as the emergence of an intrinsic indirect-to-direct band gap transition at 

monolayer thicknesses.6  

Approaches such as defect engineering,7 strain engineering,8 surface functionalization,9 

and heterostructure fabrication10 have been used to modify the optical properties of TMDs to 
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realize new properties and further expand the scope of applications. A complementary approach 

is to form TMD alloys that can fine-tune the physical properties by continuously modulating the 

elemental composition. Substitution of a parent TMD compound with different metal or 

chalcogen atoms alters the band structure, leading to tunable excitonic transitions between the 

valence band and the conduction band. Physical vapor deposition (PVD),11 chemical vapor 

deposition (CVD),12 mechanical exfoliation of bulk TMD alloys prepared via chemical vapor 

transport (CVT),13 and chalcogen exchange14 have been used to access TMD alloy nanosheets 

that are investigated for electronics,15 optoelectronics,16 catalysis,17 and topological devices.18 For 

example, TMD alloy monolayers exhibit tunable photoluminescence emissions,19 as well as 

carrier type modulation,15 and high on/off ratio in field effect transistors (FETs).20 With favorable 

hydrogen adsorption free energy (ȹGH) on the edges and chemical activation on the basal planes 

induced by atom substitution, TMD chalcogen alloys become attractive hydrogen evolution 

reaction (HER) catalysts.16 Recent studies also indicate that MoxW1-xTe2 is a Type II Weyl 

semimetal with exotic topological properties.18  

As an alternative to the synthetic methods highlighted above, solution-based routes to 

TMD alloy nanosheets are attractive for potentially achieving greater scalability and yield, 

substrate-free samples with higher surface areas for catalysis, and mild reaction conditions that 

can lead to the formation of different phases.21 However, existing solution routes to TMD alloy 

nanostructures require high-temperature annealing to homogeneously incorporate the alloyed 

elements,22,23 which is detrimental to nanostructure retention, surface area, and solution 

dispersibility, or are applicable to only a limited range of alloy compositions.24,25 Additionally, 

little is known about the atomic-level distribution of the alloyed elements in solution-synthesized 

TMD nanostructures.22ï26  

Here, we report a low-temperature solution-phase approach to directly synthesize few-

layer colloidal TMD alloy nanostructures. Both metal [MoxW1-xSe2] and chalcogen [WS2ySe2(1-y)] 
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alloys across the entire solid solution ranges were obtained via isoelectronic substitution mediated 

by strategic selection of reagents and reaction pathways. The colloidal MoxW1-xSe2 and 

WS2ySe2(1-y) alloys exhibit continuously tunable optical properties, including excitonic transitions 

that range from 1.51 to 1.93 eV. In addition to providing chemical guidelines for achieving 

complete access to the MoSe2ïWSe2 and WS2ïWSe2 solid solutions using colloidal synthesis 

methods, we present a detailed microscopic study that identifies the locations and distributions of 

the alloying elements and vacancies. Such atomic-level structural information has not been 

available previously for colloidal TMD nanostructures, since the few-layer nanosheets that 

comprise them are not flat on a substrate as they are in more traditional CVD-grown films. The 

approach used to obtain atomic-level microscopic insights is anticipated to be broadly applicable 

across a wide range of colloidal nanostructures that have buckled, crumpled, or curved 

components. 

3.2 Experimental Section 

3.2.1 Materials 

Oleylamine (technical grade, 70%), tungsten(VI) chloride (WCl6, Ó 99.9%, trace metal 

basis), diphenyl diselenide (98%), diphenyl disulfide (99%), hexamethyldisilazane (HMDS, 

reagent grade, Ó 99%), and carbon disulfide (CS2, Ó 99.9%, anhydrous) were purchased from 

Sigma Aldrich. Molybdenum(V) chloride (MoCl5, 99.6%, metal basis) and oleic acid (technical 

grade, 90%) were purchased from Alfa Aesar. Solvents, including toluene and ethanol, were of 

analytical grade. All chemicals were used as received without further purification. 
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3.2.2 Synthesis of MoxW1-xSe2 Alloy Nanostructures 

All reactions were carried out under an argon atmosphere using standard Schlenk 

techniques and workup procedures were performed in air. In the synthesis of MoxW1-xSe2, 39 mg 

of diphenyl diselenide (0.125 mmol) dissolved in 15 mL of oleylamine (45.6 mmol) were added 

to a 100-mL three-neck flask and degassed for 30 min under vacuum at 120 °C. Then, 0.5 mL of 

HMDS was injected into the flask after cooling to 100 °C under argon and the mixture was heated 

to 300 °C. Meanwhile, 0.125 mmol of MoCl5, WCl6, or a mixture of the two (Table 3-1) was 

dissolved in 1 mL of oleic acid (3.1 mmol) with sonication. The metal reagent was then injected 

dropwise into the hot mixture at a rate of 2 mL/h using a syringe pump. After 30 min, the 

injection was completed and the heating mantle was removed to allow the reaction mixture to 

cool to room temperature. The products were washed three times with a 1:1 toluene/ethanol 

mixture and kept as a powder under argon. 

3.2.3 Synthesis of WS2ySe2(1-y) Alloy Nanostructures 

To prepare sulfur-rich chalcogen alloys with y > 0.5, CS2 was used as the sulfur source, 

as reported previously for the synthesis of colloidal WS2,27 and diphenyl diselenide was used as 

the selenium source.28 Diphenyl diselenide dissolved in 15 mL of oleylamine was added to a 100-

mL three-neck flask and degassed for 30 min under vacuum at 120 °C. HMDS (0.5 mL) was then 

injected into the flask after cooling to 100 °C under argon and the mixture was heated to 300 °C. 

Meanwhile, WCl6 (50 mg, 0.125 mmol) was dissolved in 0.3 mL of oleic acid (0.95 mmol) and 

mixed with 5 mL of oleylamine (15.2 mmol) in an argon-flushed septum-capped vial. Upon 

injection, 0.24 mL of CS2 was introduced to the vial, forming a homogeneous solution with a 

temperature increase. The solution in the vial was subsequently injected dropwise into the three-
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neck flask at a rate of 2 mL/h using a syringe pump. Over a 30 min interval, the injection was 

stopped and the heating mantle was removed. After cooling down to room temperature, the 

products were washed three times with a 1:1 toluene/ethanol mixture, collected with 

centrifugation, and kept as a powder under argon. For Se-rich samples (y < 0.5), the synthetic 

approach was identical to that for MoxW1-xSe2, except diphenyl disulfide and diphenyl diselenide 

were dissolved together in oleylamine in the beginning and reaction time was modified. Table 3-2 

provides detailed information about the experimental parameters. Figure 3-1 exhibits the 

synthetic routes for both metal and chalcogen alloys. 

3.2.4 Characterization 

Powder X-ray diffraction (XRD) patterns were collected using a Bruker-AXS D8 

Advance diffractometer equipped with Cu KŬ radiation and a LynxEye 1-D detector. Simulated 

XRD patterns of WS2, MoSe2, and WSe2 were generated using the CrystalMaker/CrystalDiffract 

software package. Transmission electron microscopy (TEM), high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) images, and energy dispersive X-

ray spectroscopy (EDS) data with element maps were acquired using a FEI Talos F200X 

operating at 200 kV. High-resolution ADF images were obtained using a FEI Titan3 G2 60/300 

TEM with a spherical aberration corrector on both the probe-and the image-forming lens at an 

accelerating voltage of 80 kV. Lower voltage was used at high resolution to decrease irradiation 

damage. To enhance visibility and reduce noise, all acquired high-resolution images were 

processed by Gaussian Blur filter using Image J software. STEM ADF image simulation was 

done by QSTEM software developed by C. Koch.29 All parameters for the ADF image simulation 

were appropriately set according to experimental imaging condition, including acceleration 

voltage, spherical aberration (C3 and C5), convergence angle, and inner/outer angle for the ADF 
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detector. Thermal diffuse scattering (TDS) was taken into account and tilting angle was applied 

by QSTEM software by rotating the sample structure. Bruker ESPRIT 2 software was applied for 

EDS data interpretation. Micro-Raman measurements were performed in a Renishaw inVia 

confocal microscope-based Raman spectrometer with 514.5 nm laser. The laser spot size using 

the 100× objective lens was approximately 1 µm. Alloy samples were dispersed in ethanol 

assisted by sonication and then Ultraviolet-visible (UV-vis) transmittance measurements were 

performed using a LAMBDA 950 UV/Vis/NIR spectrometer (350 - 1200 nm, 0.5 nm data 

interval).   

