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I. Abstract 

 Two dimensional (2D) layered transition metal chalcogenide (TMC) are emerging fast due 

to their unique characteristics ranging from electron transport, magnetism, intercalation 

chemistry and catalytic and optical properties. Until now, most developments have been 

focused on device fabrications and their physical performance tests. Although the 

understanding of the chemical nature of 2D TMCs is critical for the success in practical 

applications (e.g., nanodevice, energy storage/conversion, sensing and catalysis), the 

research on chemical aspects such as surface modification, bottom-up synthesis, and 

reactivity of 2D TMC nanostructures is yet scarce. In this project, we have investigated the 

chemistry of 2D TMCs such as anisotropic reaction on surface (e.g., edge or basal plane) and 

molecular induced electronic structural effects (e.g., nucleophile or electrophile) by 

experimental and computational approaches. Based on the understanding of chemistry of 2D 

TMCs, we successfully controlled the size, thickness, and morphology of 2D TMC 

nanosheets in the solution phase. 

Specific Aims: 
1. Development of solution based synthetic protocols that can be generally applicable

for a wide variety of metals and chalcogens (e.g. metals in group IV, Ti, Zr, Hf;

group V, Nb; group VI, Mo, W; group VIII, Pd, Pt with chalcogens of S and Se).

2. Computational screening of intrinsic properties of all pristine 2D layered TMC

materials using density-functional theory (DFT), including stability, doping effect,

thermal and electronic properties (i.e. dielectric constant, UV/Vis spectrum and

exciton Bohr radius), and their size confinement.

3. Development of synthetic and theoretical principles for the size control (lateral size

and number of layers) to examine such confinement effects for

electronic/optical/catalytic properties, supported by theoretical and experimental

studies.

4. Elucidation of chemical interactions and properties of edges and basal planes.

Interaction of 2D TMC edges and basal planes with electron donating or

withdrawing chemical species such as Lewis acid/base and radicals with

consideration of factors from Pearson’s acid/base concept, metal affinity to steric

effects are studied. Edge/basal plane composition and platelet size will be studied

employing DFT, aiming at understanding of crystal growth processes and reactivity

of TMC nanostructures.
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II. Introduction 

2D layered TMC nanostructures are emerging rapidly due to their unique chemical and 

physical properties that are difficult to obtain or absent in other 2D materials such as 

graphene. For example, MoS2 nanosheets are known for their exceptional device 

performance with high signal-to-noise (S/N) ratios and optoelectronic capabilities.[1] TMCs, 

with the formula of MnXm (M= Ti, Zr, Hf, Mo, W, Ni, Pd, Pt ;X=S, Se, Te; n, m=1, 2, 3...), 

have a variety of unique anisotropic characteristics ranging from charge transport to 

magnetism, intercalation, and catalytic and optical properties.[2] Nanoscale confinement, 

such as single sheet formation or lateral size reduction, of 2D TMC materials is expected to 

yield new scientific understanding and many potential applications.[3] Until now, major 

developments in both the generation of TMC nanostructures and study of device physics, 

have been limited to the gas phase CVD or exfoliation techniques.[4] In contrast, the 

research on chemical aspects such as surface modification, bottom-up synthesis, and 

reactivity of TMC nanostructures is very scarce.[5] Due to their high surface-to-volume ratio, 

open-gap structures and the presence of different coordination states on the edge and basal 

planes,[6] TMC nanostructures are chemically sensitive to their environment (Figure 1). For 

example, upon exposure to mild chemical environments, TMC nanostructures can be 

susceptible to chemical adsorption with the concurrent modification of physicochemical 

properties including electronic structure, charge transfer rate, and catalytic efficiency.[7] 

Meanwhile, under highly reactive chemical environments, TMCs can readily react with the 

surrounding chemicals to make insertion/addition of elements, ion exchange, dissolution to 

form entirely new nanostructures and compositions that are different from the original TMC 

nanostructures. 

 
Figure 1. Unique characteristics of 2D layered TMC nanostructures. Structural features 

including high surface-to-volume ratio, missing coordination at edge, and open structure 

make 2D TMCs sensitive to their chemical environments. In addition, 2D TMCs have 

versatile physicochemical properties, for instance, their electronic character ranges from 

metallic to semimetallic or semiconducting due to the variety of compositional/structural 

combinations and atomic coordination. Within each layer of TMC nanostructures, atoms are 

covalently bonded whereas the individual layers are bound by van der Waals interaction. 
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III. Approach: 

In this study, we first aimed to develop the bottom-up chemical synthetic protocols for free 

standing 2D layered TMC nanostructures with controlled lateral size and thickness. The 

ability to modulate the size and thickness of these materials allowed us to identify new 

phenomena associated with their electronic/optical/catalytic properties. In fact, with the 

prepared freestanding 2D layered TMC nanostructures, an effective method to synthesize 

high-quality and size-controlled single layered TMC quantum dots via intercalation induced 

exfoliation from multilayer quantum dots (MQDs) precursors was accessed to define the role 

of lateral confinement on the optical properties of the 2D exciton. The third component of 

this project, achieved by state-of-the art computer simulation, was the development of the 

theoretical background for understanding the size and shape dependent materials properties, 

reactivities, and activation energy barriers of freestanding TMC nanostructures for structural 

stability and chemical interactions. 

