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ABSTRACT

Layeredtransition metal dichalcogenides (TMCaEparticularly intriguingtargetsdue
to uniqueanisotropicquantum confinement, phase engineering enabled by rich polymorphism,
and favorable propertider optical, electronic, magnetand catalytic application€olloidal
synthesis has been developed as a powerful and scatdilienphase tooto access free
standing TMD nanostructures. While sevemloidal TMD nanostructurelsave beemprepared
guestions remain astablishinguniversal synthetic protocols to directly accestl-defined
nanostructures without peahnealing, delicate adjustment over chemical composition, structure
and morphologyasso@atedwith vertical thickness and lateral sjizes well as understanding
formation and transformation fahe twodimensionahanosheets. More challengésm both
synthesisand characterizatioperspectivesemerge for the colloidal synthesis of compléiD
speciesncludingatomicallymixedalloys andmixed-dimensionaheterostructures. In this
dissertation| focus onthe colloidal synthesis afroup6 TMD (MX2, M = Mo, W and X = S, Se,
Te) nanostructureslloys and heterostructuress well asystematicstudywith a suite of
spectroscopic and microscopic technigidsreover,l aim to extrachovelfundamental insights
through exploring the structuproperty relationship, which can trigger a wider range of
applications based on tkénensionconfined TMD nanostructures

| start with the colloidal synthesis of fdayer1 FNWjTe, nanostructure@Chapter 2)
Uniform 1 FNWpTe:; nanoflowers comprised of felayer nanosheets form directly in colloidal
solution, with approx. 1 % lateral lattice compression compared with the bulk analogue. It is
interesting to directly obtaithe metastable monoclinid (1) plylymorph at low temperatures
where the 2H phase should be preferred. Besidesall energy difference betweé&nT &d 2H
MoTe,, and modification of the surface energy and formation barrier by organic ligaads,

boundary pinnindacilitated bypolycrystallinityand small domain size alsontributesto the



stabilization of thanetastabld TpRaseas revealed by computat@rstudies This study
demonstrates the capability of colloidal apprasth obtainsyntheically challengingTMD
systems.

| thentargetnanostructuredMD alloysto elucidate the relationship between continuous
adjustmenbf elemental composition and tunable optical praps(Chapter 3)Fewlayer TMD
alloys,Mo,\W1w,Se andWSy,Se..y), exhibiting tunable metaindchalcogen compositions
spanning the MoSeNSe and WS-WSe solid solutions, respectivelgredirectly synthesized
in colloidal solution Comprehensivetructural characterizatiarf the compositioftunable TMD
samples are presented, together wistructivechemical synthetic guidelines. Importantiye
areable to identify a random distribution of the alloyed elements/arious types of vacancy
siteswith high-resolution microsgaic imaging.The A excitonic transition of theolution
dispersibleTMD samples can be readilynedbetween 1.51 and 1.93 eV via metal and chalcogen
alloying, correlating composition modification with tunable optical properties.

In Chapter 4| further modify the colloidal syntheticapproacto accessungsten
ditelluride (WTey), which exhibit exotic propertiedn magnetic and topological devices
Nanostructure®VTe, with the orthorhombic (d) structures directly synthesized in colloidal
solution. Microscopic imaging monitors the anisotropic pathway by which théafew WTe
nanoflowers grow, and captures theesastence of multiple stacking pattemfsthe atomically
thin layers In addition,nanostratured transition metal ditelluride allo{slox\W1.xTes) with 1 F Nj
MoTe; andT¢-WTez as end membeese obtained

Using thevariety of TMD nanostructureasow accessible baset our studies and
previous reports, we investigate the solugidrase depositioaf noble metad (Au and Ag) on
transition metal disulfide€lT- and 2HWS;), diselenidegMoSe and WSe) and ditellurides
(1 FMYTe; and WTe) in Chapter 5. A8 and Ag are reduced on the surface of the TMD

nanostructureat room temperatunda aspontaneousharge transfer procesand thenucleation,



v
growth, structure, and morphologythe deposited Au and Ag are higlidlependent on the noble
metal/chalcogen interfach particular efficient electron transfer and strong interactions between
silver and tellurium through interfacial AGe bondingead to the deposition of singégomthick
Ag layers on nanostructurdd FNNpTe; and WTe, producing unique monolayer coatingih
distinct structural and energetic featur@enstruction of the inteatetunable 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| expand the knowledggainedfrom previoussyntheticstudies and exploit
structureproperty relationshipof colloidal TMD nanostructures identify newheterogeneous
catalyss. Colloidally synthesize@H-WS, nanostructures are identified as active and robust
catalysts to selectively hydrogenate nitroarendbdi corresponding anilines with molecular
hydrogen. A broad scope wifolecular substratesith reducible functional groups including
alkynes, alkenes,tnles, ketones, aldehydes, esters, carboxylic acids, amides, and halogens are
testedto demonstrate the dé applicability of the 2HVS, nanostructures for chemoselective
transformation osubstitutechitroarenesln addition,microscopicevidence indicatethatthe
improved performance for the nanostructured\8, compared with the inactive bulk
counterpartss dueto the existence ¢fulfur vacanciesituatedon thehigh 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, whattainsone layer of carbon atoms, has
exhibited numerous exotic properties compared with graphiteriggeredboth fundamental
and technological interest two-dimensional materialsHowever, chemical inertness, intrinsic
semimetallic nature, and difficulties in functionalization with preserved local structures, have
limited the wider application of gpliene in various fieldsTransition metal dichalcogenides
(TMDs) are a series of compoungih the chemical formula of MX where M represents
transition metals and X represents chalcogen atoms including S, Se and Te. Many TMDs,
especially Group-¥ compounds, have a graphitike layered structure that leads to strong
anisotropy? Compared witlgraphene, atomic TMD layeppssessersatile chemical
compositions and structures, inducitigerseopportunities for the exploration of novel
properties anéstablishment of fundamental theories on thedimoensional platform.

Among numerous methods to approach nanomaterials, colloidal chemistry has been
developed as a versatile and precise tool to accessl@figled nanocrystalsith tailored
structures ad desired propertie®¥Vhile 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 stdhatxplordory stage. It is
appealing to study quantum confinement effects on the anisotropic architéivesifrom
complexes, molecules, and ions, and probe the nanocrystal growth pathway with thermodynamic

and kinetic control. The unique environment in colédisiolutioncan alsgrovide arentry way



for TMD targets that are syntheticallyaccessibleising traditional preparation technigues.

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

gained extensivaterestowing to rich polymorphism and tunable optoelectronic properties with
band gapshatoverlap well with the solar spectruhior this dissertatior,will mainly focus on,

but notbelimited to, the colloidal synthesis of felayer Group 6 TMD nanostructurd®ational
synthetic strategies, comprehensive characterization and analysis, fundamental insights extracted
from experimental and computational discussjansinovel structurgroperty investigationfor

potential applicationswill be highlighted.

1.1 Structures and Properties ofTransition Metal Dichalcogenides

Distinct from graphene that has one layer of carbon atoms, Thdsa more diverse
and complicatearray of crystaktructures. Each TMD layer is composed of transition metal (M)
atoms covalently samdched by two chalcogen atoms (K)reach the MX stoichiometry, and
trigonal prismatic and octahedral coordination geometries are typically adopted in TMD
monolayers. As depicted in Figurelltrigonal prismatic coordination leads to the hexagonal (H)
phase where chalcogen atoms are vertically aligritdthe AbA stacking sequence, while
octahedral coordination forms the tetragonal (T) phase with the AbC stacking sequence where the
chalcogen layer is shiftedfMD monolayers are then coupled via van der Wamésactionso
form fewlayer and bulk conterpartsanddifferent layer stacking motifs lead to multiple crystal
structures. Besides 1H and 1T phases, the incorporation of certain eleragratsoyield 1 T N;j
structure, which is a distorted version of the 1T polymdrphe stacking of TMD monolays
with trigonal prismatic coordination cduarthergeneratehe 2H phase with AbA BaB stacking
andthe 3R phase with AbA CaC BcB stackir@enerally speakinggne polymorph is

thermodynamically favorable relative to others, but multiple coordination efeiesand



3
stacking ordersanco-exist in the same TMD samplarovidinglocal structures such as grain
boundaries and vacancies, well asnteresting observations induced by the breaking of
symmetry?

Given the broadcopeof elemental compositions andrsatile crystal structures, TMDs
exhibit diverse electronic properties that can be readily tailored, ranging from instdators
semiconductors to semimetals and true mét@isnsideringhatthe p orbitals contributed e
chalcogen atoms are locata@dmuch lower energy than the Fermi leve),(Ehe electronic
properties of TMDs are mainly defined by the filling of the transition metal d orbitalsh&bH
phase with trigonal prismatic coordinationsg) the d orbitals split into three degenersitetes,
d2, oy, and dzyz, With an energy gap of ~ 1 eV betweefahd d2,2,. On the other hand,
the d orbitals degenerate intg @ .«and 42,2, orbitals for the 1T phase with octahedral
coordination (R4).2 As illustrated in Figure -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)Relative to the influence of metal atartise chalcogen species have a
minor effect on the electronic properties of TMDs. For example, the band gaphb3H 2H-
MoSe and 2HMoTe; decreases from 1.3 to 1.0 eV because of the broadening of the d hands.
should be noted that the filling of the transition metal d orbitals lahs an impact on the
coordination preference of TMDs. As shown in Figw2 §iroup 6 compounds typically have
the trigonal prismatic phases, while (distorted) octahedral coordination is favored for group 7 and
10 TMDs. However, the phase preferencedsabsolute, as external treatments, such as high
temperature annealirfgshemical intercalatiohAmechanical straitf, high pressuré! and even
flow of current? and vacancy creatiof canresult in the formation of the metastable polymorph
or triggerphase conversion.

Thickness, or layer number, is another crucial factorithpacs the properties of TMDs.

The interlayer van der Waals force is much weaker than the intralayer covalentrbeuligig in



4
anisotropic behavior that depeswh layer number. Figuredshows the band structures of 2H
MoS; ranging from bulk to monolayer thickne$Bulk and fewlayer Mo$S are indirect band
gap semiconductors with the valence band maxi m
band minimum (B8 M) bet ween the K and {0 pointsa When ¢
monolayer, Mogbecomes a direct band gap semiconductor with VBM and CBM coexisting at
the K point. Enhanced photoluminescence is observed for monolayer MoSe, WS, WSe,
and 2HMoTe; relative to thicker samplé&1®Besides the indiredb-direct band gap transition, a
series of thicknesdependent properties, including band gap opetibggak of the inversion

symmetry:8 controlled valley polarizatiof,etc., havebeen obsevedfor mone and fewlayer

TMD nanosheets

1.2 Synthesis ofTransition Metal DichalcogenideNanostructures

Giventheintriguing properties of the TMD family, numerous fabrication techniques have
been developed to access nanostructured TMDs with tunablergbdroomposition, desired
polymorphand controlled dimension. Here, we present them in two main categoriegiviop
approaches where thrd@anensional TMD crystals are thinned down to #mensional atomic
layers, and bottorap alternatives where basiaits as moleculegompoundscomplexes, and
atoms formulate dimensieconfined TMD targets through chemicalphysicalreactions.

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.



1.2.1Top-down Synthetic Approaches

Derived from themicromechanical cleavaggocess to obtain graphene from grapfite,
mechanical exfoliatiolmas becoma simple and weléstablished route to obtain merand few
layer TMD nanosheets. TMD layers are repeatedly peeled offtirerbulk counterparts through
breaking thaeveakinterlayer coupling anthenfastened on the substrate. While highality
TMD nanosheets with the lateral size ranging from 25 to 200 um could be refii¢led,
identification of monolayer samples requingreliminary optical imaging with sufficient contrast
and resolution, and further confirmation with Raman spectra and atomic force microscope (AFM)
techniquesTremendougfforts have been employed to increase the yield of monolayer TMDs
through mechanid¢axfoliation, such as modifying the TMBubstrate interaction with
pretreatment (cleaning and annealifiggnd choosing a different substrate (Au film) that has
stronger affinity than that for the commonlged SiG.2% In addition to the mechanical
exfoliation assistedvith scotch tape, nanomechanical cleavage has been recently developed as an
effectivetool toaccuratelycontrolthelayer numbenf TMD nanosheetwith a sharp tipand the
whole process can le-situ monitored with AFM or higkresolutiontransmission electron
microscoy (HRTEM).?* In-depth stugkson strainoriginating from intralayercurving and
bending as well as interlayer siding and kinkirmgnalso berealized at the atomic scale.
Mechanical exfoliatiomproducedargeareahigh-quality TMDs with mone or few-layer
thicknesgsthat are ideal for the demonstration of probfconcept devices and observation of
basiccondensed matt@hysicsphenomena. However, large quantities of TMD nanosheets with
narrow thicknesdistribuions are desired for technological applicatiand industrial
manufactuing. Liquid exfoliation, a method thatansforns a wide range of van der Waals solids
to mone and fewlayer counterparts, has been investigated as a promising technique tolsatisfy t

largescale production. Coleman andworkers pioneered the liquid exfoliation\arious
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layered compounds with ultrasonication, where the fragmentation and exfoliation of TMD
powders results in the formation of separated, individual I&y&ise exbliated nanosheets can
be further separatedto different categories based on thicknegh postcentrifugation
According to the solubility parameter framework, they also indicatedhbatelection of solvent
largely determinethe exfoliation efficiacy. Highboiling solvents including Nnethyl2-
pyrrolidone (NMP) N-cyclohexyt2-pyrrolidone(CHP), and @inethylformamidg DMF), as well
as lowboiling polar solvents containing surfactants and polymers as ligands, are excellent solvent
candidates for theonicatiorexfoliation proces$ To further demonstrate the applicability of
liquid exfoliation onlargescale manufactures, they fabricated thepdlited, vertically stacked
transistors with graphene source, drain and gate electrodes, a TMD chadrehaon nitride
separator, all of which come froaliquid-exfoliated nanosheet dispersiontlasprinter ink?’

