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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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I1. 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, MoS; 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 M\ Xy, (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.

Chemical environment
(e.g. gas, liquid molecules)

« High surface to volume ratio

) o) * Missing coordination at edge

Guest o Drel D c/ ‘fx‘ <
molecules 2D Layered f‘j *5,1.”
K Metal Chalcogenide

M. X, @M (transition metal) . X (chalcogen)

+ Open structure . 3 2 e
. Atomic coordination Various chemical compositions

M:Ti, Zr, Nb, V, Nb, Hf, W, Mo, Pd, Ni, Pt

X X X: S, Se, Te

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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I11. 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.

V. 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

4

DISTRIBUTION A. Approved for public release: distribution unlimited.



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
guantum 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.
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Figure 2. Partial atomic-charge distribution in Tis/"* and Tiss""obtained from a multipole derived
charge analysis (mdc-q).
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Colloidal synthesis of single layer MSe; (M= Mo and W) nanosheets

W(CO)g + 2Ph,Se, m’
b ligand

WSe, + 2Ph,Se + 6CO
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Figure 3. Thickness-controlled synthesis of WSe; nanosheets with the use of different
binding affinity ligands. (a) Chemical equation for synthesis of WSe; nanosheets. (b)
TEM images of WSe;, 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. (¢) XRD patterns of WSe, nanosheets synthesized
with (i) oleylamine, (ii) oleyl alcohol, and (iii) oleic acid.

We have developed a solution based synthetic protocol for single layer MSe; (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 MSe, 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.®® 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 WSe, 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 WSe; nanosheets.
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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 WSe; 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 WSe,, which decreases the growth rate and thereby produces smaller
WSe; 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

Multilayer quantum dots
C C

Figure 4. (a) TEM images of the side-view of WSe, MQDs and (b) top-view of
exfoliated WSe; SQDs.

effects on the unique optical properties originating from 2D excitons in single-layer TMCs.
The single-particle PLE and PL spectra of WSe, 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 WSe,; 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 WSe,. On the other hand, the circular polarization anisotropy observed
in single-layer TMC sheets is absent in WSe, SQDs, indicating that the valley polarization is
lost in the laterally confined single-layer TMCs.
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Solvent effect on the optical properties of colloidal single layer WS; 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 WS, 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.
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Figure 5. (a) PL spectra of single-layer WS, QDs (purple) in DMF and multilayer WS, QDs
(green) in pentane. (b) PL peak energy of single-layer WS, QDs in nonaromatic and aromatic
solvents, varying the dielectric constant.
Photo-induced separation of strongly interacting 2D layered TiS; nanodiscs

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

the colloidal solution due to the strong interparticle interaction via basal planes can be
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Figure 6. (a) Separation of strongly interacting colloidal 2-D layered TiS, nanodiscs via
photoinduced weakening of interparticle cohesive energy that facilitates the solvation of
each nanodisc. (b) TEM image of the d = 150 nm TiS, sample before and after 30 min of
photoexcitation.
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readily separated into individual noninteracting nanodiscs via pulsed photoexcitation.[18]
Interband photoexcitation of TiS; nanodiscs with pulsed laser light creates dense charge
carriers that transiently modify the charge distribution within the nanodiscs. The change in
charge distribution in TiS; 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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ABSTRACT: Because of the absence of native dangling bonds on 32
the surface of the layered transition metal dichalcogenides _ Jg,-——'-ﬁ———‘-'-
(TMDCs),ﬂwanfaceofooﬂoidalqmnmmdou(QDs)of 3 — 08|
TMDCs is exp directly to the sol > 2 .
Therefore, the optical and electronic properties of TMDCS % X ' ‘ ‘
QDs are expected to have influence from the solvent than = 204 -
usual anfaoepasinled QDs due to more direct solvent-QD . S e
interaction. Study of such solvent effect has been difficult in 3.00 = —
colloidal QDs of TMDC due to the large spectroscopic 0 &9 N ¢ 10 » »
he(emgenmyluultmgﬁ'omlhelntuogﬂmtyofdwhlualm Woveslsngs: b &
(and) il n ble. Here, we devel e
dure producing if lloidal layer WS, QDs exhibiting well-defined photoluminescence
(PL) P free from ble h Umgdmnewlysynd\eﬂmd monolayer WS, QDs, we observed the strong
infly of ic sol on(hePLenegyand ity of layer WS, QD beyond the simple dielectric screening
effect, which is considered to result from the direct el ic i ion b dnv:kmbando(anDsandmokalhr

orbital of the solvent. We also observed the large effect of stacking/separation equilibrium on the PL spectrum dictated by the
balance between inter QD and QD-solvent interactions. The new capability to probe the effect of the solvent molecules on the
optical properties of colloidal TMDC QDs will be valuable for their applicati mnmmliqmdmmmdmgmmmb.