IV. Experimental method 

Chemical synthesis of 2D layered TMC nanosheets for its size/thickness control 

The solution-based synthesis of 2D layered TMCs was developed following a general 

synthetic scheme: a reaction medium is first heated to a sufficient temperature (usually from 

150 to 300 °C) such that the precursors decompose into monomers at a supersaturated level. 

After the burst of nucleation seeds, spontaneous crystal growth occurs by consumption of the 

monomers. [8] Finally, the desired size and shape of nanostructures are achieved by surface 

stabilization by organic surfactants.[9] One of the key assets of bottom-up chemical 

synthesis is the simplicity in control of size, shape and composition by analytical adjustment 

of the reaction parameters such as time, temperature, concentration and choice of reagents. 

For example, appropriate selection of organic surfactants, in which one binds tightly to the 

specific surfaces of nanocrystal, thereby hindering growth, results in size control of the final 

2D TMC nanosheets.  

Absorption spectroscopy 

 The single-particle photoluminescence (PL) spectra from as-synthesized single- or 

multi-layered nanosheets were measured with a wide-field microscope equipped with an 

imaging spectrograph and an electron multiplying charge-coupled device.[10] A Xe-lamp in 

conjunction with a monochromator provides the tunable excitation light in the UV−vis 

region. Excitation of as-synthesized colloidal TMC nanosheets was performed via an ATR 

scheme using a quartz prism to minimize the interference from the excitation light during the 

PL measurement. A highly diluted colloidal suspension was drop casted onto a thin quartz 
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plate and the placed on top of the prism using an index matching liquid. The PL from 

specimen was collected with an objective focused on the EMCCD either as an image or as a 

spectrum using a tube lens through the imaging spectrograph. The PLE spectra were 

obtained by measuring the integrated PL intensity as a function of the excitation wavelength 

with a 10 nm bandwidth after a spectral calibration of the entire optical system with CdSe 

quantum dots, which have a well-known PLE profile. 

Theoretical modelling 

Density-Functional Theory (DFT) has become an established tool to understand the 

intrinsic properties of 2D TMCs, including structure, vibrational, electronic and 

optoelectronic properties. [3a, 11] For deposited or multi-layer 2D TMCs, caution is needed 

when addressing the interlayer interactions, as London dispersion is lacking in DFT, and a 

correct interlayer distance is crucial for predicting most properties. For most TMC 

nanostructures, however, these distances can, be obtained from experiment, by higher-level 

calculations (i.e. LMP2), by employing semi-empirical corrections[12] or the harmonic 

oscillator model describing many-body effects.[13] It should be noted that relativistic effects 

can play an important role in 2D TMCs, in particular in the upper regions of the valence 

band and thus affecting the optical properties significantly. Accounting for spin-orbit effects 

is state-of-the-art today, but increases the computational effort. DFT is an excellent tool to 

determine the reactivity of molecules, directly relating to Pearson’s Hardness/Softness 

Acid/Base (HSAB) principle, and with the possibility to assign activated electrons to orbitals 

and to spatial regions.  

V. Results and Discussion:   

Hexagonal transition-metal chalcogenide nanoflakes  

We have explored the rationale behind the hexagonal shape of group IV TMC 

nanoflakes.[14] We have found that a low-energy structure of these particles always follow 

the formula MnXn-2, thus leaving 4 excess electrons that are distributed over the platelet and 

which are responsible for the lateral quantum confinement effect. The hexagonal shape is 

rationalized by minimizing the number of edge atoms with respect to basal plane atoms and, 

at the same time, keeping only low-energy edge structures.  

Figure 2. Partial atomic-charge distribution in Ti37
Hex and Ti36

Triobtained from a multipole derived 

charge analysis (mdc-q). 

DISTRIBUTION A. Approved for public release: distribution unlimited.



 

6 

 

Figure 3. Thickness-controlled synthesis of WSe2 nanosheets with the use of different 

binding affinity ligands. (a) Chemical equation for synthesis of WSe2 nanosheets. (b) 

TEM images of WSe2 nanosheets synthesized with (i) oleylamine, (ii) oleyl alcohol, and 

(iii) oleic acid. (i′, ii′) Magnified TEM images of the nanosheets and (iii′) pseudo-colored 

image of the single-layer nanosheets. (c) XRD patterns of WSe2 nanosheets synthesized 

with (i) oleylamine, (ii) oleyl alcohol, and (iii) oleic acid.  