3.3 Results and Discussion 

3.3.1 Colloidal MoxW1-xSe2 Alloy  Nanostructures 

The TMD alloys with variable metal element composition spanning the MoSe2ïWSe2 

solid solution (MoxW1-xSe2) were synthesized via the dropwise injection of metal reagents 

(MoCl5, WCl6) dissolved in oleic acid into a solution of oleylamine, HMDS, and diphenyl 

diselenide at 300 ºC. MoSe2 and WSe2 both adopt the hexagonal 2H structure type and have 

closely matched lattice constants and similar electronic structures,30 which helps to facilitate the 

formation of MoxW1-xSe2 alloys rather than a mixture of MoSe2 and WSe2. Colloidal MoxW1-xSe2 

nanostructures with x = 0, 0.14, 0.35, 0.52, 0.77 and 1 were prepared through modifying the 

amounts of MoCl5 and WCl6 dissolved in oleic acid. 

Figure 3-2 shows powder XRD data for MoxW1-xSe2 nanostructures with x = 0, 0.14, 

0.35, 0.52, 0.77, and 1, as well as reference patterns for bulk MoSe2 and WSe2 for 

comparison.31,32 It is well known that irregular stacking of nanosheets, small domain sizes, and 

lattice strain induced by defects and curvature lead to significantly broadened diffraction peaks in 
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solution-synthesized TMD nanoflowers. However, peaks corresponding to the (002), (100), 

(103), (105), (110), (008), (200), and (203) planes can be identified in the XRD patterns for all of 

the MoxW1-xSe2 nanostructures. The lattice constants for the end members are closely matched: 

for MoSe2, a = 3.288 Å and c = 12.931 Å,31 while for WSe2, a = 3.282 Å and c = 12.96 Å.32 

Therefore, the XRD patterns are nearly identical and peak positions do not shift in a significant or 

measurable way as x changes, which makes it difficult to distinguish between mixtures of 

separated MoSe2 and WSe2 vs the targeted MoxW1-xSe2 alloys. 

To better characterize the TMD alloy nanostructures, a suite of microscopic and 

spectroscopic techniques were used. As is typical for solution-synthesized TMD nanostructures, 

the MoxW1-xSe2 nanosheets agglomerate to produce nanoflower-like morphologies,3 as shown by 

TEM in Figure 3-3. As a representative example, the STEM and TEM images of Mo0.35W0.65Se2 

in Figures 3-4a and 3-4b reveal uniform nanoflowers with diameters of approx. 200 nm. The 

nanoflowers are comprised of curled 2-D nanosheets that protrude from the thicker core to form a 

three-dimensionally structured architecture. Figure 3-4c-f also shows STEM-EDS mapping data 

for the Mo0.35W0.65Se2 nanostructures, indicating that Mo, W, and Se are uniformly distributed 

throughout the nanoflowers. EDS spectra for each MoxW1-xSe2 sample, shown in Figure 3-5, 

indicate that the Se signal is nearly constant while the Mo and W signals increase and decrease in 

intensity, respectively, as x increases. Figure 3-4g shows a plot of the relative amounts of Se, W, 

and Mo in each MoxW1-xSe2 sample, as derived from the EDS data in Figures 3-5 and 3-6. All 

samples contain ~65% Se and 35% metal (W + Mo). The Mo:W ratios vary linearly across the 

entire solid solution, indicating the Mo:W ratio can be readily tuned by varying the metal reagent 

stoichiometries. Additionally, the nearly constant chalcogen:metal ratio of approx. 1.8 implies 

that all of the MoxW1-xSe2 nanostructures are chalcogen-deficient. Substrate-confined TMD 

nanosheets synthesized using traditional gas-phase deposition routes commonly contain 

chalcogen defects due to intrinsic grain boundaries, atomic vacancies, or substitutional doping.7 
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Ex-situ treatments, such as mechanical processing and hetero-layer stacking,7 can also result in 

the formation of vacancies. For the colloidal MoxW1-xSe2 nanostructures, defects are most likely 

to arise from domain boundaries in the polycrystalline nanosheets,33 or chalcogen vacancies 

induced by Se dissolution in oleylamine at elevated temperatures.34  

Figure 3-7, which shows ADF-STEM images of the Mo0.35W0.65Se2 nanoflowers, 

provides high-resolution, atomic-level structural and compositional information about the TMD 

alloys. The ADF-STEM image in Figure 3-7a corresponds to the edge of a Mo0.35W0.65Se2 

nanoflower; the top and left sides are closer to the center of the nanoflower, while the majority of 

the panel shows a terminal nanosheet that is exposed at the edge of the nanoflower. The ADF-

STEM image shows that the TMD layer thickness decreases moving from the interior to the edge 

of the nanoflower, ultimately reaching monolayer thickness at the edges with domain sizes of 5-

10 nm. While monolayer, bilayer, and trilayer domains can be differentiated by contrast, ADF-

STEM has the ability to also distinguish atoms based on Z-contrast (Z = atomic number).35 For 

MoxW1-xSe2, in addition to the Mo vs. W site occupancies, three chalcogen configurations exist: 

di-selenium (Se2), mono-selenium vacancy (VSe), and di-selenium vacancy (VSe2). An ADF line 

scan was acquired from the high-resolution STEM image, as indicated by the green arrow in 

Figure 3-7b. The corresponding line scan profile, shown in Figure 3-7c, reveals the Mo vs. W site 

occupancies as well as the chalcogen configurations. Simulations of the STEM-ADF intensity 

profile based on MoSe2, WSe2, and multiple vacancy configurations was carried out to 

unambiguously assign the identities of the atoms (Figure 3-7d and 3-7e). Based on the 

assumption that the dodecagonal-shaped vacancies belong to chalcogen sites, as supported from 

EDS quantification, simulation data, and previous reports,36 the left hump of the two-peak pair 

was assigned as the chalcogen sub-lattice, and the right one was assigned as the metal sub-lattice. 

Taken together, this analysis allows identification of the Mo and W atom locations, as well as the 

observation of both Se2 and VSe vacancies.  
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A growing number of reports describe the solution synthesis of TMD nanostructures, and 

while the colloidal TMD nanostructures are typically crumpled, buckled, and/or aggregated, they 

remain of interest as potential materials for catalysis, particularly as discrete nanoflowers that 

expose a high density of catalytically active edge sites.37 The high surface areas contributed by 

the 2-D layers are also of broad interest for applications in energy storage and conversion, as well 

as gas sensing.38 It is thus important to be able to fully characterize the atomic distributions and 

vacancies in TMD alloy nanostructures, as these features are known to significantly impact 

properties. Taking MoS2 as an example, both p- and n-type transfer behaviors have been 

identified from sulfur and molybdenum vacancies for MoS2, even for different regions of the 

same sample.39 On the other hand, chemical treatment for monolayer MoS2 induces an enhanced 

photoluminescence emission with near-unity quantum yield, due to the elimination of defect-

mediated recombination.40 Substrate-confined TMD nanosheets are flat and therefore able to be 

adequately characterized using microscopic techniques that rely on analysis of intensity profiles. 

However, TMD nanoflowers and related nanostructures that are not flat contain 2-D nanosheets 

that span a wide-range of orientations, and as a result adopt various tilt angles relative to the 

imaging plane, which can significantly impact the intensity profiles. 

While the STEM-ADF analysis in Figure 3-7 provides good agreement between the 

elemental assignments and compositions for the TMD metal alloy nanostructures, the relative 

ADF intensity ratios between the chalcogen sites and the metal sites do not match quantitatively 

with the simulated values. For example, simulations indicate that the Se2 configuration should 

have a higher ADF intensity than W. In contrast, W appears to have a higher intensity than Se2 in 

the ADF line-scan profile in Figure 3-7. To understand this deviation between the simulated and 

observed intensities, we investigated the effect of tilt on ADF intensity. When a hexagonally 

structured 2H-type TMD nanosheet such as MoxW1-xSe2 is flat, the two chalcogen atoms of the 

Se2 configuration are stacked in a column.41 The ADF intensity ratio is therefore sensitive to the 
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relative angle between the electron probe and the sample plane, because off-axis samples will be 

tilted relative to the electron probe, which will decrease the ADF intensity and broaden the ADF 

intensity profile at chalcogen positions. Figure 3-8a shows high-resolution ADF-STEM images 

for a region of a colloidal MoxW1-xSe2 nanosheet spanning tilt angles that range from 0º to 20º. 