KEYWORDS: Colloidal quantum dot, monolayer WS, transition metal dichalcogenide, solvent-q dot &
photoluminescence

omhyumdkwhyuuumoonmtaldduhoguude

collondal TMDC nanoaynzls found applications in various

(TMDC) materials attracted much i ly

due to their unique electronic, optical and P
resulting from the confinement of charge carriers in two-
dimension (2D)."”7 TMDC tures with lled
lhxkneulnvebmfabrialcdtypiallyvhdmnicalvapof
deposition or epitaxial growth as a thin film supported on a
substrate, \Vhld’l is particularly useful for exploring the

g mch as mayn§ in biological
prop y and catalysis in sol phse, 3 analogous to
thace Hoidal semi tor QDs."7

Unliktinod'mQDswithdanglmgbondsondlemfaa
providing the linkage for the ligands, TMDC QDs have no
dangling bonds on their basal planes except at possible defect
sites and edge. Therefore, the surface of TMDC QDs in

luti kdhtdlycxpoﬁtdtodnsolvmtmvmmmtwnhout

inter ﬁ'om the surface-bound i although they can
be introduced at the defect sites or edge." * Naturally, QD-

P of 2D-confined excit to the thick
and interlayer interactions. Efforts to create TMDC
tures with lled lateral di as well as the thick
}nvea.lwbcenmadewnhlheprmpedofcomhnmdnlalenl
< with prop iginating from the 2D-
fined e i Such tures were often
created in colloidal nanocrystal form employing liquid-phase
Solistion. Tienilsted exfolistion. o hemical synthesis and

hot injection method,""* while the patterned structure on a
substrate was also created via electron beam i hy.'*
Because of the dispersibility in various liquid media, the

\ 4 ACS Publications  © 000 American Chemical Socety

solvent and inter QD interaction that can modify the electronic
and optical of the QDs are expected to be stronger
in TMDC QDs than those with surface—bou.md ligands. This is
an important issue since the jons of colloidal

—rr
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ABSTRACT: Controlled lateral g fi in single-layer transition-metal 3
dulcogmldet (TMCs) can ially combine the uni properties of two-

ional (2D) exci withdnmemhbtyofummmcrgymﬂ\c B4
single-layer quantum dots (SQDs) of 2D TMC ial such

opponmmuhasbemdullmgngdmlod\chnncdahbtytopmdmwendtﬁmd
SQDs with sufficiently high quality and size control, in conjunction with the commonly
observed inconsistency in the optical properties. Here, we report an effective method to
synthesize high-quality and size-controlled SQDs of WSe, via multilayer quantum dots
(MQDs) precursors, which cnables grasping a clear picture of the role of lateral
confinement on the optical properties of the 2I) exciton. From the single-particle optical
spectra and polarization anisotropy of WSe, SQDs of varying sizes in addition to their
u\semﬂedata.wemnalhawdnpmpemsofu)uatonmsmgk-hyuTMCsmhe
with i g lateral g

" w &
.

B INTRODUCTION

In recent years, two-di ional (2D) ition-metal
chalcogenides (TMCs) have emerged as an important class of
materials, where the new material properties are obtained by
reducing the dimensionality.'® For instance, the band gap of
various semiconducting TMCs changes from an indirect to a
direct gap with a concomitant appearance of strong exciton
photoluminescence (PL) when lbey beoomc single-layer
thick” "2 The valley-sck exc providing 2 new
degree of freedom to ipulate the i ies, also

methods utilize multistep exfoliation of the bulk TMCs to
create SQDs,"”

Since these methods typically ire i sonication and/
ord\cuscofhnghlymdrvechcnualsmchash the resulting
produdstendtomﬂ'crﬁomml\omogmcﬂyofhmalmand/

dcfectspmduv:cthcmpmkes,mdlasmncyorddmbon
of the crystal structure, which are known to form during the
harsh exfoliation processes and can interfere with the

becomes possible in single- hycr TMCs.> ' Funhermom, the
reduced dimensionality and weaker screening effect can result
in the formation of a strongly bound 2D exciton that largely
determines the optical and charge transport properties of
single-layer TMCs."®™"* For single-layer TMC:, the n:ducbon
of the lateral size to the le can p the
unique property of the 2D exciton wnh addmoml lateral
confinement, creating the ‘single-layer quantum dot (SQD)’
that is distinctly different from more common quantum dots

characterization of the prop of the exciton, as in the

case for ¢ -""'QDLT",’,' the

observation that the ndcnt PL mguh a posablc

lateral confinement effect,’”” g of the prop

of 2D exc:ton in smgk hyer TMCs cxpcncnang lateral
t has d elusive.