More optimization over network morphology and connectivity, together with the selection of
ionic liquid, are anticipated to realize the fpdtential of scalable fabrication comprisedwsb-
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 comfSaunais.
intercalation, electrons transfer from the guest specig®tborbitals 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 tugh reduction potential as
well as favorable interlayer mobility. The lithiation process can be accomplished by both
chemical or electrochemical approash? giving rise to the formation of kMX through
charge transfer. Through hydrolysis and @itrzication, 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 lithiatios fead

inhomogeneousceexistence of 2H and 1T phases. Fan et al. studied the substoichiometric
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lithiationinMoSand reveal ed that at i ni MbSR,IMoSstilt er cal at
preserves the initial 2H polytype and thus passibleto access 2HM0S; trilayers with the
exfoliation yield of 1115 %? Besides lithium intercalatiom, variety ofsmall molecules
including HO,*° NH3,3! N2H4,%2 etc., have been utilized as intercalants to expand the interlayer
distance and facilitate the exfoliation process
Besides exfoliation, thinningas beemleveloped as a novel ta@mwn strategy to peel
ultrathin layers from multiand fewlayer TMD crystals through laser sublimati@rhermal
annealing® plasma treatmentsand chemical etchin§g.While the yield idow relative to other
exfoliation methods, thinningermitsdelicate control over local surface structuresnitored
with microscopic and spectroscopic characterization technigjueghang and cavorkers
replacel the toplayer of sulfur with selenium ams with hydrogen plasma stripping and thermal
selenization, obtaininjloSSeJanus monolayef$ Breaking the oubf-plane structural
symmetry of TMD monolayers with atomic precision paves the road for futuriestifid
plasmonics, piezoelectricity and spionicsbased on the existence of vertical digala the

planar platform.

1.2.2Bottom-up Synthetic Approaches

Chemicalvapor deposition (CVD) is one of the most common apprestohsynthesize
TMD nanosheets with controlled compaosition, thickness, lateral size and quality. Typically, three
categories can hesed toclassify the CVD processchalcogenization of the metal precursor
(metal or metal oxides), metafganic chemical vap deposition (MOCVD), and atomic layer
deposition (ALD)*” To achieve largarea uniform layers ovarioussubstrateshumerousstudies
have been performed tavestigateactors that influence nucleation, growth, and grain boundary

formation of moneandfew-layer TMDs®® 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 relatedo the structure polytype. For instance, triangular islands are typicagnedxd for
2H polymorphs at early stages, and further lateral growth could form symmetric or truncated
hexagons? In contrast, FWTe; and1 TN§Te; exhibit quadrilateral shapéor monolayer
single crystals owing to the intrinsic (distorted) tetragotracsure?® 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;.etouldproducesamples with different morphological features
and distinct properties. With delicate control, separate domaimmerge together wittwvell-
stitched planar boundaries instead of vertically overtapmultilayers which is a significant
step towards largecale manufacture of highuality, largearea and uniform TMD atomic
layers® One important advantage of CVD is the accessibility of-defined doping or alloying
with a broad scope of functional elemetitanddirect growth of latedaand vertical
heterostructures with clean atomic interfat€Bherefore a key goafor developing CVDBbased
techniques is to manufacture largea, continuous and higjuality mone or few-layer TMD
nanosheets on cesffective substrates, which could be further industrialized for electronic and
opto-electronic devices.

In contrast taCVD that involves chemical reactions, physical vapor deposition (PVD) is
defined as reactants and produngsntairing the same chemical composition during the
synthetic process. Thin coatings of M@®d WS prepared by PVD have been studied and
appliedin industrial fields owing to the superior stability and welbwn lubricating propertie.
The remarkable attributes discovered in recent years for atthyribin TMD nanosheets have
triggered new interesta PVD that starts with bulk TMD crystals powders. In a typical PVD
process, bulk materials are first vaporized and dissociated into molspataesand then

physicallydeposited on the substrate to build thickressfined layers® The van der Waals



interaction for group 6 TMDs is weaker thdwat 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 MD 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®¥Ehe tunability is relatively restrained
compared witlCVD given that only MX layers within the TMD framework carebincorporated.
Recently, Hong et al. investigated atomic defects in Mo&olayers fabricated by mechanical
exfoliation, CVD and PVD, and predicted the electronic properties according to computational
studies?® They found that mechanical exfoliation a@&D 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 Me% predicted to possess a magnetic moment @f ¥/file
pristine Mo$S is norrmagnetic. Probing the local structure of TMD samples prepared with
different techniques is appealing to understand the fabrication mechanism and rationalizing
unique behaviorsrothe twedimensional platform.

Besides bottorup approaches in the gas phase, wet chemical synthetic strafegies
beingdeveloped to access TMD nanostructuinesolution. Typically, wet chemical routes refer
to chemical reactions in the liquid phaselaivated temperatures and high pressiwresme
casedo precipitate mono and felayer TMD architectures. The nucleation and growth
mechanism of nanostructured TMDs in liquid nzestie fundamentally different from the
diffusion-driven mechanism in ggshase synthesis, which contributes to the emergence of novel
morphologies and new synthetic chemistry. \8letmical approaches can be mainly divided into
two categories, hydro/solvothermal synthesis under high pressure in Teflon autoclaves, and

colloidal synthesis in thre@eck flask under inert atmosphere. Considering the theme of this
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dissertation, herkbriefly summarizeecent developmentsr thecolloidal synthesie®f TMD
nanostructures.

The colloidal synthesigpproach we use to access nanostructlikéis was initially
established for nanoscale targets with intriguing optical properties due to quantum confinement,
such as quantum dots and noble metal nanopartidResearch progress has expanded colloidal
synthesis to the chalcogenide system comprising rob&togen bonds, and tremendous efforts
arebeingapplied to identify empirical guidelines for controlling the crystal structure and
morphology, as well as camgcting complex heterostructures. Cheon and colleagues developed
reliable methodologies to access a series of TMD nanostruétaed demonstrated that
precursor activity and ligand capping are crucial to synthesizing monolayer TMDs withezbnfi
dimensons®¢4°Recently, they fabricated uniform sind&yer TMD quantum dots via colloidal
synthesis in conjunction with liquid exfoliation, and successfully probed the role of lateral
confinement on the optical propertf@©zin and ceworkers realized pls@ engineering of T
and 2HWS; nanostructures by including or excluding hexamethyldisilizane (HMDS),
respectively’! Distinct morphologies (nanosheets vs. nanoflowers) were also observed for the
two polymorphs, which is attributed to the difference ectbstatic stabilization in colloidal
solution. Beyonaynthesiscolloidal TMD nanostructures provide a unique platform to study
guantum confinement effects and structpreperty relationship. With fesayer MoSe
nanoflowers, Sun et al. investigatetkittayer decoupling based on a reversible and dynamic
variation of the oubf-plane Raman vibration mode position when employing different laser
powers>? Zhang, Gu and colleagues reported a synthetic strategy to graftmeasional MoS
and MoSe nanosleets on onelimensional CeikS nanowires via epitaxial growth, whichnbe
applied as promising photocatalysts towatd=hydrogen evolution reactiol Apart from direct
synthesis, colloidal solution functidhat can facilitatehemical transformatian for instance, in

situ solutionphase annealing of chemically exfoliated TMD nanoskeatsl cation and anion
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exchange enabled versatile tunofgchemical composition with morphology and structure
retention2> While synthetic protocols for transition taédisulfides and diselenides have been
rationally designed, the synthesisditellurides remains comparatively unexplored. In addition,
synthetic strategies in colloidal solution and systematic characterization implications are desired
to approach compk systems, particularly for TMD alloys with continuously tunable

compositions and TMD heterostructures witterfacialsynergistic effects.

1.3 Applications of Transition Metal Dichalcogenides

Bulk group 6 TMDs, such ado0S; and WS, are widelyutilized as solid lubricants due to
low friction and high stability against acids and oxy@&Recent investigatiaof TMD
nanosheets ranging from morto fewlayersystemshas unveileshewproperties that attract
world-wide attention. Herd,briefly summarize the applications of TMDs for optics and
electronics, catalysis, energy storage and conversimmagnetsm highlighting the
opportunities and challenges brought by the transition from-ttilmensional bulkmaterialsto

two-dimensional atomitayers.

1.3.10ptics and Electronics

The indirectto-direct band gap transition for monolayer TMDs leads to pronounced
enhancement of photoluminescence, owing to a higher efficiency during the eleaon
recombinatiorprocessn direct band gap semiconductétd he color of the emitted light could
be readily tuned in a wide energy range basetth@alemental and structural diversity of the
TMD family.****Doping and alloying renders ideal continuous tuning over band gaps, and

heterostructure formation enablunique exitonic behaviors. However, one drawback for the
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TMD-based light emission thatthe measured quantum yield (0:826) is much lower than the
expected value for typical direct band gap semicondu€tét§’ Tremendous efforts have been
made b elevate the quantum yield to a practical level. Javey amebckers developed an air
stable solutiorbased technique, where processing monolayer.MitB bis(trifluoromethane)
sulfonimide, a nofoxidative organic super aciiproves the photoluminestee and minority
carrier lifetime by more than two orders of magnitude (Fige8¢°% The chemical treatment also
eliminates defects that would mediate wadiative recombination, giving rise to a quantum yield
of more than 95 % with a lifetime as long/ 50.80.6 ns.

Thicknessconfined TMDs are also appealing for the fabrication of transistors in
electronic devices. Twdimensional TMD nanosheets have been processed as the
semiconducting channel connected to the source and drain electrodes, and dsyparated
dielectric layer from the gate electrode. The channel conductivity is tuned by the gate electrode,
enabling controllable flowing current between source and drain electrodeseffégltitransistors
based on MoSmonolayers exhibit excellent on/off ragi¢>10") for effective switching, reduced
short channel effects due to the suimometer thickness, and reasonably high mobifitiks.
addition, flexibility with mechanical stability arapticaltransparency of MD monolayers are
desired for nexgeneration nanoelectronics. Coupling the favorable electronic properties with
acute optical sensitivity, monolayer TMDs and relevantdivoensional heterostructures are

demonstrated as ultrathin photodetectors and pbtitoes?©°

1.3.2Catalysis

Nanostructured TMDs have been extensively investigatpdoagisingcatalysts for

various reactions, due to low cost, intrinsic high surface area, and controllable engineering of the
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active sites. Herd,mainly focus on recenthievements of hydrogen evolution reaction (HER)
and CQ reduction driven byanostructuredMD electrocatalysts.

The tydrogen evolution reaction (ZH e = H,, HER) is important for the production of
hydrogen fuel and developing clean energy techndlogpitigate worldwide 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$! MoS; has the potential to catalyzbe HER reactions givemechanistisimilarity
between the HDS and HER proces¥ddarskovand ceworkers predicted a reasonably high
HER activity for the MoSedge sites in acid based on the volcano plot according to density
functional theory (DFT) computatiofiSince then, numerous experimental work has been
performed texploreMoS;-based catalysts in acidic, neutral and alkaline conditions. Jaramillo et
al. experimentally proved that the sulerminated Meedges in the l2-MoS; nanostructures are
active sites fothe HER # indicatingthatnanostructure engineerimgcrucialto enhaning the
electrochemical catalytic activity for TMDs where the bulk counterparts are not active. Various
morphologies with large surface aysach as nanosheéts)anoflowers and assembled filnfg,
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,
[(PYsMez)MoS;]?*, that mimics the sulfuterminated edges of MgSand demonstrated that
powerful molecular catalysts could be rationalbsignedor the HER reactiorf?

Besides morphological design, phase engineering also plays a kayimpgoving the
performancef TMD-based HER catalysts. While the HER active sites oV&t$,; are welt
recognized as the edgéselarge basal planarearemains inactive. Theoretical calculations
reveal that distinct from the semiconducting badah, the sulfuterminatednolybdenum edges
are metallic® Inspired by this, Chhowalla and-weorkers used chemical exfoliation poepare

metallic 1T-MoS; nanosheets as HER catalysts and obtained a notably low Tafel slope of 40
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mV/dec® Through controlled oxidation experiments on &fd 2HMoS; nanosheets and
hydrogen production assessment, they demonstrated that the catalirtmalyasal plane of 2H
Mo$S; could be activated through phase conversion. Furthermore, they probed the electrocatalytic
performance of the chemically exfaled WS nanosheets with a high concentration of the 1T
phase, angroposedhat the presence of strain as well as metallic 1T sites contribute to the
enhanced activity and electrochemical stabiffity.

Electrochemical conversion of G@ fuels is anotheappealing solution to efficiently
utilize the eveigrowing CQ emitted to the atmosphere. Satlhiojin and ceworkers identiied
bulk MoS as a robust C&xeduction catalyst, where superior performance was obtained with a
high current density and low overpotentials in ionic liquids. Microscopic imaging combined with
first-principles modeling uncovexdthat the metallic Ma@erminated edges with highalection
density favors the selective conversion of;@CO/* In addition, they designed a light
harvesting system based on YWianoflakes, which also exhibits an excellent@luction
activity in ionic liquids’? The designed artificial leaf mimics the lmigical photochemical
process without applied potentials and achieves-soffarel efficiency of ~4.6 % under sun
illumination.