Included in the imaged region are adjacent Se2/W, VSe/W, and VSe/Se2 configurations. As shown 

in Figure 3-8b, along with the corresponding plot of ADF intensity region vs. tilt angle, the 

Se2/W and VSe/Se2 configurations exhibit a strong tilt angle dependency, while the value of 

VSe/W remains nearly constant. At high tilt angles approaching 20º, the intensity from the mono-

selenium vacancy VSe becomes close to that from the di-selenium Se2 configuration. At a tilt 

angle of 8°, the simulated ADF intensity ratios of Se2/W, VSe/W, and VSe/Se2 are 0.79, 0.31 and 

0.40, respectively, which agree well with experimentally-obtained values of 0.78, 0.35 and 0.44. 

This suggests that the imaged nanosheets are indeed tilted, and confirms that tilt angle analysis is 

important for quantitatively matching simulated and observed ADF intensity data that is used to 

determine the locations of the metal and chalcogen atoms in colloidal TMD nanostructures. 

Additional strain and curvature within the nanosheets may also impact the ADF intensity 

simulation, although to a lesser extent than the tilt angle. Overall, the combined analyses confirm 

that the colloidal TMD MoxW1-xSe2 nanostructures are true solid-solution alloys with atomic-

level mixing of Mo and W rather than segregated phases of MoSe2 and WSe2. 

Raman scattering spectra probe the dynamic interaction between the metal and chalcogen 

atoms, which provides more information about atom substitutions in low-dimensional materials.42 

Figure 3-9 shows the Raman spectra of the MoxW1-xSe2 nanostructures measured with 514.5 nm 

laser. For MoSe2, the out-of-plane mode A1g and in-plane mode %  are centered at 237.8 and 

289.1 cm-1, respectively, while for few-layer WSe2, both modes are degenerate at around 250 cm-1 

to contribute to a combined A1g-like peak.43 The A1g-like mode of MoxW1-xSe2 shows a prominent 

blue shift from 237.8 to 250.0 cm-1 that correlates linearly with W content (Figure 3-10), as 
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interpreted with the modified random element isodisplacement (MREI) model based on effective 

mass and out-of-plane force constants.20 The structural evolution is also accompanied by some 

weak-vibration second- and higher-order modes, as evident in Figure 3-9. The insights gained 

from analysis of the Raman spectra further confirm the formation of a composition-tunable series 

that spans the MoSe2-WSe2 compositions.  

3.3.2 Colloidal WS2ySe2(1-y) Nanostructures 

Compared with MoxW1-xSe2 alloys that continuously vary the metal while keeping the 

chalcogen constant, the related chalcogen counterparts, WS2ySe2(1-y), are more synthetically 

challenging. Although theoretical calculations indicate that both MoxW1-xSe2 and WS2ySe2(1-y) 

solid solutions are energetically favorable relative to phase-separated mixtures,44 chemical issues 

such as precursor incompatibility,45 chalcogen replacement,14 and product decomposition11 make 

it difficult to tune chalcogen content across the entire solid-solution range using colloidal 

synthesis methods. For gas-phase synthesis methods, experimental parameters including 

temperature gradient,19 partial vapor pressure,11 reaction time,14 and precursor position in the 

tube16 can be tailored to achieve thermodynamic or kinetic control and accomplish the atomic-

level mixing of S and Se within solid-solution TMDs. Similar full-range TMD alloys have not 

been accessible previously as solution-synthesized colloidal nanostructures. 

The successful synthesis of colloidal WS2ySe2(1-y) nanostructures requires careful 

consideration of reagent reactivity. While the MoCl5 and WCl6 reagents exhibit similar 

reactivities and therefore can be mixed together in the desired stoichiometries to obtain targeted 

MoxW1-xSe2 alloys, the available sulfur reagents evaporate and/or decompose rapidly, which 

substantially diminishes the utilization of sulfur during the reaction. Therefore, in contrast to the 

stoichiometric synthesis of MoxW1-xSe2, an excess of S is required to produce y-tunable 
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WS2ySe2(1-y) ternary compounds. For sulfur-rich samples [WS2ySe2(1-y) having y = 1, 0.81, 0.70 and 

0.60], diphenyl diselenide could be added directly to an existing protocol for synthesizing 

colloidal WS2 nanostructures using CS2 as the sulfur reagent.27 Increasing the amount of diphenyl 

diselenide beyond WS1.20Se0.80 does not result in a substantial increase of selenium incorporation, 

while reducing the amount of diphenyl disulfide results in amorphous products. Therefore, simple 

modification of the chalcogen precursor amounts cannot achieve full tunability across the WS2-

WSe2 solid solution, limiting the formation of WS2ySe2(1-y) from the WS2 end member (i.e. sulfur-

rich compositions) to a maximum of y = 0.60. Similar situations also occur for gas-phase CVD or 

PVD syntheses of TMD chalcogen alloys.17,46 

To access Se-rich WS2ySe2(1-y) alloys, we began by adding the sulfur reagent to the WSe2 

end member. Diphenyl disulfide was used as the sulfur reagent instead of CS2, considering its 

volatility and fast decomposition at relatively low temperatures. As shown in Table 3-2, the sulfur 

utilization is much lower than that of selenium, so excess of the sulfide reagent was used. At the 

same time, the typical 30-minute reaction time resulted in the formation of Se-containing 

nanoplate impurities (Figure 3-11). We hypothesize that excess sulfur in solution might consume 

the tungsten reagent at a faster rate than selenium does, leaving unreacted selenium available for 

undesired side reactions. Therefore, to achieve the desired reactivity and access the targeted Se-

rich WS2ySe2(1-y) alloys, shorter reaction times were used along with tuning the S:Se reagent 

composition. 

Figure 3-12a shows the XRD patterns for chalcogen alloy series. Comparing the crystal 

structures of end members of WS2ySe2(1-y), the hexagonal lattice is expanded by ~4% laterally and 

~5% vertically for WSe2 vs. WS2.32 The change is much larger than that for metal substitution 

(MoxW1-xSe2), as Se is larger than S while Mo and W are more closely matched in size. 

Accordingly, XRD peaks corresponding to (100), (103), (105) and (110) planes for the WS2ySe2(1-

y) samples exhibit a progressive shift to higher 2-theta values as y increases. Figure 3-13a and 3-
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13b, which show HAADF-STEM and TEM images of the WS2ySe2(1-y) nanostructures with y = 

0.44, reveal nanosheet aggregates having morphologies similar to the MoxW1-xSe2 samples but 

with less-defined and lower-density nanoflower architectures due to the shorter reaction times 

needed to synthesize the chalcogen alloys relative to the metal alloys. As shown in Figure 3-14, 

the average diameter of the WS2ySe2(1-y) nanostructures decreases as the amount of incorporated 

sulfur increases. The STEM-EDS element maps in Figure 3-13c-f confirm the uniform 

distribution of W, S, and Se within the WS1.56Se0.44 nanostructures. The EDS spectra for all 

WS2ySe2(1-y) nanostructures, shown in Figure 3-15, 3-16 and summarized in the plot in Figure 3-

12b, confirm the tunable S:Se composition ratio across the entire WS2ïWSe2 solid solution, and 

indicate the chalcogen deficiency with a constant metal/chalcogen ratio (~1.8) as for the MoxW1-

xSe2 metal alloys. 

Similar to the data in Figure 3-7 for the Mo0.35W0.65Se2 metal alloy sample, Figure 3-17 

shows ADF-STEM images highlighting the edges of a WS0.88Se1.12 chalcogen alloy nanostructure. 

Monolayers, bilayers, and few-layer regions are visible, with an average domain size of ~5-10 nm 

(Figure 3-17a). At higher magnification (Figure 3-17b), a line scan across the monolayer region 

reveals information about the atom distributions in the WS0.88Se1.12 sample. Using the strategy 

described in detail for analysis of the Mo0.35W0.65Se2 sample in Figure 3-7, we were able to 

identify distinct chalcogen configurations among the possibilities of di-selenium (Se2), di-sulfur 

(S2), mono-sulfur plus mono-selenium (S+Se), mono-selenium vacancy (VSe), mono-sulfur 

vacancy (VS), and double-chalcogen vacancy (V) via ADF intensity simulations (Figures 3-17c 

and 3-18a). These results confirm atomic-level mixing of S and Se and therefore the formation of 

a S:Se solid solution, and provide unprecedented insight into atomic distributions in colloidally 

synthesized TMD nanostructures. The different chalcogen configurations have different ADF 

intensities, as expected, as well as distinct characteristic peak-to-peak distances. As shown in 

Figure 3-17c, convolution of the smaller S atom results in a broad shoulder next to the W peak 
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due to its shorter W-S bond length relative to W-Se, while the larger Se atom next to a W atom 

can be resolved as two distinct W and Se peaks. As for the metal alloy samples, the ADF intensity 

for the chalcogen alloys is also dependent on the tilt angle during imaging (Figure 3-18b). 