Colloidal synthesis of single layer MSe2 (M= Mo and W) nanosheets 

We have developed a solution based synthetic protocol for single layer MSe2 (M= Mo and 

W) nanosheets.[15] The key concept is controlling the binding affinity of capping molecules 

to the reactive edge facets of 2D TMCs. Using this approach, the thickness of the 2D TMCs 

is controlled from single layer to multilayer. By changing the functional groups of the 

surfactant ligands from carboxylic acids to alcohols and amines, the number of layers in the 

nanosheets can be controlled. Single-layer MSe2 nanosheets with lateral sizes of 200–400 nm 

were obtained when oleic acid was used as a capping ligand, while multilayered nanosheets 

with lateral sizes below 20 nm were formed from relatively strong ligands, such as 

oleylalcohol and oleylamine.98 The computed binding affinities of the ligands toward the 

metal centers on the edge facets were −1.475, −1.161, and −0.848 eV for methylamine, 

methyl alcohol, and formic acid, respectively, indicating that strongly bound capping ligands 

(i.e., oleylamine) stabilize the edge facets and inhibit lateral growth, while the vertical 

growth of WSe2 nanosheets can competitively occur, leading to smaller but multilayered 

nanosheets. In contrast, oleic acid, which has a significantly weaker stabilizing effect on the 

edge facets, promotes the lateral anisotropic growth of single-layer WSe2 nanosheets.  
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Figure 4. (a) TEM images of the side-view of WSe2 MQDs and (b) top-view of 

exfoliated WSe2 SQDs. 

Colloidal Single-layer quantum dots with lateral confinement eff ects 

An alternative route in thickness controlled synthesis from our previous report, lateral size 

controlled multilayered WSe2 quantum dot (MQD) was synthesized by gradual changes in 

precursor to surfactant ratio (Figure 4a).[16] The controllability of the lateral size is perhaps 

a result of the larger population of surfactant (i.e., trioctylphosphine) molecules on the 

surface of the WSe2, which decreases the growth rate and thereby produces smaller 

WSe2 MQDs. Then, intercalation of linear alkylamines with two different chain lengths was 

taken place for mild exfoliation process to isolate lateral size controlled single layer quantum 

dots (SQDs) (Figure 4b). The method, so called ‘tandem molecular intercalation’ (TMI) 

method facilitates efficient exfoliation without sonication or reactive chemicals, such as Li+ 

that prevents the formation of potential defects in prepared 2D TMC quantum dots during 

the exfoliation process. This methodology allowed us to explore the lateral confinement 

effects on the unique optical properties originating from 2D excitons in single-layer TMCs. 

The single-particle PLE and PL spectra of WSe2 SQDs clearly revealed not only the lateral 

confinement effect on the optical transition energy but also the enhanced vibronic coupling 

due to the proximity of the edge bonds resulting in a large increase in the Stokes shift and 

spectral width. Furthermore, single-particle polarization spectroscopy shows that the 

absorption and emission of colloidal WSe2 SQDs exhibit the same in-plane, 2D isotropic 

transition dipole and linear PL polarization anisotropy as those of the 2D exciton in the 

single-layer sheets of WSe2. On the other hand, the circular polarization anisotropy observed 

in single-layer TMC sheets is absent in WSe2 SQDs, indicating that the valley polarization is 

lost in the laterally confined single-layer TMCs. 

DISTRIBUTION A. Approved for public release: distribution unlimited.



 

8 

 

Figure 6. (a) Separation of strongly interacting colloidal 2-D layered TiS2 nanodiscs via 

photoinduced weakening of interparticle cohesive energy that facilitates the solvation of 

each nanodisc. (b) TEM image of the d = 150 nm TiS2 sample before and after 30 min of 

photoexcitation. 

Solvent effect on the optical properties of colloidal single layer WS2 quantum dots 

Based on the spectroscopic analytic techniques acquired from the previous studies, we 

determined the solvent effect on optical and electronic properties of TMC QDs comparing 

between mono and multilayer.[17] It was observed that the strong influence of the aromatic 

solvents on the PL energy and intensity of monolayer WS2 QD beyond the simple dielectric 

screening effect, which is considered to result from the direct electronic interaction between 

the valence band of the QDs and molecular orbital of the solvent (Figure 5). It was also 

observed the large effect of stacking/separation equilibrium on the PL spectrum dictated by 

the balance between inter QD and QD-solvent interactions.  

 

Figure 5. (a) PL spectra of single-layer WS2 QDs (purple) in DMF and multilayer WS2 QDs 

(green) in pentane. (b) PL peak energy of single-layer WS2 QDs in nonaromatic and aromatic 

solvents, varying the dielectric constant.  

Photo-induced separation of strongly interacting 2D layered TiS2 nanodiscs 

In this study, we showed that the vertically stacked assemblies of TiS2 nanodiscs present in 

the colloidal solution due to the strong interparticle interaction via basal planes can be 

a 
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readily separated into individual noninteracting nanodiscs via pulsed photoexcitation.[18] 

Interband photoexcitation of TiS2 nanodiscs with pulsed laser light creates dense charge 

carriers that transiently modify the charge distribution within the nanodiscs. The change in 

charge distribution in TiS2 nanodiscs during the lifetime of the charge carriers is considered 

to non-thermally weaken the interparticle cohesive energy and facilitate the solvation of each 

nanodisc by the solvent molecules 
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