Besides intrinsic catalytic activity, tadimensional TMD nanostructures can also be
applied as stable and versatile semicotidgesubstrates to anchor nanoscale catalysts.
Therefore, more catalytic systems are anticipated with TMD heterostructures, ranging from HER

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

1.3.3Energy Staage and Conversion

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

reversible intercalatioextraction proces¥.Thus, TMDs are regarded as potential anode
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materials for rechargeable lithivion batteries. However, comgal with commercialhavailable
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 condiwdty. > Modification of morphology, structure and
dimensions dramatically enhances the performance of -be2d battery electrodes. Restacking
of the exfoliated TMD layers induces a thwdimensional architectungith loosely stacked two
dimensional layesthatcould buffer the structural change during intercalation and
deintercalatiorand contribute ta better cycling sustainability. On the other handgiporating
carbonaceous materialach agraphene, graphene oxides, carbon fibmagcarbon nanotubes
to form functional compositesannoticeably increase the overall electrical conductitfyor
MoS./graphene composites, a specific capacity of ~1100 mAkag obtained at a current of
100 mA ¢!, with good cycling stability and highate performancé.Beyond lithiumion
battefes nanostructured TMDs are also implemented as active materials in novel rechargeable
battery systems, such as sodiiom batteies 8 lithium-sulfur batteies,” lithium-air batteies®
magnesiurion batteies,®' and so on.

Supercapacitors are widely applied as energy storage devices with higher powersdensit
relative to rechargeable batterigbelarge surface area of nanostructured TMDs is beneficial for
the application of electrical double layer capasitieDLCs) with charge separation at the
electrode/electrolyte interface, and the interlayer spacing provides opportunities for the
intercalationderivedpseudocapacitor§ While restacking of TMD nanosheets fastine
accommodation of structural changksing cycling for rechargeable batteries, the overall
capacitancés diminisheddueto the decrease of specific surface area. To address this problem,
Wanget al.fabricated threglimensional Mogsnanoflowers with twalimensional nanosheets
protrudng from the center core. When incorporated into EDLC, therapared sample delivers

capacitances of 168 F'gqit 1 A gt and 148 F g at 4 A @', with 92.6 % capacitance remaining
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after 300 cycles at 1 A2 Another factor that limits the implementatiof TMDs as
supercapacitor electrodes is the low conductivity. As discussed above for battery electrodes,
hybridizing TMDs with carbon materiaf§,metal foil$* and conductive polymetscould
improve the conductivity. On the other hand, given the diyeo$the electronic properties
depending on elemental composition and polymorphism, choosing TMDs with favorable
conducting properties could also address this issue. With amiassited chemical exfoliation,
Xie and ceworkers assembled felayer metdic VS, nanosheets to construct the electrodes of
in-plane supercapacitors, realizing a specific capacitance of 4760 3uFittnsuperior cycling
stability 3! Semimetallic T+WTe, with few-layer thickness has also been utilized asalild-
state flexiblesupercapacitor electrode materials with excellent volumetric and power defisities.
Chhowalla and cavorkers showdthat chemically exfoliated Me$ianosheets can efficiently
intercalate H, Li*, Na" and K via electrochemical process obtaining capacitance values
ranging from ~400 F crhto ~700 cr¥ in various aqueous electrolyt&sThey also demonstrated

that 1T-MoS; are potential higivoltage (3.5 V) electrode candidatiasorganic electrolyte.

1.3.4Magnetism

The overall saturated magnetizatiin bulk MoS is small, while different types of
magnetism, including diamagneti$frparamagnetisffiand ferromagnetisthhave been
observed in monand fewlayer MoS samples. Intrinsic defects in the@mthesized TMD
nanosheets, such as edges, maes and grain boundaries, introduce a wide scope of magnetism
in the local area according to theoretical and experimental explorét@mghe other hand,
doping TMD nanosheets with 3d transition metal atoms, as in the case of manganese doping in
monolayer MoS via CVD proces$! is effective to introduce magnetic ordering and appealing

for future studesof diluted magnetic semiconductoAdi and coworkers reported theéiscovey
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of an extremely large positive magnetoresistance for the layereshagnetic orthorhombic
WTe,, where no saturation was observed at higher applied magneticfi€denat al. founda
similar situatiorfor the orthorhombic phase of MoZ@ ¢-MoTe,).*® Identifying thelarge
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 typell weyl semimetals, WTg* T-MoTe&* and compositioradjustable
MoxW1.xTe& solid solutions® haveprovidedinspiration fornewsuperconductors and topological

devices.

1.4Experimental Work

In this dissertationl, focus on developing colloidal synthetic approaches to access group
6 TMD nanostructures, ranging from synthetically challenging ditelluride systemM§Te,
and WTe), andcompositiontunable TMD alloys (M@N1xSe, WSySeu.y), and MaWixTe), to
nolde metal/TMD heterostructureas well as nanostructured 2MS; for the selective
hydrogenation of nitroareneBeyond synthesig,aim to probe fundamental questiafphase
engineering, structusgroperty relationshig) and interfacial interactiaon the twaedimensional
TMD platform withadvanced characterization techniques and computational studies.

In chapter 2| report the colloidal synthesis of the monoclinic molybdenum ditelluride
(1 FNWYTe:) nanostructures. The-aseparedlL. FNWTe, nanostructure exhibit a three
dimensional nanoflower morphology composed of-tiimensional nanosheets:ray diffraction
and Raman spectemeemployed to confirm the formation of the metastable monoclinic phase of
MoTe,, and the whole pattern fitting results indeeat~ 1 % lateral lattice compression relative to
the bulk counterpart. Theoretical calculations suggest that small grain sizes and polycrystallinity

collectively contribute to the formation and presgion of the metastablg Tpdiymorph,instead
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of thethermodynamically favorable 2H phagelditionally, Raman spectra of tie TNij Te,
nanostructuresxhibit 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 propertie€olloidal few-layer TMD alloys, M@W1,Se andWS,,Se(1.y), are
prepared in colloidal solution with comprehensive adjustment over aredathalcogen
compositions that span the MoS&Se and WS-WSe solid solutions, respectively. Empirical
synthetic guidelines and systematic characterization discussiepesented to unveil the
formation process of the alloyed nanoflowers and stratctransition from one end member to
the other. The random distribution of the metal and chalcogen eleanestgstantiated with
atomicresolution microscopic analysis, where theaitigle dependency of the intensities of the
high-resolution annular deifield imagingassociated with distinct atomic configuratioss i
explored for nofflat samples, and different types of point vacanaiesdentified. In addition,
UV-vis spectra indicate that the A excitonic transition of the TMD alloy nanostructurég can
readily tuned between 1.51 and 1.93 eV through modulating metal and chalcogen compositions.

Chapter 4 discusses the preparation of Wahel MQW1.Te; hanostructures as an
expansion taomplete the colloidal TMD libraryT¢-WTe, nanostructures with flower-like
morphologyare preparedollowing the synthetic strategy mentioned in Chapter 2. A suite of
characterization technigues, includingay diffraction, Xray photoelectron spectroscopy,
microscopic imagingand Raman specteeapplied to confirnthe phaseurity of the as
obtained product. Atomicesolution microscopic analysis reveals the anisotropic formation
pathway of the fewayer WTe nanostructures and -@xistence of multiple stacking motifs for
the twadimensionaWTe; layers.l further demonstrate the versatility of the synthetic approach
by fabricatingnanostructured MdV1.xTe; alloys withl FNWjTe, and T--WTe; as end members,

where elemental composition and crystal structures can be systematically adjusted.



19

Chapter 5 describdgbke study oflepositing noble metal components (Au and Ag) on the
nanostructures of transition metal disulfides{2H-WS,), diselenides (MoSeand WSe) and
ditellurides ¢ FNWpTe, and WTe) through aoomtemperatureeduction process of noble metal
caionsfacilitated by a spontaneous electron transfer pro¥éik.higher Fermi energies and
more accessible electroosginated fronthe semimetallic naturel FNWTe> and WTe tend to
reducemore AU to form uniform nanoparticles compared witansiton metal disulfides and
diselenidesbased ora series of control and competitional experimeReduction of Agon
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 gtinteraction between Ag and Te lead to
the formation of atomic Ag layers upon Agduction orl. FN¥)Te; and WTe. Microscopic
imaging, together with Xay photoelectron spectroscopyray absorption spectroscopy and
theoretical calculations are employtedorobe the unique structural and energetic features of
Ag/l TNhTe; and Ag/WTe. Interfacetunable deposition of noble metals on nanostructured
TMDs reveals that the twdimensional MX layers carfunction as instructive templates to guide
the formationand growth of noble metal components.

Chapter 6 investigates 2WS, nanostructures as active catalysts for the chemoselective
hydrogenation of substituted nitroarenes to corresponding anidirte®ad scope of molecular
substrates containing both niiad other reducible functional groups includaikynes, 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 othenflncti
group remains unchangdgecycling experiments reveal thhe nanostructured 2WS,
catalysts are stable after figensecutive tests, indicating the potential to be reused after being

retrieved.In-depth microscopitvestigations suggest the sulfur vacancieshe 2HWS,
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nanosheetare the key tariving the selective hydrogenation of nitroarenes, whereas bulk 2H

WS, powders are not active under the same reaction conditions.
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Figurel-1: Different Polymorphs of monolayer and stacked monolayer TMDs: (a) 1H phase, (b)
1T phase, (c) distorted 1T phase, (d) 2H phase, (e) 3R fRem@duced with permission from
Reference 3. Copyright 20THe Royal Society of Chemistry.
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Figurel-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 levelg®ithin the energy gap
bet ween bonndi-bogd{({ a)?*).dbedlledand upfilled states are in the color of

dark and light blue, respectiveReproduced with permission from Reference 2. Copyright 2013
Macmillan Publishers Limited
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Figure1-3: Calculated band structures for (a) bulk, (b) quadrilayer, (c) bilayer and (d) monolayer
MoS;, where d@rect excitonic transition emerges at K point only for monolayer MoSile

indirect transitions are observed for thicker Me@mplesReproduced with permission from
Reference 14. Copyright 2010 American Chemical Society.
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Figurel-4: (a) Photoluminescence spectrum for thedsliated and TFSireated Mo%
monolayersat anincident paver of0.01 W cn¥. The inset shows the intensity comparison after
normalization. Photoluminescence images of (b) thexéaliated and (c) TFSreated Mo
monolayers with optical images in the ins&sproduced with permission from Reference 58.
Copyright 2015American Association for the Advancement of Science
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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,MoS
MoSe, WS, and WSe are layered van der Waals solids having fascinating properties that
depend sensitively on the thickness and s$tackegistry of the metathalcogen slabs that
comprise them, as well as on the crystal symmetry, coordination environment, and lattice strain.
3 As a result, monolayer and fdayer TMD nanosheets have emerged as important and tunable
materials for new@plications in catalysiéenergy conversion and storagehotovoltaics, and
electronic and optoelectronic devic€sMoTe; has recently become a particularly interesting
TMD target because of its small bandgap, low thermal conductivity, and high Beeleéicient
relative to its sulfur and selenium analogtfess well as reports of superconductiVitgnd
possible new capabilities in valleytroniédlowever, accessing twdimensional (2D) sheets of
MoTe; is more challenging than for Me&nd MoSe because of synthetic issues with precursors
and products, including oxidatidhyolatility,* thermal instability}> and phase targetiri§.
Solutiondispersable MoTgnanostructures reported previously required exfoliation of bulk
powders’ or irregular particle mixturé&*®

The most stable polymorph of MoJis the hexagonal 2H phase, which has trigonal
prismatic coordination and is semiconducting with a bandgap of ~30éve 1 TNj phase, w
is monoclinic and has a distorted octahedral coordination environment for Mo that contains in
*Reprinted in part with permission from Angew. Chem. Int. Ed., 55, Sun, Y.; Wang, Y.; Sun, D.;
CarvalhoB. R.; Read, C. G.; Lee, €l.; Lin, Z.; Fujisawa, K.; Robinson, J. A.; Crespi, V. H.;
Terrones, M.; Schaak, R. E. Lelieemperature Solution Synthesis of Feayer 1T-MoTe;

Nanostructures Exhibiting Lattice Compression, 28884, Copyright 2018Viley-VCH Verlag
GmbH & Co. KGaA
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plane metametal bonds, is stable at higher temperatures than the 2H polymorph and is
semimetallic with bands that overlap near the Feengll!1®2H-MoTe; therefore is more
synthetically acceMd®e,hlthaighthbraisonimnadmallehesgp | e 1 TN;j
di fference bet ween #TMhisneategeneraty isluseljl fgr somg mor p hs .
applications of MoTg such as phasshange memaories and the facile creation of ohmic
heterophase homojunctions between aHh d -MbTeNja laserinduced patterningt However,
the small energy difference between-2Hn d -MbTeNpakes it challenging to selectively target
one polymorph, andubtly different synthetic parameters can lead unpredictably to the formation
of onevs the other. Here, we report a ldamperature solutiophase synthesis that leads
directly to the formation of the highere mper at ur e 1T Np. p MBTEjfoomspsh o f  Mc
uniform nanoflowers comprised of felayer 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 polymospppsessed through grain
boundary pinning. I n addition, WeTedanae uss an o

spectra on the laser energy.

2.2 Experimental Section

2.2.1Materials

Oleylamine (technical grade, 70 %) and hexamethyldisilazane (HMDS, reagentigrade
99%) were purchased from Sigma Aldrich. Tellurium powe20@ mesh, 99.5%, metal basis),
molybdenum(V) chloride (MoGJ 99.6%, metal basis) and oleic acid (technical grade, 90%) were

purchased from Alfa Aesar. Fni-octylphosphine (TOR) 85%) was purcased 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.

2.2.2Synthesis of 1T-MoTez Nanostructures

All reactions were carried out under an argon atmosphere stsindard 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-mll®free
neck flask and degassed for 30 min under vacuum at@.20He 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 3@ Meanwhile, 41 mg of Mo€(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 30min, 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.