Accordingly, at a tilt angle of 10°, the experimentally measured ADF intensity ratios [Se2/W = 

0.71, S2/W = 0.18, (S+Se)/W = 0.59 and VSe/W = 0.50)] become comparable to the calculated 

ratios [Se2/W = 0.72, S2/W = 0.24, (S+Se)/W = 0.42 and VSe/W = 0.34]. 

Figure 3-19 shows composition-dependent Raman spectra for the WS2ySe2(1-y) samples. 

WS2 nanoflowers show the out-of-plane A1g mode at 419.5 cm-1, the peak contributed by the in-

plane %  mode at 350.0 cm-1, and the second-order 2LA(M) mode at 356.5 cm-1 deconvoluted by 

multi-peak Lorentzian fitting, as well as the first-order LA(M) mode at 174.5 cm-1(Figure 3-20). 

Under excitation of a 514.5-nm laser, the Raman intensity ratio between the 2LA(M) mode and 

the A1g mode increases with thinner samples as the double resonance is only active for monolayer 

WS2.47 The fingerprint ratio in our case is around 0.7, which is between 2.2 (monolayer WS2) and 

0.47 (bulk WS2), corroborating the few-layer structure observed by electron microscopy. The 

Raman peaks shift progressively upon incorporating Se. Using WS0.88Se1.12 as a representative 

example, the A1g mode red shifts to 405.2 cm-1 and the peak from the %  and 2LA(M) modes 

remains around 353 cm-1(Figure 3-21). The WSe2 feature of degenerate A1g and %  modes red 

shifts from 261.3 cm-1 for the y = 0.81 sample (WS1.62Se0.38) to 249.7 cm-1 for the y = 0 sample 

(WSe2). The shift could result from tensile strain and structural distortions caused by 

incorporating the larger-diameter Se vs. S atoms.17 Atomic disorder also contributes to the 

broadening of Raman peaks for alloy samples, in contrast to the sharper and more distinct peaks 

for the WS2 and WSe2 end members. 
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3.3.3 Tunable Optical Properties 

 UV-vis absorption spectra for all MoxW1-xSe2 and WS2ySe2(1-y) samples dispersed in 

ethanol were acquired to characterize the tunable optical properties achievable through 

systematically modulating the metal and chalcogen compositions (Figure 3-22a). Figure 3-22b 

shows UV-Vis absorption spectra for the MoxW1-xSe2 metal alloy samples. Absorption peaks are 

labeled according to the convention proposed by Wilson and Yoffe.48 For MoSe2, A and B 

excitonic features arising from the valence band splitting at the K and K' points of the Brillouin 

zone appear at 823 nm (1.51 eV) and 741 nm (1.67 eV), respectively. The A excitonic transition 

is located at 768 nm (1.61 eV) for WSe2, while the broad feature around 605 nm (2.05 eV) is 

considered as the overlap of the B and Aǋ excitonic transitions, which could be caused by 

additional optical transitions and interlayer coupling for MoS2, WS2, MoSe2 and WSe2 

multilayers.49 Higher-lying interband transitions, including the C peak for MoSe2 and the B' peak 

for WSe2, require further optical measurements and band structure calculations, and are therefore 

out of the scope of our work.50 Lorentzian peak fitting was utilized to determine the position of 

the A exciton transition. The curve background was linearly modified to partially reduce 

scattering effects for the samples dispersed in solution (Figure 3-23).51,52 As indicated in Figures 

3-22c and 3-22d, the A excitonic transition ranges from 1.61 eV to 1.51 eV with a downward 

curve as the percentage of Mo in MoxW1-xSe2 increases, which could be due to uneven changes of 

the conduction band minimum (CBM) and the valence band maximum (VBM) through 

alloying.53  The CBM states at the K point are mainly comprised of out-of-plane dz2 orbitals and 

localized around Mo with lower energy. In contrast, the VBM states are mainly composed of in-

plane dxy and dx2
-y

2 orbitals, which introduce a uniform distribution of VBM states with 

wavefunction delocalization. As a consequence, the VBM drops rapidly as Mo is incorporated 
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into WSe2, while CBM decreases linearly, leading to the observed bowing towards the Mo-rich 

side of MoxW1-xSe2.  

As displayed in Figure 3-22a, a gradient color change from brown to yellow is observed 

for the WS2ySe2(1-y) series. The UV-vis spectra in Figure 3-22e reveal that the A excitonic 

transition exhibits a noticeable red shift with increasing Se content. The A exciton peak, which 

changes more significantly with composition for the chalcogen alloy system relative to the metal 

alloy, varies from 642 nm to 768 nm, corresponding to 1.91-1.61 eV, as Se incorporation 

increases (Figures 3-22f and 3-22g). As Se gradually replaces S, the bonding between the metal 

and the chalcogen becomes more covalent in nature, leading to broadening of the VBM dz
2 orbital 

and thus a smaller energy gap at the K point.17 In addition, the gap variation of the A excitonic 

transition for the chalcogen alloys is more uniform and closer to linearity compared with that for 

MoxW1-xSe2. The smaller bowing effect for WS2ySe2(1-y) relative to MoxW1-xSe2 is attributed to 

larger lattice mismatch and chemical potential difference between diselenides and disulfides.44  

3.4 Conclusions 

Given the broad scope of potential applications for colloidal TMD alloys with tunable 

compositions, it is important to identify synthetic routes capable of achieving complete metal and 

chalcogen solid solutions, understand how the elements are distributed throughout the 

nanostructures, identify the types of vacancies that are present, and correlate compositional 

modulation with tunable properties. Here, TMD alloy nanostructures spanning the entire MoSe2ï

WSe2 and WS2ïWSe2 solid solutions have been synthesized directly in solution, without the need 

for additional high-temperature annealing. Chemical guidelines, complementary to existing gas-

phase synthesize methods, have been identified for achieving full compositional modulation in 

both metal [MoxW1-xSe2] and chalcogen [WS2ySe2(1-y)] TMD alloys. Alloying was confirmed by 
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multiple characterization techniques, and composition-dependent excitonic transitions were 

observed. Solution-synthesized colloidal TMD alloys, which are of interest for their high surface 

areas, substrate-free nature, and higher mass yields, are more challenging to characterize at the 

atomic level relative to substrate-confined films made by gas-phase deposition methods because 

of the buckled, crumpled, and semi-aggregated nature of the colloidal nanostructures. Using 

ADF-STEM coupled with analysis of the tilt-angle dependency of the ADF intensity, important 

information about the atomic distributions and types of vacancies was obtained, bridging the gap 

between the knowledge that is already available for substrate-bound TMD alloy films and the 

largely unknown atomic-level details of colloidal analogues. Such fundamental insights are 

significant for advancing the emerging applications of TMD nanostructures in the fields of 

catalysis, gas sensing, and optics. Additionally, the solution synthesis capabilities demonstrated 

here may in the future permit the formation of ordered TMD alloys, which have been 

computationally predicted to have a small energetic preference to random substitutional alloys 

and therefore may be accessible using such low-temperature methods.53 The versatility 

demonstrated for tuning both the metal and chalcogen compositions suggests that Se-Te ternary 

TMD alloys and quaternary TMD alloys, such as MoxW1-xS2ySe2(1-y), may also be accessible. 
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3.6 Figures 

 

Figure 3-1: Schematic showing the synthetic routes of MoxW1-xSe2, sulfur-rich and selenium-rich 

WS2ySe2(1-y) nanostructures. 

 

 

 

Figure 3-2: Powder XRD patterns of MoxW1-xSe2 nanostructures with x = 0, 0.14, 0.35, 0.52, 0.77 

and 1. Simulated XRD patterns based on the crystal structures of bulk MoSe2 and WSe2 are also 

provided at top and bottom, respectively. 
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Figure 3-3: TEM images (top panels) and HAADF-STEM images (bottom panels) for MoxW1-

xSe2 nanostructures. Scale bars are 200 nm for the TEM images and 500 nm for the HAADF-

STEM images. 