Ind\nsmdywemportahnghlydfccuvcmcﬂ\od(olnve
high-quality, lateral size-controlled SQDs of TMCs with a
urmhrshapemgmdnhycr quantum dots (MQDs) as the

The i the initial synthesis of disc-

(QDs) derived from 3D crystals. To explore the prop of
SQDs to reveal the effect of lateral confmemenl on 2D excitons
in single-layer TMC materials, SQDs should not only satisfy the
strict single-layer thickness requirement and lateral size
controllability but also maintain single crystallinity without
defects. However, there have been synthetic challenges to meet
such criteria simultaneously. Some of the commonly employed

< ACS Publications  © 2016 American Chemical Society

precursor.
haped MQDs with a c Ned o followed by mild
exfoliation via tandem molecular intercalation (TMI), produc-
mg&QDs(ha(ml\cmdwdwnﬂtfandaystalphscofl}w
initiall MQDs without creating defects™ (Scheme 1).
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ABSTRACT: The ofnngkhyetzdimcn
sional (2D) heets has been challenging, especially in
soluﬂonphue mhnq\ﬂmhld\lyanmopicyomh

that exclusi
dmmgnmoayshlfmmbon.lnthsstudywedhomod
that such selective growth pathways can be achieved by
modaulating the binding affinities of coordinating capping
ligands to the edge facets of 2D layered transition-metal
groups of the capping ligands from carboxylic acid to
affinities to the edges, the number of layers of h
is controlled. Single-layer MSe, (M = Mo, W) TMC
nanosh:etsareob(ah\cdwidﬂhemofokicadd,whﬂe
multilayer h fc d with relatively strong
bmdingbgandsmd\aoleylalcoholandolqhmme.“ﬁth
the choice of appropriate capping ligands in the 2D
anisotropic growth regime, our solution-based synthetic
method can serve a new guideline for obtaining single-
layer TMC nanosheets.

R_‘m,:,ly‘ single-layer sheets of van der Waals (vdW)
tion-metal chalcogenides (TM(,s), in which single
hyeumbcldtogﬂhcrbyvdeoroc, have emerged as uniquely
tures with u anprec d d materials proper-
lm, analogous to graphene.” These single-layer TMCs exhibit
remarkable materials characteristics when compared to their
tilayer bulk ¢ part. For ple, when group VI TMC
Is become thinned to the single layer, the electronic
s(mdmofm«hndbandgaplnlhebdkdmr(odﬂrd band
gap with enhanced optoelectronic transitions.” In addition, the
excellent in-plane charge carrier mobility and giant spin-valley
coupling are some of the electronic characteristics that can enable
the high- pcrfonnance capabilities of optoelectronic and
spintronic devices.*
During the past decade, solution methods have been
demonstrated as one of the most powcrful synthetic appmadlcs

bramderangeof posed of co
metals and chal * including 0-dimen-
snonal (DD) dots, 1-di jonal (1D) ires, and
heets.® For ple, CdSe nanocryst-
alshave been successfully synlhuucdmame and shape-
lled fashi l'rom P (o platelets®™ and branched

complcxstnxtms. Evmmthsudusynthdncadvumoneof

< ACS Publications — ©2015 American Chemical Socety

the current challenges is the lack of proper synthetic protocols for
free-standing single-layer 2D nanosheets of vdW TMCs.”
Awovdmg to the recent studies, even though solution-based
i hods have provided some glimpse on the f i
ofnngielayerTM(,shlhem'lyuageofgwmhproeM
multilayered TMCs are typically isolated as stable products.”
One most recent study shows that controlled delivery of
chalcogen source during the crystal growth processes is critical to
generate single layers of group IV TMCs such as TiS,, ZsS,, and
HfS,."" Even with these studies, the understanding and the
control of growth processes for single-layer TMC nanosheets are
still elusive, not to mention the lack of reliable synthetic

protocols.
In this study, we d a colloidal methodology for
single- laytt nanodwds of MSe, (M = Mo, W) by exclusively
g their ic lateral mode. We discovered

lhalﬂlemeofqaeaﬁcmfaceapphgligandsvmhdlﬂ'mnl
bmdmgwsmlhemncdgefdeMunan
important factor to prod hick lled TMCs from
multi- to single-layer. “The strength ofbgand binding to the gwtn
crystallographic facet is th ically ined to und d the
ligand-dependent anisotropic growth modes. While the roles of
capping ligands on the anisotropic growth effects for other 0D
and 1D nanostructures are well-known, this is the first
demonstration of capping ligand-driven synthetic protocol for
single-layer nanosheets of vdW TMCs.