2.2.3Characterization

Powder Xray diffraction (XRD) patterns were collected using a Bruk¥6 D8
Advance diffractometer equi pp eldeteciotwnoleCu KU r ad
pattern fittingof 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 Il operating at 80 kV or
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a Philips 420 operating at 120 kV. Higbsolution TEM (HRTEM) imageslark field TEM
images, and energyispersive Xray spectroscopy (EDS) data were acquired using a FEI Titan
G2 TEM with a spherical aberration corrector on the pfob@ing lens at an accelerating
voltage of 200 kV. ES Vision software (Emispec) was agdlie EDS data interpretation.-bay
photoelectron spectra (XPS) were acquired using a Kratos Analytical Axis Ultra XPS- Micro
Raman measurements were performed in a Renishaw inVia confocal micrbssggeRaman

spectrometer. The laser spot size usingl@{@x objective lens was approximately 1 pm.

2.2.4Theoretical Calculation

DFT calculations were performed by the Viennaiaitio Simulation Package
(VASPY223within the generalized gradient approximation (GBBEY* using projector
augmented wavel$:26Totd energies were converged at a plaveeve energy cutoff of 400 eV.
lonic relaxations for single unit cells and 5x3x1 supercells were performed-pitimkgrids of
20x10x1 and 4x4x1, withneelectronic convergence threshold of*1€V and force convergence
threshold of 0.002 eV/A. 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 caledlitbm the force constants using the Phonopy

code?’

2.3 Resultsand Discussion

1 TNAYTe; was synthesized by injecting a solution of Moi@loleic acid dropwise into a
mixture of TOP, TOFTe, oleylamine, and HMDS at 30C. It is conjectured that Mo&teacs

with oleic acid to form a molybdenum oleate com@iexd that oleylamine provides a reducing
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atmospheré’ ultimately leading to the formation of MoZ.eControl experiments indicates that
HMDS is required to produce crystalline, uniform MeTfianostruaires in high yield. After
washing and centrifugation, the blactlored product was dispersed in ethanol and stored under
argon. The MoTgproduct oxidizes when exposed to air for several hours, as indicated by the
XPS data (Figure-2); a similar instabity under ambient conditions for mechanicadtyfoliated
MoTe; grown by chemical vapor transport has been reported previSiEtyures 22 and 23
show TEM images of the Mo} eroduct, which consists of flowdike nanostructures having
diameters that rage from 100150 nm. The nanoflowers contain aggregates ofléger
nanosheets that emanate from a central core, as has been observed previously for other solution
synthesized TMD nanostructuré€DS data, shown in Figure3l, confirms the 1:2 ratiof o
to Te, and comparison of the selected area electron diffraction (SAED) pattern with the simulated
di ffraction pattern -Moleg(GigueR2s). t he f ormation of
HRTEM images, shown in Figures22l, 22e and 23c, reveal multiple crystal facetsie
to the curled and aggregated nature of the nanosheets that protrude from the central core. The
darkfield HRTEM image in the inset to Figure22i shows a side view of a curlag few-layer
nanosheet. The observed lattice spacing of 1.4 nm, showa matim panel of Figure-2d,
mat ches well with that eMopee The dRTEM image im Figere ( 0 0 2)
22 e s hows -Mdienanoflowers ale Tadjprised of crystalline domains that are approx.
10 nm in diameter with observed lattiggacings of 0.3 nm and 1.4 nm, which correspond well to
the expected values f or-MoTh,gesde@iel.Assaawdinthed 02) p |
insettoFigure2 e, the simul ated diffracti-Malepattern f
matches wig both quantitatively and qualitatively, with the fast Fourier transform (FFT) of the
HRTEM image in Figure -2f.
Powder XRD data furt heMolemndfalsorprovidehe f or mat i

important insights into the unique structural features ofatddyer nanosheets. Figure42
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shows the experi ment al -MddevdapoflowtRdaongpwdtt t er n f
simulated patterns for 2MloTe;,, -Md@THj, and T-MoTe; for comparison. The simulated
XRD patterns for 2H-MoTe; and T--MoTez, which is a lsscommon highesymmetry
orthorhombi c v ar iMaTef?ccleafly domotrmatchlthie expecimemtdl XRD
pat t e-MaTe appetrhlito match qualitatively, but the peak positions of the database pattern
diverge measurably from those of the expental pattern, especially at higher\&alues. It
should also be noted that the crystallinity of thsas n t h e sMoZegndnodryStil
compromises when exposed to air, as illustrated in Figdi 2

Figure 25 shows avhole patternfittinggf t he exper i mentM@Te, XRD
as the initial model. Because of thelswy mmet ry monocl i ni eMoTesthes t a l
large number of closely spaced peaks, and a lack oftpgadak resolution due to the peak
broadening that redslfrom the nanoscale domains, only &b, ¢, andb 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 chardgr o better
match the experi ment al -MbBtnanoflowerts eeprodecibly n e me n t
converged to approximate lattice constanta 86.25 A,b=3.42 A,c=13.79 A, and = 93.9°.
The value obf or b-MbTk is 839K, which matats that generated by the Rietveld
refinement. All of the other lattice constants decreased by D.5%, suggesting that the few
| ayer nanosheet sMolTermanoflowersrexhibit aslaght comgressive IBltice

strain. S p e-MaTé (PDR#04007-114Q) hat % 6.3B A bIF 3.47 A, anc: =

13.86 A¥whil e the | att i -MeTenanofleweraardl 6% 4.80%fande 1 T Nj

0.51% smaller, respectively. Even with the {eywnmetry crystal structure and broad peaks, the
fitto t h-KloT& maddel having the refined lattice constants matches significantly better to the

experimental daMoédedathhan t he bul k 1TN;j

r
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Obt ai ni ng t h-EoTeaphtsa mthes than the roie dfable 2H polymorph is
interesting, especially sine  t MeTehandfjowers form directly at 300 °C, at which the 2H
phase should be preferred. Calculations have s
and 2H phases is smaller for ditellurides than it is for disulfides and diselenides, hpyy ety
35 meV per MoTeunit. In addition, organic ligands and solvents can modify the surface energy
and further | ower t he-MeTeeathe thanltha 2H polanorphfasr f or mi
predicted computationally and also as observed in theidal synthesis of 1Tand 2HWS,
nanosheet¥. Furthermore, among the Mand W-dichalcogenides, Mokés most amenable to
phase transformation under | atti c-MoTeismaré n. I n
stable than 2HMoTe, under tendé strain, and this can be achieved in-ghase synthesis by
tuning the amount of T&.Collectively, these previous experimental observations and
computational predictions help to rationalize our observed formation of fatticenp r e s s ed 1 T Nj
MoTe; when syithesized as fesayer nanosheet architectures at low temperatures in solution.

I't i s al so i n-Me&Te pasdflawargdo hotteamsform back td theNjH
polymorph. Figures-B and 27 show the total energy plotted as a function of the |alztade
constants andb, producing a 1TNjJ/ 2H phase dasagram for
calculated using DFT. Theaxes are fixed at the experimental values for each phase whée the
andb lattice constants vary from 5.86.86 A and 3.3113.71 A, respectively. Although the energy
mi ni mum for the 2H phase is | ower than that of
MoTe; unit for bulk and monolayer systems is comparable to room tetapethermal energies,
thus opening up the possibility for phase accessibility. The calculations also reveal that a
transi t i-MaTe o 2HMuTeldrdgiNjes changing both tleeandb lattice constants
significantly. Because of the polycrystalline ura of the nanosheets and the smallBnm grain
sizes, as shown in Figure22and 23, simultaneous changes of #andb lattice constants

could be mechanically disfavored: given an ini
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equilibriumvalus , t he nucl eation of the phase trans
by mechanical pinning at grain boundaries.
collective elastiadeformation barrier against the transformation into the rsiadgle 2H
pol ymor ph. DFT c al -MaTle:dstindeedpeeferabiebye2s ineVipdr MdaTe 1 T Nj
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 andysthllinity may effectively stabilize
the metastabl e 1nardflopeisase i n the MoTe

Figure28 s hows Raman -Kgle cahofloaveroobtairtedhvath 2155 &
(488 nm), 2.41 eV (514.5 nm), and 1.92 eV (647.1 nm) laser energies. Considenirstatbiéity
of MoTe; under ambient conditions and to avoid heating effects and sample damage, we
performed laser power dependence measurements from 4 to 65 pW for each wavelength, as
shown in Figure B. The Raman spectra at laser energies of 2.41 e¥.84cV show peaks
corresponding to Amodes, situated at 113 £m130 cn?, 162 cm?® and 264 crit; this confirms
the monoclinic phase of MoTand is in good agreement with our fiinciples calculations
(Figures 210 and 211). In addition, a peaklated to the Bmode is observed near 190'¢mt a
2.54 eV laser energy, as previously reported by Poak® Notably, two peaks below 150 €m
are observed at 2.41 and 2.54 eV laser energies, but not at 1.92 eV, suggesting a possible
electronic resoance condition. Guet al. have reported several features associated with a
doubleresonant Raman process at Bh@oint in mone and fewlayer 2HMoTe..¢ Although the
Ra man s p e-®dTe kaveadcently been studied, further calculations and measuote
under different resonance conditions must be performed to gain a better understanding of these

observations.

it

The
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2.4 Conclusions

I n ¢ onc |-Mo$e nanoflowetshdNje been synthesized using atéowmperature
solution method. The compressive lattice stiaid polycrystalline nature of the féayer
nanosheetflower i ke architectures contribute to the
wavelengthdependent Raman spectra. The ability to access metastable andtatiessed
TMD polymorphs usingolloidal synthesis techniques complements more traditiongbluyzse
fabrication techniques, thus opening the door to laggantity samples that are not confined to a

substrate, as well as targeted phase formation using lower temperatures and difigearis.
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Figure2-1: (a) Fultrange Xray photoelectron spect(XPS) for the 1FMoTe, nanoflowers,

revealing a Mo:Te ratio of 1:2.06. Highsolution XPS spectra of the (b) Té&hd (c) Mo 8l

regions. Compared with previous reports, we attribute the minor peaks (*) to surface oxidation of
the nanostructure.
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Figure2-2: Representative (a) lovand (b) highmagnification TEM images of I'MoTe;
nanostructures. The corresponding SAED pattern is shown in (c), along with a simulated pattern
at the bottom for comparisond)(High- and lowmagnification darkield HRTEM images of

curled fewlayer nanosheets showing the (002) interlayer spacing. (¢) HRTEM image showing
the polycrystalline nature. An enlarged HRTEM image of the (100) plane is shown in (f). The
inset in (e) Bows the FFT of the (100) plane in (f), along with the simulated [100] diffraction
pattern
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Figure2-3: (a) TEM image and (b) darkeld TEM image ofLT'-MoTe, nanoflowers. The inset

for panel (a) shows a photograph of a vial containing a colloidal suspensicayuithssized
samples. (c) HRTEM of the nanoflower structure highlighting the polycrystalline nature. (d) EDS
spectrum of th& T'-MoTe; nanoflowers veafying 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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Figure2-4: Comparison between the experimental XRD pattern for thidT e, nanoflowers
and simulated patterns for bulk (a) 2H, (b) &id (c) T-MoTe.. (d) XRD patterns characterizing
the degradation of 1'MoTe; after one week of exposure to.air
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Figure2-5: Powder XRDpatterns, showing the experimental (observed) data for tHeldTe,
nanostructures in blue, the refined (calculated) XRD pattern in pink, and the difference curve
(observed calculated) in green. Reference patterns fofMdTe, (PDF card # 0007-1140)

and 1T-MoTe; incorporating the refined lattice constants after the fitting are shown in black and
red, respectively.
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Figure2-6: Phase diagram plotted as lattice constamtsdb change from 5.865.86 Aand 3.31
3.71 A, respectively, for monolayer (left) and bulk (right)-MBdTe.. Thec 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 faveratlen the blue surface is lower.
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Figure2-7: Phase diagram of monolayer (left) and bulk (right) MoTEhe 1T phase is more
energetically favorable in the red region, and the 2H phase is more er@hgédivorable in the
blue region. The black dots indicate the energy minimum for each phase.
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Figure2-8: Raman spectra of the-psepared 1 TMoTe, hanostructures 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 Ay peak at 162 crh For clarity, the Raman modes are labeled according to bulk notation.
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Figure2-9: Raman spectra of gsepared 1TMoTe; 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, Aeak at 162 cm. The peak at 162 chwas assigned as;h
previous reports, while we assigg lere according to our DFT calculation over phonon

dispersion (Figure-20) and Raman active modes (Figure 2 ) c on s inplane (Figuee t he
2-12).
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Figure2-10: Phonon dispersion and density of states (DOS) for monolayddTe, with C
symmetry (left) and bulk (right) I"MoTe, with C;, symmetry as calculated at the DFT level.
The horizontal gridlines ark the Raman active modes for comparison with experimental data.
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Figure2-11: Raman active and infrared active modes of monolayeMbT e, 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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Figure2-12 T jpkaneis shown in the unit cell to clarify the notations of the Raman modes.
The blue and yellow spheres represent Mo and Te atoms, respectively.



Chapter 3

COLLOIDAL SYNTHESIS OF TRANSITION METAL
DICHALCOGENIDE ALLOYS WITH TUNABLE OPTICAL
PROPERTIES

3.1Introduction

Layered transition metal dichalcogenides (TMDs) are of broad interest as two
dimensional (D) beyondgraphene materials due to their unique and diverse propetties
Coupled by weak van der Waals interacsiagach TMD layer isomposed of a transition metal
atom M) covalently bonded to six chalcogen atoids Hexagonal (2H) phases comprised of
metatchalcogen layerstacked in a trigonal prismaticrangemendre 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 havimgtdist
properties! The anisotropic nature ofR TMD crystals facilitées the formation of both
monolayer and fevayer nanosheets with unique properties that depend on their thickhesses.
The group VI TMD compounds MeSWS, MoSe, and WSehave been studied most
extensively because of their narrow semicantithg band gaps that overlap well with the solar
spectrum, as well as the emergence of an intrinsic indeditect band gap transition at
monolayer thicknessés.