 

 

Figure 3-4: (a) HAADF-STEM image, (b) TEM image, and (c-f) STEM-EDS element maps (100 

nm scale bars) of Mo0.35W0.65Se2 nanostructures. (g) Plots of elemental composition (green) and 

metal/chalcogen ratio (blue) as a function of ñxò in the MoxW1-xSe2 alloy nanostructures.  
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Figure 3-5: EDS spectra for the MoxW1-xSe2 nanostructures. The Cu signal (*) comes from the Cu 

TEM grids. 
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Figure 3-6: HAADF-STEM images and corresponding STEM-EDS element maps for the MoxW1-

xSe2 nanostructures, indicating a uniform distribution of Mo, W and Se. 
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Figure 3-7: (a) High-resolution ADF-STEM image highlighting a region of a Mo0.35W0.65Se2 

nanostructure, showing few-layer, bilayer, and monolayer domains with overall decreasing layer 

thickness toward the edges. (b) Atomically resolved ADF-STEM image of Mo0.35W0.65Se2 

nanostructures, where dodecagonal-shaped chalcogen vacancies are circled. (c) Experimental 

ADF intensity curve (grey) corresponding to the line scan indicated by the green arrow in (b). 

The atoms are identified according to the simulated profiles (colored). Simulated structures of the 

di-selenium configuration (Se2, black) and the mono-selenium vacancy (VSe, red) are shown for 

(d) MoSe2 and (e) WSe2, along with the corresponding ADF intensity curve with 0º tilting angles. 

(f) Top and (g) side views of the hexagonal TMD structure, where metal (pink) and chalcogen 

(yellow) atoms are covalently bonded with trigonal prismatic coordination. 
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Figure 3-8: The effect of tilting on the STEM-ADF intensity in WSe2 nanostructures. (a) 

Simulated ADF images of the structure of WSe2 at tilting angles ranging from 0º to 20º. (b) 

Calculated STEM-ADF intensity ratios of VSe/2Se, 2Se/W, and VSe/W at different tilting angles. 

2Se exhibits higher ADF intensity when the tilting angle is smaller than 6o, while the relationship 

is inverted when tilted more than 7o.  
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Figure 3-9: Raman spectra of the as-prepared MoxW1-xSe2 nanostructures, acquired using a 514.5-

nm excitation laser. The spectra are normalized to the intensity of the A1g-like peak. Raman 

modes are labeled based on bulk notation. 

 

 

Figure 3-10: Plot of A1g-like position vs. x in MoxW1-xSe2, showing the composition-dependent 

Raman frequency of the A1g-like peak for the MoxW1-xSe2 nanostructures.  
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Figure 3-11: (a) HAADF-STEM images of TMD chalcogen alloys synthesized with a 30 min 

reaction time, where nanoplate-like impurities can be morphologically distinguished from TMD 

nanoflowers. (b-e) STEM-EDS element maps and corresponding elemental percentages, 

indicating that the nanoplate-like impurities contain much higher Se content compared with the 

alloyed TMD nanoflowers. 
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Figure 3-12: (a) Powder XRD patterns of WS2ySe2(1-y) nanostructures with y = 0, 0.06, 0.13, 0.44, 

0.60, 0.70, 0.1 and 1. Simulated diffraction patterns based on the crystal structures of bulk WS2 

and WSe232 are provided at top and bottom, respectively, for comparison. (b) Plots of elemental 

composition (orange) and metal/chalcogen ratio (blue) as a function of ñyò in the WS2ySe2(1-y) 

alloy nanostructures. 
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Figure 3-13: a) HAADF-STEM image, (b) TEM image, and (c-f) STEM-EDS element maps (100 

nm scale bar) of the WS0.88Se1.12 nanostructures. 

 

 

 

 

 

Figure 3-14: TEM images (top panels) and HAADF-STEM images (bottom panels) for 

WS2ySe2(1-y) nanostructures. Scale bars are 200 nm for the TEM images and 500 nm for the 

HAADF-STEM images. 
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Figure 3-15: EDS spectra for the WS2ySe2(1-y) nanostructures. The Cu signal (*) comes from the 

TEM grids. 
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Figure 3-16: HAADF-STEM images and corresponding STEM-EDS element maps for the 

WS2ySe2(1-y) nanostructures, indicating a uniform distribution of W, S and Se.  
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Figure 3-17: (a) High-resolution ADF-STEM image highlighting a region of a WS0.88Se1.12 

nanostructure, showing few-layer, bilayer, and monolayer domains at the edge. (b) Atomically 

resolved ADF-STEM image of WS2ySe2(1-y) nanostructures. (c) Experimental ADF intensity curve 

(grey) corresponding to indicated by the green arrow in (b). The atoms are identified according to 

the simulated profiles (colored). 
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Figure 3-18: (a) Simulated ADF images of mono-sulfur plus mono-selenium (S+Se) and di-sulfur 

(S2) configurations for TMD chalcogen alloys with 0º tilting angles. Calculated ADF intensity 

curves for di-selenium (Se2, black), mono-sulfur plus mono-selenium (S+Se, blue), di-sulfur (S2, 

dark red), mono-selenium vacancy (VSe, red), and mono-sulfur (VS, orange) are shown on the 

panel to the right. The calculated ADF intensity is noticeably decreased by the presence of mono-

selenium vacancy (VSe), which is close to that of di-sulfur (S2). (b) Calculated STEM-ADF 

intensity ratios of (S+Se)/W and S2/W at different tilting angles. 
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Figure 3-19: Raman spectra of the as-prepared WS2ySe2(1-y) nanostructures, acquired using a 

514.5-nm excitation laser. The spectra are normalized to the peak with the highest intensity for 

each sample. Raman modes are labeled based on bulk notation. 

 

 

Figure 3-20: Deconvolution of the Raman peaks of the WS2 nanostructures. 
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Figure 3-21: Composition-dependent Raman frequencies for the WS2ySe2(1-y) nanostructures. 
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Figure 3-22: Tunable optical properties for colloidally-synthesized TMD alloys. (a) Photograph 

of MoxW1-xSe2 and WS2ySe2(1-y) samples suspended in ethanol. (b) UV-vis absorbance spectra, (c) 

the A excitonic peaks obtained through Lorentzian peak fitting, and (d) corresponding excitonic 

transition energy for MoxW1-xSe2 nanostructures. (e) UV-vis absorbance spectra, (f) the A 

excitonic peaks obtained through Lorentzian peak fitting, and (g) corresponding excitonic 

transition energy for WS2ySe2(1-y) nanostructures. UV-vis spectra are normalized according to the 

highest-energy excitonic peak. 
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Figure 3-23: (a) UV-vis absorption spectra of Mo0.35W0.65Se2 nanostructures dispersed in ethanol, 

where the scattering background was subtracted based on a linear fit of the absorption data in the 

range of 1000-1100 nm. (b) Lorentzian peak fitting for the UV-vis spectra curve after background 

subtraction. The A excitonic peak was identified at 807 nm, together with two other peaks with 

higher transition energies. 
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3.7 Tables 

Table 3-1: Experimental parameters for the synthesis of MoxW1-xSe2 nanostructures. 

MoxW1-xSe2 WCl 6 / mmol MoCl 6 / mmol Se / mmol Reaction Time / min 

WSe2 0.125 0 2¦0.125 30 

x = 0.14 0.8¦0.125 0.2¦0.125 2¦0.125 30 

x = 0.35 0.6¦0.125 0.4¦0.125 2¦0.125 30 

x = 0.52 0.4¦0.125 0.6¦0.125 2¦0.125 30 

x = 0.77 0.2¦0.125 0.8¦0.125 2¦0.125 30 

MoSe2 0 0.125 2¦0.125 30 

 

Table 3-2: Experimental parameters for the synthesis of WS2ySe2(1-y) nanostructures. Ph denotes 

diphenyl diselenide.  