As a representative case of our study, we first chose WSe,. Each
layer of WSe, is weakly bonded by vdW force and comprises a
Se~W-Se triatomic layer where tungsten (W) is covalently
bonded to six selenium (Se) atoms in a mgoml pnsmauc
geometry (Figure 1a)."" WSe, h
reacting tungsten hexacarbonyl (W((.O),) and diphenyl
diselenide (Ph,Se,) in the presence of capping ligand as a
solvent (Figure 1b)."* We tested three different types of capping
ligands (i.e., oleylamine, oleyl alcohol, and oleic acid) having the
same number of carbon atoms, but different terminal functional
groups. W(CO), (0.02 mmol) is reacted with Ph,Se, (0.04
mmol) in the excess amount of capping ligand (14 mmol) at 330
“C under an Ar atmosphere. After 12 b, the reaction mixture is
coolcddownandommfugedto lsolathSc,nznodwctswnh
high colloidal stability when dispersed in such
as toluene (Figure $2). According to our DFT calculations, such
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Hexagonal Transition-Metal Chalcogenide Nanoflakes with
Pronounced Lateral Quantum Confinement™*
Pere Miro,* Jae Hyo Han, Jinwoo Cheon, and Thomas Heine®

Dedicated 1o Professor Gerhard Roewer on the eccasion of his 75th birthday

Abstract: Transition-metal chalcogenide (TMC) nanoflakes of
composition MX, (where M="Ti, £r and Hf; X =5 and Se)
crystallize preferentally in equilaieral hexagons and exhibit
a profcunced lateral gquanatum confinement. The hexagonal
shape of octahedral (1T) TMC nanoflakes iz the result of
charge Iocalization af the edges‘vertices and the resulting
Couwlmmb repulsion. Independent of their size, all nanoflakes
have the M X, , stoichiometry and this an unoxidized peetal
center which results in dopant siatesx. These siates become
relevant for small nanoflakes and lead to metallic character, buf
Jor larger nanoflakes (=6 nm) the 21} monolayer properties
dominate. Finally, dination of Lewis baves af the nano-
flake edges has no significant effect on the electronic sineciure
af these species confirming the viahility of colloidal synthetic
apprroaches.

Thl: exisience of two dimensional (2D} materials was
a highly debated issue in solid-state physics concluding that
these materials would be thermodynamically unstable at any
finite temperature owing to thermal Auctuations " The
scientiflic communily had to wait until last decade to disprove
these statements and exloliate praphite to graphene, the first
2D material 1o be isolated ™ Afier this major scientific
breakihrough, other lavered materials, such as hexagonal
boron nitride (k-BN), and transition-metal chalcogenides
{TMCs) have been exfoliated down 1o monelayers™ ™ Nowa-
days, 210 matenals are a rapidly growing multidisciplinary
ficld with a wide range of applications in pano- and
oploclectronics, calalysis, and energy storage™ ‘Transition-
metal dichaleopenides are a prominent family of layered
materials with the pencral formula of MX,, where M s
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a)

Figure 1. a) Visualization of basic atemic coordination of 17-MX;,

by atomic ball model of hexagonal <haped 200 transition-metal dichal-
cogenide nanoflake model with chemical composition of Ti,, S,
(Ti"™™) employed in this study. ¢} High- and d} low-magnificatian
TEM images of synthesized hesagonal shaped 165, nanollakes. Tran-
sition metals blue, chalcogens yellow.