Approaches such as defect engineefistgain engineerin§surface functionalizatiof,

and heterostructure fabricati@mave been used to modify the optical properties of TMDs to

*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.-Temperature Solution Synthesis of
Transition Metal Dichalcogenide Alloys with Tunable Optical Propsy 1109611105,

Copyright 2017 American Chemical Society.
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realize new properties and further expand the scope of applications. A complementary approach
is to form TMD alloys that can finune the physical properties by continuously modulating the
elemental compositiorsubstitution of a parent TMD compound widifferent metal or
chalcogen atoms alters the band structure, leading to tunable excitonic transitions between the
valence band and the conduction band. Physical vapor deposition {P&f@mical vapor
deposition (CVD);2 mechanical exfoliation of bulkMD alloys prepared via chemical vapor
transport CVT),'% and chalcogen excharléave been used to access TMD alloy nanosheets
that are investigated for electroniégptoelectronicd® catalysis'’ and topological device'$.For
example, TMD alloy monolayers exhibit tunable photoluminescence emis$mssiell as
carrier type modulatiot?,and high on/off ratio in field effect transistors (FE#&)Vith favorable
hydroen adsor pt i oGa)orftheedgeseamd ehemigal atigation on the basal planes
induced by atom substitution, TMD chalcogen alloys become attractive hydrogen evolution
reaction (HER) catalyst§.Recent studies also indicate thatMaTe: is a Type 1l Weyl
semimetal withexotictopological propertie¥

As an alternative to the synthetic methods highlighted abolgjs+based routes to
TMD alloy nanosheets astractive for potentially achieving greater scalability and yield,
substratdree samples with higher surface areas for catalysis, and mild reaction conditions that
can lead to the formation of different phagedowever, existing solution routes to TMD alloy
nanostructures require highmperature annealing to homogeneously incorporate the alloyed
elementg222which is detrimental to nanostructure retention, surface area, and solution
disperibility, or are applicable to only a limited range of alloy compositfdi3Additionally,
little is known about the atomievel distribution of the alloyed elements in solutgymthesized
TMD nanostructure$? 26

Here, we report a loemperature solutiephase approach to directly synthesize-few

layer colloidal TMD alloy nanostructures. Both metal jMa.xSe] and chalcogen [W§Sey1.y)]
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alloys across the entire solid solution ranges were obtained via isoelectronic substitution mediated
by strategic seldion of reagents and reaction pathways. The colloidaM¥aSe and
WSy Se.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 favauaii
complete access to the MeB#/Se and WSi WSe 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 atéemel structural information has not been
available previouslydr colloidal TMD nanostructures, since the flayer nanosheets that
comprise them are not flat on a substrate as they are in more traditionajréWb films. The
approach used to obtain atonrtéwel microscopic insights is anticipated to be broadly apple
across a wide range of colloidal nanostructures that have buckled, crumpled, or curved

components.

3.2Experimental Section

3.2.1Materials

Oleylamine (technical grade, 70%), tungsten(VI) chloride QVCIO 99. 9%, tr ace
bass), diphenyl diselenide (98%Jiphenyl disulfide (99%), hexamethyldisilazane (HMDS,
reagent grade, O 99%) ,0 and. X%,r baomh ydd rsaud & )i dvee r( eC
Sigma Aldrich. Molybdenum(V) chloride (M0£7199.6%, metal basis) and oleic acid (technical
grade, 90%) were pahnased 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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3.2.2Synthesis of MQW1.xSe Alloy Nanostructures

All reactions were carried out under an argon atmagphsing standard Schlenk
techniques and workup procedures were performed in air. In the synthesig/#f.{8e, 39 mg
of diphenyl diselenide (0.125 mmol) dissolved in 15 mL of oleylamine (45.6 mmol) were added
to a 106mL threeneck flask and degassed 80 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 MaGNCls, or a mixture of the two (Tab®1) was
dissolved in 1 mL of keic 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.

3.2.3Synthesis 0fWS,,Seyuy) Alloy Nanostructures

To prepare sulfurich chalcogen alloys with y > 0.5, €®as used as the $uit source,
as reported previously for the synthesis of colloidab#¥&nd diphenyl diselenide was used as
the selenium sourc@ Diphenyl diselenide dissolved in 15 mL of oleylamine was added to-a 100
mL threeneck 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, WC4 (50 mg, 0.125 mmol) was dissolved in 0.3 mL of olamd (0.95 mmol) and
mixed with 5 mL of oleylamine (15.2 mmol) in an argitushed septurtapped vial. Upon
injection, 0.24 mL of Cgwas introduced to the vial, forming a homogeneous solution with a

temperature increase. The solution in the vial sudsseuentlyinjected dropwise into the three
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neck flask at a rate ofrBL/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 tinvgth a 1:1 toluene/ethanol mixture, collected with
centrifugation, and kept as a powder under argon. FoicBsamples (y < 0.5), the synthetic
approach was identical to that for Mé..xSe, except diphenyl disulfide and diphenyl diselenide
were dissoled together in oleylamine in the beginning and reaction time was modified.3Fable
provides detailed information about the experimental param€&igtge 31 exhibits the

synthetic routes for both metal and chalcogen alloys.

3.2.4Characterization

PowderX-ray diffraction (XRD) patterns were collected using a Bruk¥6 D8
Advance diffractometer equi pp eDdetectot Simudtad KU r ad
XRD patterns of Wg MoSe, and WSewere generated using the CrystalMaker/CrystalDiffract
software package. Transmission electron microscopy (TEMM-angle annular dafkeld
scanning transmission electron microscopy (HAABHEM) images, and energy dispersive X
ray spectroscopy (EDS) datath element maps were acquired using a FEI Talos F200X
operating at 200 kV. Highesolution ADF images were obtained usafeEl Titar® G2 60/300
TEM with a spherical aberration corrector on both the pasizbthe imagéorming lens at an
accelerating voltage of 80 kV. Lower voltage was used at high resolataecrease irradiation
damage. To enhance visibility and reduce noise, all acquireerdsgiution images were
processed by Gaussian Blur filter using Image J software. STEM ADF image simulation was
done by QSTEM software developed by C. K&tAll parameters for the ADF image simulation
were appropriately set according to experimental imaging congditicluding acceleration

voltage, sphericaberration (and G), 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 softwargplias &or
EDS data interpretation. MictiRaman measurements were performed in a Renishaw inVia
confocal microscopbased Raman spectrometer with 514.5 nm laser. The laser spot size using
the 100x objective lens was approximately 1 um. Alloy samples vigperded in ethanol

assisted by sonication and then Ultravialisible (UV-vis) transmittance measurements were
performed using a LAMBDA 950 UV/Vis/NIR spectrometer (35200 nm, 0.5 nm data

interval).

3.3 Results and Discussion

3.3.1Colloidal MoxW1.xSe Alloy Nanostructures

TheTMD alloys with variable metal element composition spanning the Mygee
solid solution (M@W1xSe) were synthesizeda the dropwise injection of metal reagents
(MoCls, WClg) dissolved in oleic acid into a solution of oleylamiRdIDS, and diphenyl
diselenide at 300 °C. Mosand WSeboth adopt the hexagonal 2H structure type and have
closely matched lattice constants and similar electronic strucfusch hel to facilitate the
formation of MgW1.xSe alloys rather than a mixture of MoSend WSe. Colloidal MoW1.,Se
nanostructures with x = 0, 0.14, 0.35, 0.52, 0.77 and 1 were prepared through modifying the
amounts of MoGland WC§ dissolved in oleic acid.

Figure3-2 shows powder XRD data for M&/1.xSe nanostructures with x = 0, 0.14,
0.35, 0.52, 0.77, and 1, as well as reference pafi@rbsilk MoSe and WSefor
comparisort321t 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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solutionsynthesized TMD nanoflower 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 Mo W1.xSe nanostructures. The lattice constants for the end members are closely matched:
for MoSe, a= 3.288 A anat = 12.931 A3 while for WSe, a=3.282 A and = 12.96 A3
Therefore, the XRD ptdrns 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 MoSend WSevsthe targeted M@ .«Se alloys.

To better characterize théVID alloy nanostructures, a suite of microscopic and

spectroscopic techniques were used. As is typical for solatinthesized TMD nanostructures,
the MoW1.xSe nanosheets agglomerate to produce nanofidikemorphologies,as shown by
TEM in Figure 33. As a repesentative example, the STEM and TEM images of 3o esSe
in Figures 34a and 24b reveal uniform nanoflowers with diameters of approx. 200 nm. The
nanoflowers are comprised of curledd2hanosheets that protrude from the thicker core to form a
threedimensionally structured architecture. Figurd@f also shows STEMEDS mapping data
for the M@ 3aWo 65S€ hanostructures, indicating that Mo, W, and Se are uniformly distributed
throughout the nanoflowers. EDS spectra for eackMig@Se sample, shown ifigure3-5,
indicate that the Se signal is nearly constant while the Mo and W signals increase and decrease in
intensity, respectively, as x increases. Fidig shows a plot of the relative amounts of Se, W,
and Mo in each MW 1.xSe sample, as derivefiom the EDS data in Figus&-5 and 36. 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. Addionally, the nearly constant chalcogen:metal ratio of approx. 1.8 implies
that all of the MQW1.xSe nanostructures are chalcogeeficient. Substrateonfined TMD
nanosheets synthesized using traditionalpiesse deposition routes commonly contain

chalmgen defects due to intrinsic grain boundaries, atomic vacancies, or substitutional’doping.
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Ex-situ treatmentssuch as mechanical processing and hdssmr stacking,can dso result in
the formation of vacancies. For the colloidal,M&a.xSe nanostructures, defects are most likely
to arise from domain boundaries in the polycrystalline nanosHesmtshalcogen vacancies
induced by Se dissolution in oleylamine at elevated temperafures.

Figure3-7, which shows ADFSTEM images of the M@aWo.esSe nanoflowers,

provides higkresolution, atomidevel structural and compositional information about the TMD
alloys. The ADFSTEM image inFigure3-7a corresponds to the edge of ad¥iiVo ssSe
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 differentiagedntrast, ADF
STEM has the ability to also distinguish atoms based-oar#rast (Z = atomic numbet)For
MoW1.xSe, in addition to the Mo vs. W site occupancies, three chalcogen aoatfisns exist:
di-selenium (Se2), monselenium vacancy (34, and diselenium vacancy (34). An ADF line
scan was acquired from the higksolution STEM image, as indicated by the green arrow in
Figure3-7b. The corresponding line scan profile, showfigure3-7c, reveals the Mo vs. W site
occupancies as well as the chalcogen configurations. Simulations of the-SDEhtensity
profile based on MoSgeWSe, and multiple vacancy configurations was carried out to
unambiguously assign the identities loé tatoms (Figur8-7d and 37e). Based on the
assumption that theodecagonashaped vacancies belong to chalcogen sites, as supported from
EDS quantification, simulation data, and previous repbttee lefthump of the twepeak pair
was assigned as the chalcogenisiitice, and the right one was assigned as the metdatide.
Taken together, this analysis allows identification of the Mo and W atom locations, as well as the

observation of both Se2 andd/acancies.
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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 catalysidiqoéarly as discrete nanoflowers that
expose a high density of catalytically active edge git€be high surface areas contributed by
the 2D layers are also of broad interest for applications in energy storage and coneswih,
asgas sensinéf 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 MoSas anexample, both pand ntype transfer behaviors have been
identified from sulfur and molybdenum vacancies for M@&ven for different regions of the
same sampl&.0On the other hand, chemical treatment for monolayerNuaftices an enhanced
photoluminescence emission with neaity quantum yield, due to the elimation of defect
mediated recombinatidfi.Substrateconfined TMD nanosheets are flat ahdrefore 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 comaiar®sheets
that span a wideange of orientations, dras a result adopt various tilt angles relative to the
imaging plane, which can significantly impact the intensity profiles.

While the STEMADF analysis in Figur@-7 provides good agreement between the
elemental assignments and compositions for the TMEahalloy nanostructures, the relative
ADF intensity ratios between the chalcogen sites and the metal sites do notjnaatttatively
with the simulated values. For example, simulations indicate that the Se2 configuration should
have a higher ADF inteitg than W. In contrast, W appears to have a higher intensity than Se2 in
the ADF linescan profile in Figur8-7. To understand this deviation between the simulated and
observed intensities, we investigated the effect of tilt on ADF intensity. When gametiy
structured 2Ftype TMD nanosheet such as Méw..Se is flat, the two chalcogen atoms of the

Se2 configuration are stacked in a coluthiihe ADF intensity ratio is therefore sensitive to the
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relative angle between the electron probe and the sample plane, becauée sEmples will be
tilted relative to the electron probe, which will decrease the ADF intensity and broaden the ADF
intensity profile at chalcogen positions. Figur8e3shows highresolution ADFSTEM images
for a region of a colloidal M@V1.xSe hanosheet spanning tilt angles tratge from 0° to 20°.
Included in the imaged region are adjacent Se2/WW/, and \&4Se2 configurations. As shown
in Figure 38b, along with the corresponding plot of ADF intensity region vs. tilt angle, the
Se2/W and ¥4Se2 configurations exhibit arshg tilt angle dependency, while the value of
VsdW remains nearly constant. At high tilt angles approaching 20°, the intensity from the mono
selenium vacancy s{becomes close to that from thesdilenium Se2 configuration. At a tilt
angle of 8°, the simlated ADF intensity ratios of Se2/W YW, and \k/Se2 are 0.79, 0.31 and
0.40, respectively, which agree well with experimentalhyained 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 matatg 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, altlough to a lesser extent than the tilt angle. Overall, the combined analyses confirm
that the colloidal TMD M@V 1.xSe nanostructures are true seidlution alloys with atomic
level mixing of Mo and W rather than segregated phases of Mo8e/N Se

Ramanscattering spectra probe the dynamic interaction between the metal and chalcogen

atoms, which provides more information about atom substituiioiesv-dimensional material&.
Figure3-9 showsthe Raman spectra of the W@...Se nanostructures measured with 514.5 nm
laser. FoMoSe, the outof-plane mode A and inplane modé&so are centered at 237.8 and
289.1 cmt, respectively, while for fedayer WSe, both modes are degenerate at around 250 cm
to contribute to a combinediplike peak® The Aigslike mode of MQW1xSe shows a prominent

blue shift from 237.8 to 250.0 chthat correlates linearly with W content (Fig&0), as
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interpretedwith the modified random element isodisplacement (MREI) model based on effective
mass and owf-plane force constant8 The structural evolution is also accompanied by some
weakvibrationsecond andhigherorder modes, asvidentin Figure3-9. The insights gained
from analysis of the Raman spectra further confirm the formation of a compdaitiainle series

that spans the Mog&/Se: compositions.