WS2ySe2(1-y) WCl 6 / mmol S / mmol Se / mmol Reaction Time / min 

WSe2 0.125 0 2¦0.125 30 

y = 0.06 0.125 2¦0.125 (Ph) 2¦0.125 30 

y = 0.13 0.75¦0.125 6¦0.125 (Ph) 1.5¦0.125 22.5 

y = 0.44 0.5¦0.125 6¦0.125 (Ph) 0.125 15 

y = 0.60 0.125 6.35 (CS2) 4¦0.125 30 

y = 0.70 0.125 6.35 (CS2) 2¦0.125 30 

y = 0.81 0.125 6.35 (CS2) 0.5¦0.125 30 

WS2 0.125 7.94 (CS2) 0 30 



 

*Reprinted in part with permission from J. Mater. Chem. C., 5, Sun, Y.; Fujisawa, K.; Terrones, 

M; Schaak, R. E. Solution Synthesis of WTe2 and MoxW1-xTe2 Nanostructures, 11317-11323, 

Copyright 2017 The Royal Society of Chemistry.  

 

 

Chapter 4  
 

COLLOIDAL SYNTHESIS OF WTe 2 AND MoxW1-xTe2 

NANOSTRUCTURES 

4.1 Introduction  

Transition metal ditellurides exhibit distinct structures and properties relative to their 

disulfide and diselenide counterparts.1 For layered transition metal dichalcogenides (TMDs),  

Mo- and W-based sulfides and selenides typically adopt a hexagonal crystal structure to form the 

semiconducting 2H phase, where the transition metal atoms are sandwiched by chalcogen atoms 

in a trigonal prismatic coordination environment (Figure 4-1).2 The metallic 1T phases of MoS2, 

MoSe2, WS2, and WSe2 are metastable, possess octahedral coordination, and can be accessed 

through lithium intercalation.3 For the corresponding ditelluride systems, both hexagonal (2H) 

and monoclinic (1Tǋ) MoTe2 can be obtained, as only a small energy barrier separates the two 

polymorphs, while only the Td phase is achievable for WTe2 (Figure 4-1).4,5 Phase transitions, 

including 1Tǋ-Td for MoTe2 and Td-1Tǋ for WTe2, can be achieved under high pressure,6,7 

positioning the metal atoms off-center in distorted octahedra. Similar to the well-known indirect-

to-direct band gap transition for monolayer semiconducting TMDs,8 transition metal ditellurides 

with monolayer and few-layer thicknesses also exhibit exotic properties. For 1Tǋ-MoTe2, an 

electronic phase transition from semi-metallic to semiconducting occurs when the bulk material is 

reduced to few-layer thickness.4 At low temperatures, monolayer Td-WTe2 exhibits an insulating 

interior with edge conduction.9 Nanostructured TMD ditellurides therefore have become 
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important synthetic targets, given the diversity of crystal structures of similar energy that are 

accessible, coupled with their unique thickness-dependent properties. 

WTe2 in particular has become an important synthetic target since the discovery of large, 

non-saturating magnetoresistance.10 It is also explored as a type-II Weyl semimetal with 

unconventional physical properties,11 such as a weak anti-localization effect,12 time-reversal 

symmetry,13 pressure-driven superconductivity,14 strong spin-orbit coupling,15 and edge 

conduction at low temperatures.9 In addition, Mo- and W-based ditelluride alloys, MoxW1-xTe2, 

are also appealing due to their composition- and temperature-dependent phase transitions and 

tunable Weyl state with desired topological properties.16ï19 So far, several approaches have been 

developed to prepare WTe2 nanostructures, including chemical vapor transport (CVT) with 

mechanical exfoliation,5 chemical vapor deposition (CVD),20 and molecular beam epitaxy 

(MBE).21 However, challenges such as harsh reaction conditions,22 limited utilization of 

chalcogen precursors,21 and instability of products at ambient conditions hinder1 its widespread 

applicability, as well as effective alloying with MoTe2 to form MoxW1-xTe2 solid solutions. It is 

therefore important to target the synthesis of both WTe2 and MoxW1-xTe2 nanostructures. 

Recent advances in the solution-phase synthesis of TMD nanostructures have led to the 

formation of colloidal MoS2, MoSe2, WS2, WSe2, MoxW1-xSe2, WS2ySe2(1-y), and 1Tǋ-MoTe2 

comprised largely of aggregated few-layer nanosheets.23ï28 Missing from this list are solution-

synthesized WTe2 and MoxW1-xTe2, which are important synthetic targets for expanding the scope 

and applicability of colloidal TMD nanostructures. With this complete library of morphologically 

related colloidal TMD nanomaterials that includes transition metal disulfides, diselenides, and 

ditellurides, as well as their corresponding metal and chalcogen alloys, comprehensive studies 

correlating dimension-dependent properties with elemental composition, crystal structure, and 

surface chemistry become possible.  
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Here, we report a solution-phase approach to directly synthesize colloidal nanostructures 

consisting of few-layer Td-WTe2 at 300 ºC, which is significantly lower than existing gas-phase 

routes that produce crystalline WTe2. The three-dimensional nanoscale architecture is comprised 

of two-dimensional WTe2 layers that exhibit various stacking motifs. Formation pathway studies 

indicate that anisotropic WTe2 nanosheets form rapidly during the hot-injection synthesis, 

followed by lateral and vertical growth modes that lead to the formation of a nanoflower-like 

morphology. When molybdenum reagents are added to the reaction mixture, colloidal 

nanostructures of few-layer MoxW1-xTe2 with controllable and tunable composition are produced, 

thus demonstrating the versatility of the low-temperature solution-based synthetic pathway. 

Notably, the MoxW1-xTe2 alloy system has end members as the metastable 1Tǋ-MoTe2 and Td-

WTe2 polymorphs, and therefore exhibiting a composition-dependent structural evolution as 

colloidal nanostructures which is typically observed at higher temperatures in gas-phase 

synthesized analogues. 

4.2 Experimental Section 

4.2.1 Materials 

Oleylamine (technical grade, 70%), tungsten(VI) chloride (WCl6, Ó 99.9%, trace metal 

basis), and hexamethyldisilazane (HMDS, reagent grade, Ó 99%) were purchased from Sigma 

Aldrich. Molybdenum(V) chloride (MoCl5, 99.6%, metal basis) and oleic acid (technical grade, 

90%) were purchased from Alfa Aesar. Tri-n-octylphosphine (TOP, Ó 85%) was purchased from 

TCI America. Solvents, including toluene and ethanol, were of analytical grade. All chemicals 

were used as received without further purification. 
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4.2.2 Synthesis of WTe2 and MoxW1-xTe2 nanostructures 

All reactions were carried out under an argon atmosphere using standard Schlenk 

techniques and workup procedures were performed in air. In the synthesis of MoxW1-xSe2, 39 mg 

of diphenyl diselenide (0.125 mmol) dissolved in 15 mL of oleylamine (45.6 mmol) were added 

to a 100-mL three-neck flask and degassed for 30 min under vacuum at 120 °C. Then, 0.5 mL of 

HMDS was injected into the flask after cooling to 100 °C under argon and the mixture was heated 

to 300 °C. Meanwhile, 0.125 mmol of MoCl5, WCl6, or a mixture of the two (Table 4-1) was 

dissolved in 1 mL of oleic acid (3.1 mmol) with sonication. The metal reagent was then injected 

dropwise into the hot mixture at a rate of 2 mL/h using a syringe pump. After 30 min, the 

injection was completed and the heating mantle was removed to allow the reaction mixture to 

cool to room temperature. The products were washed three times with a 1:1 toluene/ethanol 

mixture and kept as a powder under argon. 

4.2.3 Characterization 

Powder X-ray diffraction (XRD) patterns were collected using a Bruker-AXS D8 

Advance diffractometer equipped with Cu KŬ radiation and a LynxEye 1-D detector. Simulated 

XRD patterns of WTe2 and 1Tǋ-MoTe2 were generated using the CrystalMaker/CrystalDiffract 

software package. Transmission electron microscopy (TEM) images, high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) images, and energy dispersive 

X-ray spectroscopy (EDS) data and element maps were acquired using a FEI Talos F200X 

operating at 200 kV. High-resolution ADF STEM images were obtained using a FEI Titan3 G2 

60/300 TEM with a spherical aberration corrector on the probe-forming lens at an accelerating 

voltage of 80 kV. STEM simulation was done by QSTEM software developed by C. Koch.29 All 
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parameters for the ADF image simulation were appropriately set according to experimental 

imaging conditions, including acceleration voltage, spherical aberration (C3 and C5), convergence 

angle, and inner/outer angle for the HAADF detector. Bruker ESPRIT 2 software was applied for 

EDS data interpretation. Micro-Raman measurements were performed in a Renishaw inVia 

confocal microscope-based Raman spectrometer. The laser spot size using the 100× objective 

lens was approximately 1 µm. X-ray photon electron spectroscopy (XPS) experiments were 

performed using a Physical Electronics VersaProbe II instrument equipped with a monochromatic 

Al KŬ X-ray source (hɜ = 1486.7 eV) and a concentric hemispherical analyzer. Charge 

neutralization was performed using both low energy electrons (<5 eV) and argon ions. The 

binding energy axis was calibrated using sputter cleaned Cu foil (Cu 2p3/2 = 932.7 eV, Cu 3p3/2 = 

75.1 eV). Peaks were charge referenced to the CHx peak in the carbon 1s spectra at 284.8 eV. 