a transition metal and X s a chalcogen clement. These
materials are composed of 20 sheets stacked on top of one
another. Each sheet is three atoms thick, with metal atoms in
the middle, cach of them covalently bound to the chaleogen
atoms located above and below (Figure 1a). In the bulk and
in stacked aggregates, TMIC sheets are held together through
interlayer London dispersion inleractions. Manostructures of
layered TMOs arc highly promising owing Lo their unigque
chemical and physical propertics derived from the different
naturc of intra- and interlayer bonding. This provides a wide
range of interesting anisotropic features for ion intercalation,
spintronics, optoclectronics, and catalysis™* Furthcrmore,
[ascinating propertics emerge when cither the number of
layers or the lateral system size is changed. For example, the
exfoliation of bulk MoS,; leads to photoluminescence at the
monolayer level, while lateral confinement in W5, nanoflakes
enhances its lumi cificiency."* In this respect, the
recent advances in the growth of TMC nanocrysials with
a boltom-up synthetic approach have provided a route
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ABSTRACT: Colloidal 2-D layered transition metal dichalcogenide (TMDC) nanodiscs synthesized =~ #ed sty o 16 swodeon

with uniform diameter and thickness can readily form the vertically stacked assemblies of particles in
solution due to strong interparticle cohesive energy. The interparticle electronic coupling that modifies
Mopumlmddemonnptopmpomamlﬁamchaﬂengeh ploring their unique properti
infl d by the in different directions taking advantage of the
mmﬂeddimanddlnchmllm,mdnwthatﬂm blies of 2-D layered TiS, discs
are efficiently sep d into indi di -vupbtoumabonoflhedwgembypdnd
Iaerbghl, bling the characterizati o(lhepmpemaof interacting TiS, di

Photoi jon of the di id ‘toooauvhu:nﬂenlmkenhgoflhe
hletpaﬂklecohedveforcebyd\edunepholoudteddmgemﬂa&whkhﬁdlﬂdsdnsolnﬂmof

cach by the

B INTRODUCTION

Atomically thin 2-D layered transition metal dichalcogenide
(TMDC) nanostructures are attracting much attention due to
their material properties that are sensitive to the number of
layers and the strength of their interlayer interaction.' ™ Often
these materials are synthesized via exfoliation from bulk or
using chemical vapor deposition (CVD) methods, which
pro&uoemgleandfcwlayerlhmﬂakescmblhgdewkd

the f ion of the blies of interacting particles is an
important issue since the clectronic, optical, and transport
pfoperﬁa the particles can change significantly via electronic
1715 Colloidal 2-D layered TMDC nanodiscs have
hrgeﬂatbmlphnes,andthcpoai)lcmt«pamdeconhctm
that affects interparticle cohesive energy and electronic
coupling is much larger than that in 0-D and 1-D structures
of the same vol Therefore, the formation of an interacting
bly of particles is more facile than that in 0-D and 1-D

studies of the thickness-dependent material properties of

TMD(,"’" 7 Recently, solution-phase synthesis methods have
for several TMDC materials, enzblmg the

md\ndhnofmﬁotm bles of colloidal TMDC

lled thickness and lateral area.®

:tmdwes.mdnueﬂ'edond\co;malmddccmnxpmpms
analsobemovedgnﬁanl“" The alteration of the optical
properties due to interp decmoouplmgcanpona
dnllcngemexplonngthe ique di y P

prop: of t metal dichal id structures
using collocdalnmopamdumthuﬂ-oonuoﬂed lateral and

Collokhl 2D layered TMDC liscs \vil.h Ilabl
thickness and area provid explore the
material properties corrrlaltd with both variation of lay
interaction and intral. xpaml fi that are expeded
to be highly annotmpx.

Optical absorption has frequently been used to correlate the
electronic structure with the dimensions or morphology of the
P, Naidal =“_ ided M ‘h m md W
dktrbuuonsmnmwand that the particles are well separated
within the solution.”'° In typical colloidal solutions of inorganic
nanoparticles, surface-bound ligands or surface jons provide the
colloidal stability, keeping the particles separated from each
other. Ordered assemblies or aggregates of the interacting
particles can also form within the solution depending on the
factors that determine the balance between interparticle
cohesive energy and particle solvation, such as surface
passivation, solvent polarity, etc. Interpartidle interactions and

< ACS Publications  © 2014 American Chemical Society

lnthnstudy,we:howthaldnvmmﬂysbdtdmbhu
of TiS, discs p t in the colloidal solution due to the
strong interparticle mleramon via basal planes can be readily
P Jmto' divicdial ..._‘; di ‘m
'S 7 ' 1, o A '8 3 1 or’r‘s: Ai <
with pulsed laser light creates dense charge carriers that
transiently modify the charge distribution within the discs.
The change in charge distribution in TiS$, nanodiscs during the
lifetime of the charge carriers is considered to nonthermall
ken the i icle cohesi mcrgyandfaabuledne
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