3.3.2Colloidal W SySea.y) Nanostructures

Compared with M@N 1.xSe> alloys that continuously vary the metal while keeping the
chalcogen constant, the related chalcogen counterpartgS®(S,), are more synthetically
challenging. Although theoretical calculations indicate that botiWeSe and WSySe ..y
solid sdutions are energetically favorable relative to phssgarated mixture$,chemical issues
such as precursor incompatibilfchalcogen replacemettand product decompositisimake
it difficult to tune chalcogen content across the entire saldtion range using colloidal
synthesis methods. For gakase synthesis methods, experimental parameters including
temperature gradieftpartial vapor pressuré reaction ime * and precursor position in the
tub€e® can betailored to achieve thermodynamic or kinetic control and accomplish the atomic
level mixing of S ad Se within soligsolution TMDs. Similar fulrange TMD alloys have not
been accessible previously as solutsynthesized colloidal hanostructures.

The successful synthesis of colloidal W&(1.y) nanostructures requires careful
consideration of reagéreactivity. While the MoGland WC} reagents exhibit similar
reactivities and therefore can be mixed together in the desired stoichiometries to obtain targeted
MoW1xSe alloys, the available sulfur reagents evaporate and/or decompose rapidly, which
substantially diminishes the utilization of sulfur during the reactigrerdore,in contrasto the

stoichiometric synthesis of M@/1.xSe, an excess of S is required to produdearnable
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WS, Se .y ternary compounds. For sulftich samplegWS,,Se.y) having y =1, 0.81, 0.70 and
0.64, diphenyl diselenide could be added directly to an existing protocol for synthesizing
colloidal WS nanostructures using €8s the sulfur reageftIncreasing the amount of diphenyl
diselenide beyond WSS .sodoes not result in a substantial increase of selenium incorporation,
while reducing the amount of diphenyl disd# results in amorphous products. Therefore, simple
modification of the chalcogen precursor amounts cannot achieve full tunability across;the WS
WSe solid solution, limiting the formation aVS;,Sey.y) from the WS end member (i.e. sulfur
rich compodions) to a maximum of y = 0.60. Similar situations also occur fopbase CVD or
PVD syntheses of TMD chalcogen alloy$®

To access SdEch WS,Sey..y) alloys, we began by adding the sulfur reagent to the,WSe
end member. Diphenyl disulfide was used as the sulfur reagent insteag ob@$dering its
volatility and fast deamposition at relatively low temperatures. As shown in T8Hethe sulfur
utilization is much lower than that of selenium, so excess of the sulfide reagent was used. At the
same time, the typical 3fiinute reaction timeesulted in thdormation of Secontaining
nanoplate impurities (Figui211). 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 achievddbied reactivity and access the targeted Se
rich WSy, Seuy) alloys, shorter reaction times were used along with tuning the S:Se reagent
composition.

Figure3-12a shows the XRD patterns for chalcogen alloy series. Comparing the crystal
structures of end members of WSe.y), thehexagonal lattices expandedby ~4% laterallyand
~5% vertically for WSe vs. WS.32 The changés much larger than that for metal substitution
(MoW1,Se), 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 th8eyS

y) samples exhibit a progressive shift to high¢éh&a values as y increasegure3-13a and3-
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13b, which show HAADFSTEM and TEM images of the WSe .y nanostructures with y =
0.44, reveal nanosheet aggregates having morphologies similar to Wa.M8e samples but
with lessdefined and lowedensity nanoflower architectures due to the shorter reaction times
needed to synthesize the chalcogen alloyivel to the metal alloys. As shown in Fig@ré4,
the average diameter of tléS,,Se 1.y nanostructures decreases as the amount of incorporated
sulfur increases. The STEMDS element maps in Figuel3c-f confirm the uniform
distribution of W, S, an&e within theWS, seSe .14 nanostructures. The EDS spectra for all
WS, Se1y) nanostructures, shown in Figu8el5, 316 and summarized in the plot in Figue
12b, confirm the tunable S:Se composition ratio across the entiseWE solid solution, and
indicate the chalcogen deficiency with a constant metal/chalcogen ratio (~1.8) as fok\ttie Mo
xSe metal alloys.

Similar to the data in Figui@7 for the M 33Wo 65S5€ metal alloy sample, Figui@17
shows ADFSTEM images highligling the edges of a WgsSea 12 chalcogen alloy nanostructure.
Monolayers, bilayers, and felayer regionsarevisible, with an average domain size of & nm
(Figure3-17a). At highemmagnification(Figure3-17b), a line scan across the monolayer region
reveals information about the atom distributions inW® ssSea 12 sample. Using the strategy
described in detail for analysis of tN®o 33Wo.esS€ sample in Figur&-7, we were able to
identify distinct chalcogen configurations among the possibilitiel-selenium (Se2), esulfur
(S2), monesulfur plus moneselenium (S+Se), morgelenium vacancy (39, monaesulfur
vacancy (\¢), and doublehalcogen vacancy (V) via ADF intensity simulations (Figud3gc
and3-18a). These resulonfirm atomielevel 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 nanostructurdhe different chalcogen configurations have different ADF
intensities, asxpected, as well as distinct characteristic pegeak distances. As shown in

Figure3-17c, convolution of the smaller S atom results in a broad shoulder next to the W peak
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due to its shorter ¥& bond length relative to \8e, while the larger Se atom néx 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 (8-ify8iog
Accordingly, ata tilt angle ofL0°, the experimentally measured ADF intensity ratios [Se2/W =
0.71, S2/W = 0.18, (S+Se)/W = 0.59 angyW = 0.50)] become comparable to the calculated
ratios [Se2/W = 0.72, S2/W = 0.24, (S+Se)/W = 0.42 agd\V/= 0.34].

Figure3-19 shows compositionlependent Raam spectra for the W& e i1.y) Samples.
WS; nanoflowers show the owaff-plane Ay mode at 419.5 cr the peak contributed by the in
plane% mode at 350.0 ch and the secondrder 2LA(M) mode at 356.5 chdeconvoluted by
multi-peak Lorentzian fittig, as well as the firstrder LA(M) mode at 174.5 chiFigure3-20).
Under excitation of a 514-Bm laser, the Raman intensity ratio between the 2LA(M) mode and
the A,g mode increases with thinner samples as the double resonance is only active for monolaye
WS,.4” The fingerprint ratio irour case is around 0.7, which is between 2.2 (monolayey i@
0.47 (bulk W), corroborating the fesayer structure observed by electron microscopy. The
Raman peaks shift progressively upon incorporating Se. UsingdB&5:»as a representative
exampe, the Agmode red shifts to 405.2 chand the peak from tH® and 2LA(M) modes
remains around 353 ckFigure3-21). The WSefeature of degenerateifand% modes red
shifts from 261.3 cmfor the y = 0.81 sample (WSSe 39 to 249.7 crit for the y = 0 sample
(WSe). The shift could result from tensile strain and structural distortions caused by
incorporating the largediameter Se vs. S atortisAtomic disorder also contributes to the
broadening of Raman peaks fdloy samples, in contrast to the sharper and mistanct peaks

for the WS and WSe end members
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3.3.3Tunable Optical Properties

UV-vis absorption spectra for all M&/1xSe and WS,Seq.y) samples dispersed in
ethanol were acquired to characterize thable optical properties achievable through
systematically modulating the metal and chalcogen compositions (RBig28. Figure3-22b
shows U\ Vis absorption spectra for the MV1.x<Se metal alloy samples. Absorption peaks are
labeled according to theavention proposed Biilson and Yoffe?® For MoSe, A and B
excitonic features arising from the valence band splitting at the K and K' pointsBriltbein
zone appear at 823 nm (1.51 eV) @dd. nm (1.67 eV), respectiveliffhe A excitonic transition
is located at 768 nm (1.61 eV) for WiSevhile the broad feature around 605 nm (2.05 eV) is
considered as the overlap of the B andix¥citonic transibns, which could be caused by
additional optical transitions and interlayer coupling for Md8S, MoSe and WSe
multilayers?® Higherlying interband transitions, including the C peak for MoS®l the Bpeak
for WSe, require further optical measurents and band structure calculations, and are therefore
out of the scope of our wofRLorentzian peak fitting was utilized to determine the position of
the A exciton transition. The curve background was linearly modified to partially reduce
scattering effectfor the samples dispersed in solutidiglire3-23).5°2As indicated in Figuie
3-22c and3-22d, the A excitonic transition ranges from 1.61 eV to 1.51 eV with a downward
curve as the percentage of Mo in M&.xSe increases, which could be due to uneven changes of
the conduction band minimum (CBM) and the vakzband maximum (VBM) through
alloying> The CBM states at the K point are mainly comprised oodylane ¢ orbitals and
localized around/io with lower energy. In contrast, the VBM states are mainly composesd of in
plane gy and @22 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 WSe, while CBM decreases linearly, leading to the observed bowing towards thielMo
side ofMoxW1.xSe.

As displayed in Figur8-22a, a gradient color change from brown to yellow is observed
for the WS,Seuy) series. The UWis spectra in Figur8-22e reveal that the A excitonic
transition exhibits a noticeable red shift with increasing Se coritaatA 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-1.81 eV, as Se incorporation
increases (Figus3-22f and3-22g). As Segradually replaces S, the bonding between the metal
and the chalcogen becomes more covalent in nature, leading to broadening of the?\éBilad
and thus a smaller energy gap at the K pSilit.addition, the gap variation tfie A excitonic
transition for the chalcogen alloys is more uniform and closer to linearity compared with that for
MoxW1xSe. The smaller bowing effect for WSe 1y relative to MQW1.,Se: is attributed to

larger lattice mismatch and chemical poterdifference between diselenides and disulfitfes.

3.4Conclusions

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 presengragldte compositional
modulation with tunable properties. Here, TMD alloy nanostructures spanning the entirg MoSe
WSe and WSi WSe solid solutions have been synthesized directly in solution, without the need
for additional hightemperature annealing. Chemical guidelines, complementary to existing gas
phase synthesize methods, have been identified for achieving full compositionéitodo

both metal [M@W.,Se] and chalcogen [W§Se«.y)] TMD alloys. Alloying was confirmed by
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multiple characterization technigues, and compositiependent excitonic transitions were
observed. Solutiogynthesized colloidal TMD alloys, which arkioterest for their high surface
areas, substrafieee nature, and higher mass yields, are more challenging to characterize at the
atomic level relative to substratenfined films made by ggshase deposition methods because
of the buckled, crumpled, ars@miaggregated nature of the colloidal nanostructures. Using
ADF-STEM coupled with analysis of the tdingle 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 subdtatad TMD alloy films and the
largely unknown atomitevel details of colloidal analogues. Such fundamental insights are
significant for advancing the emerging applications of TMD nanostructuths firelds of
catalysis, gas sensing, and optics. Additionally, the solution synthesis capalglitienstrated
here may in the future permit the formation of ordered TMD alloys, which have been
computationally predicted to have a small energetic prederenrandom substitutional alloys
and therefore may be accessible using $omktemperature methoddThe versatility
demonstrated for tuning both the metal and chalcogen compositions suggestslenati@ary

TMD alloys and quaternary TMD alloys, such as;We,S;ySe.y), may also be accessible.
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3.6Figures
WS, Sey.y) WS, Se.y)
Mo, W1..Se, (Sulfur-Rich) (Selenium-Rich)
O O
WCI; + CS,
e e A | + Oleic Acid ~ WCl, + Oleic Acid

i~ + Oleylamine

Oleylamine Oleylamine Oleylamine
+ Diphenyl Diselenide + Diphenyl Diselenide + Diphenyl Diselenide
+ HMDS + HMDS + Diphenyl Disulfide
+HMDS

Figure3-1: Schematic showing the synthetic routes ofWp«Se, sulfurrich and seleniuranich
WS, Seq.y) nanostructures.
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Figure3-2: Powder XRD patterns of M@/1..Se nanostructures with x = 0, 0.14, 0.35, 0.52, 0.77
and 1. Simulated XRD patterns based on the crystal structures of bulk Mabé/Se are also
provided at top and bottom, respectively.
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WSe, - x =0.52

Figure3-3: TEM images (top panels) and HAAEFTEM images (bottom panels) for M.
xSe nanostructures. Scale bars are 200 nm for the TEM images amin5@0 the HAADF
STEM images.
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Figure3-4: (a) HAADFSTEM image, (b) TEM image, and-{cSTEM-EDS element maps (100
nm scale bars) of M@sWoesSe nanostructures. (g) Plots of elemental composition (graed
met al / chal cogen rati o ( bWwuSshlloyananostructurasnct i on of
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Figure3-5: EDS spectra for the M@/1.xSe hanostructures. The Cu signal (*) comes from the Cu
TEM grids.
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Figure3-6: HAADF-STEM images and corresponding STH®S element maps for the M1
xSe& hanostructures, indicating a uniform distribution of Mo, W and Se.
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Figure3-7: (a) Highresolution ADFSTEM image highlighting a region of\o0g 3sWo e55€
nanostructure, showing felayer, bilayer, and monolayer domains with overall decreasing layer
thickness toward the edgéb) Atomically resolved ADFSTEM image oMo0o 35Wo.655€
nanostructuresvheredodecagonashapedhalcogen 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 simulaiediles (colored). Simulated structures of the
di-selenium configuration (Se2, black) and the meal@nium vacancy (¥, red) are shown for