Measurements were made at a takeoff angle of 45° with respect to the sample surface plane. This 

resulted in a typical sampling depth of 3-6 nm (95 % of the signal originated from this depth or 

shallower). Quantification was carried out using instrumental relative sensitivity factors (RSFs) 

that account for the X-ray cross section and inelastic mean free path of the electrons. 

4.3 Results and Discussion 

Figure 4-2 shows microscopic images of the colloidal WTe2 nanostructures synthesized 

by adding a solution of tungsten (VI) chloride dissolved in oleic acid to a mixture of oleylamine, 

trioctylphosphine (TOP), trioctylphosphine telluride (TOP-Te) and hexamethyldisilazane 

(HMDS) at 300 ̄ C through a 30-min dropwise injection. The TEM image in Figure 4-2a reveals 

uniform flower-like WTe2 nanostructures with an average diameter of approx. 150 nm. Figure 4-

2b shows a higher-magnification HAADF-STEM image of the nanostructures. As is commonly 

observed for solution-synthesized TMD nanostructures, the two-dimensional (2-D) WTe2 
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nanosheets are crumpled into 3-D architectures exhibiting a nanoflower morphology.30 It is 

known that judicious selection of solvents and ligands can promote anisotropic growth of TMD 

nanocrystals in solution, thus leading to the direct formation of the monolayer and few-layer 

TMDs that comprise the nanoflower particles.25 For the WTe2 nanostructures shown in Figures 4-

2a and 4-2b, the constituent nanosheets progressively decrease from thicker cores to thin edges 

that approach monolayer thickness. 

The high-magnification ADF-STEM image shown in Figure 4-2c reveals the atomic 

configuration of the WTe2 monolayers that are present near the edges of the nanoflowers. A zig-

zag arrangement of W atoms, which was observed in the highlighted region, is consistent with a 

simulated ADF image based on the [002] projection of the orthorhombic WTe2 lattice (Figure 4-

2d).31 At atomic resolution, ADF-STEM is capable of distinguishing different atoms based on the 

Z contrast (Z = atomic number). Accordingly, W (Z = 74) is slightly brighter than Te (Z = 52) in 

the simulated ADF image. For non-flat TMD nanosheets with curvature, the tilting angle 

becomes another significant factor that influences the ADF intensity. Off-axis tilting of the 

curved and aggregated nanoflowers can also influence the relative intensity, leading to additional 

changes in brightness and contrast beyond those from Z contrast. For example, the di-selenium 

(Se2) configuration is typically brighter than the metal sub-lattice (W) for WSe2, while the 

relationship is inversed when tilted less than 10°.28 The alternating pattern (green circle) in the 

WTe2 nanostructure sample in Figure 4-2d gradually transforms to a parallel pattern (yellow 

circle) towards the bottom of the image, revealing the curvature in the petals of the nanoflowers. 

Additionally, the corresponding fast Fourier transform (FFT) pattern matches well with the 

simulated diffraction pattern for the [002] projection of WTe2 in Figure 4-2e, further confirming 

the exposed edge facet.  

WTe2 typically adopts the Td polymorph, which is built by stacking WTe2 monolayers as 

shown in Figures 4-1 and 4-3a. Different stacking sequences of WTe2 monolayers, which were 
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recently reported in CVD-grown samples and termed 2H and 2Hǋ by the authors,20 were also 

observed for some bilayer regions of the solution-synthesized WTe2 nanostructures. The so-called 

2Hǋ stacking sequence differs from 2H by shifting half of a unit cell along the a axis and can be 

distinguished by the zigzag vs aligned atoms at the edges, as highlighted by yellow and red 

circles in Figure 4-3b, respectively. The co-existence of regions corresponding to Td-WTe2, as 

well as the alternate 2H and 2Hǋ stacking motifs in colloidally synthesized WTe2 nanostructures, 

indicates the diversity of TMD local structures that are accessible. 

Figure 4-4 shows powder XRD data for the few-layer WTe2 nanostructures, and the inset 

shows the orthorhombic layered structure of WTe2 viewed from the [010] direction. The XRD 

pattern matches best with the reference pattern simulated from Td-WTe2.32 Because of the 

polycrystallinity, small domain sizes, intrinsic strain induced by curvature of the constituent 

nanosheets, and the presence of multiple stacking motifs, the XRD patterns have broad diffraction 

peaks. 

Raman spectroscopy was employed to gain additional insights into the quality and the 

structure of the few-layer WTe2 nanoflowers. Figure 4-5a displays Raman spectra for the 

colloidal WTe2 nanostructures acquired using three excitation lasers: 2.54 eV (488 nm), 2.41 eV 

(514.5 nm), and 1.92 eV (647.1 nm). Under the 2.41-eV laser excitation, four optical vibrational 

modes, !, !, !, and !, were located at 114 cm-1, 137 cm-1, 164 cm-1 and 214 cm-1, 

respectively, confirming the formation of Td-WTe2.33 While peak intensities and widths vary 

slightly when switching to 2.54 eV and 1.92 eV lasers, minimal change of the Raman peak 

positions was observed for our WTe2 nanostructures. XPS data were used to obtain chemical 

information about the surfaces of as-prepared WTe2 nanostructures. Figures 4-5b and 4-5c show 

high-resolution XPS spectra from the Te 3d and W 4d regions. Te 3d5/2 and W 4d5/2 peaks were 

centered at 572.9 eV and 243.3 eV, respectively, which are comparable to previous results for 

monolayer WTe2 flakes.12 An XPS survey scan and high-resolution XPS spectra of the Te 4d and 
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W 4f regions are provided in Figure 4-6. The Te/W ratio was determined to be 1.6. The deviation 

from the stoichiometric value of 2 could be due to surface oxidation, which is common for 

transition metal ditellurides.1 In our case, we observed small shoulder peaks at higher energies 

relative to the W and Te feature peaks (Figures 4-5b and 4-6b), indicating partial formation of 

WOx and TeOx due to minor surface oxidation. 

Solution-synthesized TMD nanostructures with flower-like morphologies have included 

transition metal disulfides and diselenides,24,27 as well as ditellurides to a limited extent,26 and 

there is great interest in understanding the process by which the nanosheet structures form and 

grow. To better understand the formation pathway of the WTe2 nanostructures, we conducted 

XRD and TEM characterizations on products obtained with a 5 min-, 10 min-, 15 min-, 20 min-, 

25 min- and 30-minute reaction time at 300 °C. The resulting nanostructures, shown in the TEM 

images in Figure 4-7, indicate that the nanosheets are already in the form of nanoflowers within 5 

minutes of injecting the metal reagents, and the corresponding XRD patterns indicate that the 

crystallinity of the nanostructures is similar throughout the samples (Figure 4-8). As shown in 

Figure 4-7, the diameters of the WTe2 nanostructures gradually increase from 30-50 nm at 5 

minutes to approximately 100-150 nm after 20 minutes. The corresponding XRD patterns suggest 

that vertical growth equilibrates faster than lateral growth, as the intensity of the low-angle (002) 

peak remains nearly constant while key high-angle peaks, including (201), (112), (113), (204), 

(212), (115), (311) and (020), increase in intensity, and concomitantly crystallinity, with 

increasing reaction time. Therefore, the XRD and TEM results collectively suggest a fast 

nucleation plus vertical growth within 5 min, followed by subsequent lateral growth to enlarge 

the nanoflower petals. 