(d) MoSe and (e) WSg along with the corresponding ADF intensity curve v@tilting angles

(f) Top and (g) &le views of the hexagonal TMD structure, where metal (pink) and chalcogen
(yellow) atoms are covalently bonded with trigonal prismatic coordination.
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Figure3-8: The effect of tilting on the STEMDF intensty in WSe nanostructures. (a)
Simulated ADF images of the structure of W8&Etilting angles ranging from 0° to 20°. (b)
Calculated STEMADF intensity ratios of ¥4/2Se, 2Se/W, and MW at different tilting angles.
2Se exhibits higher ADF intensity win¢he tilting angle is smaller thaf, &vhile the relationship
is inverted when tilted more thah.
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Figure3-9: Ramanspectra of the agreparedMoW1xSe nanostructures, acquired using a 514.5
nm excitation laser. The spectra are normalized to the intensity of ftigedpeak. Raman
modes are labeled based on bulk notation.
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Figure3-10: Plot of Aiglike position vs. x in MW 1.xSe, showing the compositiedependent
Raman frequency of the;Alike peak for the M@V 1.xSe nanostructures.
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Figure3-11: (a) HAADFSTEM images of TMD chalcogen alloys synthediggth a 30 min
reaction time, where nanopldike impurities can be morphologically distinguished from TMD
nanoflowers. (k) STEMEDS element maps and corresponding elemental percentages,
indicating that the nanoplatike impurities contain much high&e content compared with the
alloyed TMD nanoflowers.
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Figure3-12: (a) Powder XRD patterns of WSe1.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 WS

and WSe*? are provided at top and bottom, respectively, for comparison. (b) Plots of elemental
composition (orange) and metal/ chabkh®gen ratio
alloy nanostructies.
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Figure3-13: a) HAADRSTEM image, (b) TEM image, and-{cSTEM-EDS element maps (100
nm scale bar) of the WgSe 12 nanostructures.
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Figure3-14: TEM images (top panels) and HAAEFTEM images (bottom panels) for
WS, Ser.y) nanostructures. Scale bars are 200 nm for the TEM images and 500 nm for the
HAADF-STEM images.



80

Intensity (a.u.)

L Mo y=013

\ ’ A y =0.06
I h \ WSe,

0 5 10 15
Energy (keV)

Figure3-15: EDS spectra fothe WS,Se1.y) nanostructures. The Cu signal (*) comes from the
TEM grids.



Figure3-16: HAADF-STEM images and corresponding STHEWS element maps for the
WS, Sex.y) nanostructures, indicating a urmfie distribution of W, S and Se.
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Figure3-17: (a) Highresolution ADFSTEM image highlighting a region oSy ssSe 12
nanostructure, showing felayer, bilayer, and monolayer domains at the eflgeAtomically

resolved ADFSTEM image ofVS,,Se.y) nanostructureqc) 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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Figure3-18: (a) Simulated ADF images of momsailfur plus moneselenium (S+Se) and-dulfur

(S2) configurations for TMD chalcogen alloys wititilting anglesCalculated ADF intensity

curves for diselenium (SeXlack), monesulfur plus moneselenium (S+Se, blue),-dulfur (S2,

dark red), moneelenium vacancy @4 red) and monesulfur (Vs, orangé are shown on the

panel to the right. The calculated ADF intensity is noticeably decreased by the presence-of mono
selenium vacancy (84, which is close to that of diulfur (S2). (b) Calculated STEMDF

intensity ratios of (S+Se)/W and S2/W at different tilting angles.
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Figure3-19: Ramanspectra of the agrepared W§Se1.y) nanostructures, acquired using a
514.5nm excitation laser. The spectra are normalized to the peak with the highest intensity for
each sample. Raman modes are labeled based on bulk notation.
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Figure3-20: Deconvolution of the Ramareaksof the WS, nanostructures.
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Figure3-22 Tunable optical properties for colloidaibynthesized TMD alloys. (a) Photograph

of Mo,W1xSe and WS,Se..y) samples suspended in ethanol. (b)-W¥ absorbance spectra, (c)
the A excitonic peaks obtained through Lorentzian peak fitting, and (d) corresponding excitonic
transition energy for MW 1.xSe nanostructures. (e) UVis absorbance spectra, (f) the A

excitonic peaks obtained through Lorentzian peak fitting, and (g) corresponding excitonic
transition energy for W§Se.,) nanostructures. UWis spectra are normalized according to the
highestenergy excitonic peak.
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Figure3-23: (a) UV-vis absorption spectra of MeWo.6sSe nanostructures dispersed in ethanol,
where the scattering background was subtracted based on a linear fit of the absorption data in the
range of 100€0100 nm. (b) Lorentzian peak fittidgr 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.



3.7Tables

Table3-1: Experimental paranters for the synthesis of M&/1.xSe nanostructures.
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MoxW1xSe | WCle/ mmol MoCle / mmol Se /mmol | Reaction Time / min
WSe 0.125 0 21 0.125 30
x=0.14 0.8 0.125 0.2 0.125 21 0.125 30
x=0.35 0.6 0.125 0.4 0.125 21 0.125 30
X =0.52 0.4 0.125 0.6 0.125 21 0.125 30
x=0.77 0.2 0.125 0.8 0.125 21 0.125 30
MoSe 0 0.125 21 0.125 30

Table3-2: Experimental parameters for the synthesis ob)#&..y) nanostructure$?h denotes
diphenyl diselenide.

WSy Seuy) WClg/ mmol S/ mmol Se / mmol Reaction Time / min
WSe 0.125 0 2, 0.125 30

y = 0.06 0.125 2! 0.125(Ph) |2 0.125 |30

y=0.13 0.79 0.125 |6 0.125(Ph) | 1.5 0.125 |225

y=0.44 0.5 0.125 6! 0.125(Ph) | 0.125 15

y =0.60 0.125 6.35 (C9) 41 0.125 30

y=0.70 0.125 6.35 (C9) 2! 0.125 30

y=0.81 0.125 6.35 (C9) 0.5 0.125 |30

WS 0.125 7.94 (C9) 0 30




Chapter 4

COLLOIDAL SYNTHESIS OF WTe 2 AND MoxWixTe2
NANOSTRUCTURES

4.1 Introduction

Transition metal ditellurides exhibit distinct structures and propeglasve to their
disulfide and diselenide counterpartsor layered transition metal dichalcogenides (TMDs),
Mo- and Wbased sulfides and selenides typically adopt a hexagonal crystal structure to form the
semiconducting 2H phase, where the trapsithetal atormare sandwiched by chalcogen atoms
in a trigonal prismatic coordination environmentgiiie4-1).2 The metallic 1T phases of MgS
MoSe, WS, and WSeare metastable, possess octahedral coordination, and can be accessed
through lithium ntercalatior? For the corresponding ditelluride systems, both hexagonal (2H)
and monoclinic] T MPTe: can be obtained, as only a small energy barrier separates the two
polymorphs, while onlghe Ty phase is achievable f#vTe; (Figure 41).*° Phase transitions,
includingl FMyjfor MoTezand T-1 T Nj f g can W aahieved under high pressure,
positioning he metal atoms offenter in distorted octahedra. Similar to the walbwn indirect
to-direct band gap transition fomonolayer semiconducting TMDBdransition metal ditellurides
with monolayer and fedayer thicknesses also exhibit exotic properties. IFN)Te,, an
electronic phase transition from semetallic to semiconducting occurs when the bulk material is
reduced to fewayer thicknes$.At low temperatures, monolayes-WTe; exhibits an insulating
interior with edge conductiohNanostructured TMD ditellurides therefore have become
*Reprinted in part with permission fromMater. Chem. C., 5, Sun, Y.; Fujisawa, K.; Terrones,

M; Schaak, R. E. Solution Synthesis of Waad MaW1.xTe; Nanostructures, 1131771323,
Copyright 2017 The Royal Society of Chemistry.
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important synthetic targets, given the diversity of crystal strestaf similar energy that are
accessible, coupled with their unique thickrespendent properties.

WTe; in particular has become an important synthetic target since the discovery of large,
nonsaturating magnetoresistari€dt is also explored astgpe-Il Weyl semimetal with
unconventional physical properti€ssuch as a weak adticalization effect? time-reversal
symmetry!® pressuredriven superconductivityf, strong spirorbit coupling!® and edge
conduction at lowemperature$in addition, Me and Wbased ditelluride alloys, M@V1.«Tey,
are also appealing due to their compositimmdtemperaturelependent phase transitigend
tunable Weyl state with desired topological properfieéd So far, several approaches have been
developed to prepare Waeanostructures, including chemical vapor transport (CVT) with
mechanical exfoliatiof chemical vapor deposition (CVB)and molecular beam epitaxy
(MBE).?* However, challengs such as harsh reaction conditi&iianited utilization of
chalcogen precursofsand instability of products at ambient conditidvsdet its widespread
applicability, as well as effectivaloying with MoTe; to form MoW1.xTe; solid solutions. It is
therefore important to target the synthesis of both ¥éhd MaW14Te; nanostructures.

Recent advances in the solutiphase synthesis of TMD nanostructures have led to the
formation of colloidal Mog MoSe, WS, WSe, MoWixSe, WS,Seuy), and 1TNMoTe,
comprised largely of aggregated féayer nanosheefd ?® Missing from this list are solutien
synthesized WTgand MaW1Tez, 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 dimensionlependent properties with elemental composition, crystal structure, and

surface chemistry become possible.
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Here, we report a solutigohase approach to directly synthesize colloidal nanostructures
consisting of fewlayer T-WTe; at 300 °C, which is significantly lower than existing-gasise
routes that produce crystalline WiT@he threedimensional nhanoscale architecture is comprised
of two-dimensional WTglayers that exhibit various stacking motifs. Formation pathway studies
indicate that misotropic WTe nanosheets form rapidly during the figjection synthesis,
followed by lateral and vertical growth modes that lead to the formatiamanofloweilike
morphology. When molybdenum reagents are added to the reaction mixture, colloidal
nanostructures of fedayer Mo W1.xTe, with controllable and tunable composition are produced,
thus demonstrating the versatility of the lb@mperaturedution-based synthetic pathway.
Notably, the M@W1Te; alloy system has end membarthe metastable INMoTe; and Tg-

WTe, polymorphs, and therefore exhibiting a composHi@pendent structural evolution as
colloidal nanostructures which is typicallpgerved at higher temperatures in-ghase

synthesized analogues.

4.2 Experimental Section

4.2 1Materials

Oleylamine (technical grade, 70%), tungsten(VI) chloride QVCIO 99. 9%, tr ace
basis), and hexamet hyl di sil azanesed{radhNiDrBa, r eagen
Aldrich. Molybdenum(V) chloride (MoGJ 99.6%, metal basis) and oleic acid (technical grade,

90%) were purchased from Alfa Aesar.-o ct y|l phosphine (TOP, O 85%)
TCI America. Solvents, including toluene and ethanol, wéenalytical grade. All chemicals

were used as received without further purification.
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4.2.2Synthesis of WTe and MoyW 1.xTez nanostructures

All reactions were carried out under an argon atmosphere using standard Schlenk
techniques and workup procedures wenggomed in air. In the synthesis of M&1xSe, 39 mg
of diphenyl diselenide (0.125 mmol) dissolved in 15 mL of oleylamine (45.6 mmol) were added
to a 106mL threeneck flask and degassed for 30 min under vacuum at 120 °C. Then, 0.5 mL of
HMDS was injectednto the flask after cooling to 100 °C under argon and the mixture was heated
to 300 °C. Meanwhile, 0.125 mmol of MaQNCle, or a mixture of the two (Tablel) was
dissolved in 1 mL of oleic acid (3.1 mmol) with sonication. The metal reagent wasjbeted
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 tintea Wit toluene/ethanol

mixture and kept as a powder under argon.

4.2 .3Characterization

Powder Xray diffraction (XRD) patterns were collected using a Bruk¥6 D8
Advance diffractometer equi pp eDddeteciot $imuldted KU r ad
XRD patterns of WTega n d -MbTeNyere generated using the CrystalMaker/CrystalDiffract
software package. Transmission electron microscopy (TEM) imagesahigé annular dark
field scanning transmission electron microscopy (HAABDFEM) images, and energy gersive
X-ray spectroscopy (EDS) data and element maps were acquired using a FEI Talos F200X
operating at 200 kV. Highesolution ADF STEM images were obtained using a FEI Ti&h
60/300 TEM with a spherical aberration corrector on the pfolreing lensat an accelerating

voltage of 80 kV. STEM simulation was done by QSTEM software developed by C2Kaith.
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parameters for the ADF image simulation were appropriately set according to experimental
imaging conditions, including acceleration voltage, sgia¢daberration (€and G), convergence

angle, and inner/outer angle for the HAADF detector. Bruker ESPRIT 2 software was applied for
EDS data interpretation. MictiRaman measurements were performed in a Renishaw inVia

confocal microscopbased Raman spegineter. The laser spot size using the 100x objective

lens was approximately 1 uii-ray photon electron spectroscop§PS) experiments were

performed using a Physical Electronics VersaProbe Il instrument equipped with a monochromatic
Al Krdy sdurce(d = 1486.7 eV) and a concentric hemis
neutralization was performed using both low energy electrons (<5 eV) and argon ions. The
binding energy axis was calibrated using sputter cleaned Cu foil ar8382.7 eV, Cu 3=

75.1 &/). Peaks were charge referenced to the @#kin 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 @63 1im (95 % of the signal origited from this depth or
shallower). Quantification was carried out using instrumental relative sensitivity factors (RSFs)

that account for the Xay cross section and inelastic mean free path of the electrons.