In addition to WTe2, solid solutions of WTe2 and MoTe2 are of significant interest for 

their composition-dependent properties, including a metal-semiconductor transition accompanied 

by a H-Tǋ structural transformation and tunable topological properties.16ï19 Accordingly, we 
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merged new insights into the synthesis of Td-WTe2 described above with prior work on colloidal 

1Tǋ-MoTe2 nanostructures26 to explore the solution synthesis of composition-tunable MoxW1-xTe2 

alloys. As shown in the TEM images in Figure 4-9, uniform few-layer nanostructures of MoxW1-

xTe2 with x = 0.0, 0.19, 0.39, 0.52, 0.80 and 1.0 were successfully prepared by modulating the 

relative amounts of MoCl5 and WCl6, as reported in Table 4-1. 

Figures 4-10a and 4-10b, which show low- and high-magnification ADF-STEM images 

for Mo0.39W0.61Te2 (x = 0.39) as a representative TMD alloy nanostructure, indicate that 

crystalline few-layer nanosheets were formed with edges that exhibit monolayer thicknesses. The 

STEM-EDS element maps in Figures 4-10c-f and 4-11 suggest a uniform distribution of Mo, W, 

and Te throughout the nanoflowers. The EDS spectra for all MoxW1-xTe2 nanostructures, shown 

in Figure 4-12 and presented as plots in Figure 4-10f that relate the EDS composition results to x 

in MoxW1-xTe2, confirm that the composition can be systematically tuned across the entire 

MoTe2-WTe2 solid solution. While the composition of MoxW1-xTe2 can be linearly modulated by 

varying the metal reagent stoichiometries, all synthesized samples contain ~67% Te and ~33% 

total metal (Mo + W). The constant chalcogen:metal ratio of approximately 2 confirms the overall 

MTe2 stoichiometry, which is higher than the chalcogen:metal ratio of ~1.8 observed for 

comparable nanostructures of the colloidal sulfides and selenides MoxW1-xSe2 and WS2ySe2(1-y).28 

At elevated temperatures in solution, transition metal disulfides and diselenides may have a 

higher tendency to lose chalcogen atoms than ditellurides, considering trends in the chalcogen-

phosphorus bond energy.34 Additionally, TOP is known to extract sulfur and selenium from 

colloidal chalcogenides, and this could also contribute to the lower chalcogen:metal ratio of the 

sulfides and selenides relative to the tellurides.35 

Given the different structure of the 1Tǋ-MoTe2 and Td-WTe2 end members, the MoTe2-

WTe2 solid solution range was monitored by powder XRD and Raman, as shown in Figure 4-13. 

In Figure 4-13a, the diffraction peak around 25°, which is characteristic of 1Tǋ-MoTe2 but not 
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present in Td-WTe2, gradually disappears as x in MoxW1-xTe2 decreases. Concomitantly, a peak 

around 51° progressively decreases in intensity as W is incorporated into 1Tǋ-MoTe2. The Raman 

spectra shown in Figure 4-13b indicate alternating intensity trends for the ! mode from WTe2 

and the Ag mode from 1Tǋ-MoTe2. Previous reports on MoxW1-xTe2 with 2H-MoTe2 and Td-WTe2 

end members indicate that solid-solution alloys could be tuned with composition and temperature 

in gas-phase reactions. In these systems, phase transitions from 2H to 1Tǋ, then mixed phases of 

1Tǋ and Td, and eventually reaching the pure Td phase, accompanied with the electronic properties 

changing from semiconductors to semimetals, were observed.17 Here, we achieved a transition 

between two semi-metallic end members (1Tǋ-MoTe2 and Td-WTe2) with similar crystal 

structures driven by the same coordinating geometry (Tǋ). The same transition is difficult to 

achieve in gas-phase syntheses until the temperature is increased to ~650-800 ºC, where the 

metastable 1Tǋ-MoTe2 becomes the end member.17 Access to alloyed systems exhibiting such 

phase behaviour at lower temperatures using solution-phase techniques could provide new 

opportunities for studying the electronic and topological properties of few-layer transition metal 

ditellurides. 

4.4 Conclusions 

Transition metal ditellurides exhibit exotic properties that depend on crystal structure, 

number of layers, and composition in ways that are distinct from their disulfide and diselenide 

counterparts, and therefore are of emerging interest. The low-temperature solution synthesis of 

few-layer Td-WTe2 and MoxW1-xTe2, reported here, expands previous capabilities in producing 

colloidal TMD nanostructures to telluride systems, which remain synthetically underdeveloped. 

Uniform WTe2 nanoflowers having average diameters that are tunable from approx. 30-50 nm to 

100-150 nm form directly in solution at 300 ºC, and grow laterally through an anisotropic growth 
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process. The composition of the MoxW1-xTe2 alloys can be further tuned across the entire 1Tǋ-

MoTe2 to Td-WTe2 solid solution. The ability to access transition metal ditellurides in their semi-

metallic polymorphs using solution-phase approaches complements traditional gas-phase 

synthetic techniques and provides potential future opportunities for large-scale manufacturing as 

well as alternative pathways for device integration. 
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4.6 Figures 

 

Figure 4-1: Side and top views of the (a) hexagonal (2H), (b) monoclinic (1T'), and (c) 

orthorhombic (Td) transition metal ditelluride polymorphs. The metal and tellurium atoms are 

shown as pink and yellow, respectively. 
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Figure 4-2: (a) TEM image and (b) HAADF-STEM image of the colloidal WTe2 nanostructures. 

(c) High-magnification ADF-STEM image for the WTe2 nanostructures highlighting. The green 

circle, which highlights the monolayer region, matches well with the simulated pattern in (d), 

particularly for the zig-zag distribution of tungsten atoms, shown as red lines. The region 

exhibiting the zig-zag pattern gradually transforms to a region exhibiting a parallel pattern 

(yellow circle), which is consistent with curved sheets as expected for the nanoflower 

morphology. (e) Corresponding experimental and simulated FFT patterns for the (002) facet of 

Td-WTe2. 
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Figure 4-3: (a) Simulated ADF images of bilayer WTe2 with Td stacking. (b) 2H- and 2H'-

analogous stacking of WTe2 layers, highlighted by red and yellow circles, respectively. 

 

 

 

Figure 4-4: Powder XRD pattern of the colloidal WTe2 nanostructures, along with a simulated 

pattern based on the crystal structure of bulk Td-WTe2. The inset shows the orthorhombic layered 

structure of WTe2 viewed from [010] direction, where tungsten (grey) and tellurium (yellow) 

atoms are covalently bonded with a distorted octahedral coordination.  
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Figure 4-5: (a) Raman spectra of the as-prepared WTe2 nanostructures, acquired with laser 

powers of 1.92 eV, 2.41 eV, and 2.54 eV, respectively.  The spectra are normalized to the peak 

with the highest intensity and Raman modes are labelled based on bulk notations. XPS spectra for 

the WTe2 nanostructures with (b) Te 3d and (c) W 4d regions. The shoulder peaks located at 

higher binding energy are attributed to TeOx and WOx, which could be introduced during the 

washing process. 
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Figure 4-6: (a) XPS survey scan for the as-prepared WTe2 nanostructures, showing the presence 

of W, Te, C, and O. (b) XPS spectra for the WTe2 nanostructures with (b) Te 4d and (c) W 4f 

regions. The minor shoulder peaks at higher binding energy could be due to potential oxidation 

introduced during the washing process. 
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Figure 4-7: TEM images (200 nm scale bars) of WTe2 nanostructures obtained at reaction times 

of (a) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, (e) 25 min, and (f) 30 min. 

 

 

Figure 4-8: Powder XRD patterns of the WTe2 nanostructures obtained after (a) 5 min, (b) 10 

min, (c) 15 min, (d) 20 min, (e) 25 min, and (f) 30 min.  
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Figure 4-9: TEM images (500 nm scale bars) for MoxW1-xTe2 with x = (a) 0, (b) 0.19, (c) 0.39, (d) 

0.52, (e) 0.80 and (f) 1. 
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Figure 4-10: 6 (a) HAADF-STEM image, (b) high-resolution ADF-STEM image focusing on the 

edge region, and (c-e) STEM-EDS element maps of Mo0.39W0.61Te2 nanostructures as a 

representative MoxW1-xTe2 solid-solution alloy. (f) Plots of elemental composition (orange) and 

metal/chalcogen ratio (blue) as a function of ñxò in the MoxW1-xTe2 alloyed nanostructures. 

  



111 

 

 

Figure 4-11: HAADF-STEM images and corresponding STEM-EDS element maps for the 

MoxW1-xTe2 nanostructures, indicating a uniform distribution of Mo, W, and Te. 

  


















































































