4.3 Results and Discussion

Figure 42 shows microsopic image®f thecolloidal WTe nanostructures synthesized
by adding a solution of tungsten (V1) chloride dissolved in oleic acid to a mixture of oleylamine,
trioctylphosphine (TOP), trioctylphosphine telluride (T-O®) and hexamethyldisilazane
(HMDS) & 300 C through a 3émin dropwise injectionThe TEM imagen Figure 42a reveals
uniform flowerlike WTe, nanostructures with an average diameter of approx. 150 nm. Figure 4
2b shows a highanagnification HAADFSTEM image of the nanostructures. As is commonly

observed for solutiosynthesized TMD nanostructures, the #hmensional (D) WTe



94

nanosheets a@umpled into 2D architectures exhibiting a nanoflower morpholdgi.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 monolayés\aiayer
TMDs that comprise the nanoflower particte&or the WTe nanostructures shown in Figsi
2a and 42b, the constituent nanosheets progressively decrease from thicker cores to thin edges
that approach monolayer thickness.

The highmagnfication ADRSTEM image shown in Figure2c reveals the atomic
configuration of the WTemonolayers that are present near the edges of the nanofléwegs.
zag arrangement of W atoms, which was observed in the highlighted riegionsistent ith a
simulated ADF image based on the [002] projection of the orthorhombig \AfTiee (Figure 4
2d) 31 At atomic resolution, ADFSTEM is capable of distinguishing different atoms based on the
Z contrast (Z = atomic number). Accordingly, W (Z = ®lightly brighter than Te (Z = 52) in
the simulated ADF image. For ndlat TMD nanosheets with curvature, the tilting angle
becomes another significant factor that influences the ADF intensityax@ftilting of the
curved and aggregated nanofloweas also influence the relative intensity, leading to additional
changes in brightness and contrast beyond those from Z contrast. For exampieglieigin
(Se2) configuration is typically brighter than the metatkitice (W) for WSe, while the
relaionship is inversed when tilted less than 30Fhe alternating pattern (green circle) in the
WTe; nanostructure sample in Figured gradually transforms to a parallel pattern (yellow
circle) towards the bottom of the image, revealing the cureatuthe petals of the nanoflowers.
Additionally, the corresponding fast Fourier transform (FFT) pattern matches well with the
simulated diffraction pattern for the [002] projection of WireFigure 42e, further confirming
the exposed edge facet.

WTe; typically adopts the dpolymorph, which is built by stacking WTmonolayers as

shown in Figures-4 and 43a. Different stacking sequences of Wienolayers, which were
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recently reporteth CVD-gr own sampl es and ter nfewkredlss and 2 HN;j

observed for some bilayer regions of the soluignthesized WTgnanostructures. The salled

2HNj stacking sequence differs f raaxmandeantbey shi f t
distinguished by the zigzag vs aligned atoms at the edges, as highlighted by yellow and red

circles in Figure 48b, respectively. The eexistence of regions corresponding teWTe,, as

well as the alternate 2H a@tiNj st a c k i colipidaiyosynihésizetiT& nanostructures,

indicates the diversity of TMD local structures that are accessible.

Figure 44 shows powder XRD data for the fésyer WTe, nanostructures, and the inset
shows the orthorhombic layered structure of WMiewedfrom the [010] direction. The XRD
pattern matches best with the reference pattern simulated frdWT&.3? Because of the
polycrystallinity, small domain sizes, intrinsic strain induced by curvature of the constituent
nanosheets, and the presencenaotftiple 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 fevlayer WTe nanoflowers. Figure-8a displays Raman spectra for the
colloidal WTe, nanostructureacquired using three excitation lasers: 2.54 eV (488 nm), 2.41 eV
(514.5 nm), and 1.92 eV (647.1 nra)nder the2.41-eV laserexcitation,four optical vibrational
modes! ,! ,! ,and! ,werelocated at 114 c137 cm', 164 cm' and 214 cm,
respectively, confirming the formation of-WTe».23 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 WilrenostructuresXPS data were used to obtain chemical
information about the surfaces ofaepared WTgnanostructures. Figusd-5b and 45¢ show
high-resolution XPS spectra from the Te 3d and W 4d regionsdsg:eaBdW 4ds» peaks were
centered at 572.9 eV and 248\3, respectively, which are comparable to previous results for

monolayer WTeflakes!? An XPS survey scan and highsolution XPS spectra of the Te @nd
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W 4f regions are provided in Figure® The Te/W ratio was determined to be 1.6. Theadiew

from the stoichiometric value of 2 could be due to surface oxidation, which is common for
transition metal ditellurideSIn our case, we observed small shoulder peaks at higher energies
relative to theV and Te feature peaks (Figuresld and 46b), indicating partial formation of
WOy and TeQdue to minor surface oxidation.

Solutionsynthesized TMD nanostructures with flowie morphologies have included
transition metal disulfides and diselenid&%’as well as ditellurides to a limited extéhgnd
there is great interest in understanding the process by which the nanosheet structures form and
grow. To better understand the formation pathway of the Md@eostructures, we conducted
XRD and TEM charderizations on products obtained with a 5 mik0 min, 15 mirx, 20 mir,
25 min- and 30minute reaction time at 300 °C. The resulting nanostructures, shown in the TEM
images in FigureZ, indicate that the nanosheets are already in the form of nanflaxtkin 5
minutes of injecting the metal reagents, and the corresponding XRD patterns indicate that the
crystallinity of the nanostructures is similar throughout the samples (FieRledé shown in
Figure 47, the diameters of the WIranostructuresrgdually increase from 380 nm at 5
minutes to approximately 16160 nm after 20 minutes. The corresponding XRD patterns suggest
that vertical growth equilibrates faster than lateral growth, as the intensity of tzentger(002)
peak remains nearly caasit while key higkangle 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 suytpesit
nucleation plus vertical growttvithin 5 min, followed by subsequent lateral growth to enlarge
the nanoflower petals.

In addition to WTe, solid solutions of WTgand MoTe are of significant interest for
their compositiordependent properties, including a atetemiconductor transitiomccompanied

byaHT Nj struct ur ahdtuhablatopsldgical properti'sy Accordingly, we
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merged new insights into the synthesis @iV Te, described above with prior work on colloidal
1T NJoTe: nanostructure® to explore the solution synthesis of compositionable MaWi.4Te;
alloys. As shown in the TEM images in Figur8 4uniform fewlayer nanostructures of N1
xTewith x = 0.0, 0.19, 0.39, 0.52, 0.80 and 1.0 were successfully prepared by modulating the
relative amounts of Moghnd WCH, as reported in Table &

Figures4-10a and 410b, which show lowand highmagnification ADFSTEM images
for Moo sdWoeilT € (X =0.39) as a representative TMD alloy nanostructure, indicate that
crystallinefew-layernanosheets were formed with edgest exhibitmonolayerthicknessesThe
STEM-EDS element maps in Figuresl@cf and 411 suggest a uniform distribution of Mo, W,
andTe throughout the nanoflowers. The EDS spectra for alMqTe, nanostructures, shown
in Figure 412 and presented as plots in Figurgd4 that relate the EDS composition results to x
in MoxW1xTe, confirm that the composition can be systematicaletliacross the entire
MoTe-WTe;, solid solution. While the composition bfo,W1.xTe; 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:megtb of approximately 2 confirms the overall
MTe: stoichiometry, which is higher than the chalcogen:metal ratio of ~1.8 observed for
comparable nanostructures of the colloidal sulfides and selevinj#¥:..Se and WS,Se.y).28
At elevated tempetares 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 eneréf/Additionally, TOP is known to extract sulfur and selenifrom
colloidal chalcogenidesind this could also contribute to the lower chalcogen:metal ratio of the
sulfides and selenides relative to the tellurittes

Given the different structure of thd INjoTe; and T+-WTe, end members, the MoFe
WTe; solid solution range was monitored by powder XRD and Raman, as shown in Fgj8re 4

In Figure 413a, the diffraction peak around 25°, which is characteristic BbIT e, but not
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present in +WTe,, gradually disappears as xMo,W1.xTe, decreases. Concomitantly, a peak
around 51° progressively decreases in intensity as W is incorporated MiftmTIe,. The Raman
spectra shown in Figure¥3b indicate alternating intensity trends for themode from WTe

and the A mode from T INjoTe.. Previous reports oMo,W1,Te, with 2H-MoTe, and T-WTex

end members indicate that sefidlution alloys could be tuned with composition and temperature
in gasphase reactiongn these systems, phase transitions from 2HItdN, t hen nfi x e d
1T Nj a&,ramd eventuallyeaching the pureqphase, accompanied with the electronic properties
changing from semiconductors to semimetals, were obsétttate, we achieved a transition
between two semnetallic end memberdTNMoTe; and Te-WTe,) with similar crystal

structures driven by the same coordinating geon{@fiy The same transition is difficult to

achieve in gaphase syntheses until the temperature is increased te8063C, where the
metastabld TNJoTe; becomes the end memidéAccess to alloyed systems exhibiting such
phase behaviour at lower temperatures using solpti@se techniques could provide new
opportunities for studying the electronic and topological properties ofdgev transition metal

ditellurides.

4.4 Conclusiors

Transition metal ditellurides exhibit exotic properties that depend on crystal structure,
number oflayers, and composition in ways that aistishct from their disulfide and diselenide
counterparts, and therefore are of emerging interest. Theeloperaturesolution synthesis of
few-layer T--WTe, and MaW1xTe, reported here, expands previous capabilities in producing
colloidal TMD nanostructures to telluride systems, which remain synthetically underdeveloped.
Uniform WTe nanoflowers having average diamstthat are tunable from approx.-80 nm to

100-150 nm form directly in solution at 300 °C, and grow laterally through an anisotropic growth

p hé
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process. The composition of the M#.,Te;cal | oys can be further tuned
MoTe; to T¢-WTe; solid solution. The ability to access transition metal ditellurides in their-semi

metallic polymorphs using solutigshase approaches complements traditionappase

synthetic techniques and provides potential future opportunities fordaede manufactung as

well as alternative pathways for device integration.

4 5References

1) Chen, S.Y.; Naylor, C. H.; Goldstein, T.; Johnson, A. T. C.; YarAGS Nan®017, 11,
814820

2) Lv, R.; Robinson, JA.; Schaak, R. E.; Sun, D.; Sun, Y.; Mallouk, T. E.; TerronesAbt.
Chem. Re2015 48, 56-64.

3) Fan, X.; Xu, P.; Zhou, D.; Sun, Y.; Li, Y. C.; Nguyen, M. A. T.; Terrones, M.; Mallouk, T. E.
Nano Lett2015 15, 5956596Q

4) Keum, D. H.; Cho, S.; Kim, J. H.; Choe,-B.; Sung, HJ.; Kan, M.; Kang, H.; Hwang,-Y..;
Kim, S. W.; Yang, H.; Chang, K. J.; Lee, Y. Nat. Phys2015 11, 482-486.

5) Lee, C:H.; Silva, E. C.; Calderin, L.; Nguyen, M. A. T.; Hollander, M. J.; Bersch, B.; Mallouk,
T. E.; Robinson, J. ASci. Rep2015 5, 10013.

6) Qi, Y.; Naumov, P. G.; Ali, M. N.; Rjamathi, C. R.; Schnelle, W.; Barkalov, O.; Hanfland,
M.; Wu, S:C.; Shekhar, C.; Sun, Y.; SUR, V.; Schmidt, M.; Schwarz, U.; Pippel, E.; Werner,
P.; Hillebrand, R.; Forster, T.; Kampert, E.; Parkin, S.; Cava, R. J.; Felser, C.; Yan, B
Medvedev, S. ANat. Commun2016 7, 11038.

7) Zhou, Y.; Chen, X.; Li, N.; Zhang, R.; Wang, X.; An, C.; Zhou, Y.; Pan, X.; Song, F.; Wang,
B.; Yang, W.; Yang, Z.; Zhang, YAIP Adv.2016 6, 75008.

8) Mak, K. F.; Lee, C.; Hone, J.; Shan, J.; Heinz, TPRys. Rev. Let201Q 105 136805.



100
9) Fei, Z.; Palomaki, T.; Wu, S.; Zhao, W.; Cai, X.; Sun, B.; Nguyen, P.; Finney, J.; Xu, X.;

Cobden, D. HNat. Phys2017, 13, 677682

10y Ali, M. N.; Xiong, J.; Flynn, S.; Tao, J.; Gibson, Q. D.; Schoop, L. M.; Liang, T
Haldolaarachchige, N.; Hirschberger, M.; Ong, N. P.; Cava, Ratilire2014 514, 205208

11) Soluyanov, A. A.; Gresch, D.; Wang, Z.; Wu, Q.; Troyer, M.; Dai, X.; Bernevidy.Blature
2015 527, 495498

12) Naylor, C. H.; Parkin, W. M.; Gao, Z.; Kang, H.; Noyan, M.; Wexler, R. B.; Tan, L. Z.; Kim,
Y.; Kehayias, C. E.; Streller, F.; Zhou, Y. R.; Carpick, R.; Luo, Z.; Park, Y. W.; Rappe, A. M.;
Drndil, M. ; Ki k kAaTw@.2D Mhter.2047 4, 21008.h n s o n

13) Qian, X.; Liu, J.; Fu, L.; Li, JScience2014 346, 13441347

14) Pan, X:C.; Chen, X.; Liu, H.; Feng, Y.; Wei, Z.; Zhou, Y.; Chi, Z.; Pi, L.; Yen, F.; Song, F.;
Wan, X.; Yang, Z.; Wang, B.; Wang, G.; Zhang,Nat. Commauo. 2015 6, 7805.

15) Jiang, J.; Tang, F.; Pan, X. C.; Liu, H. M.; Niu, X. H.; Wang, Y. X.; Xu, D. F.; Yang, H. F,;
Xie, B. P.; Song, F. Q.; Dudin, P.; Kim, T. K.; Hoesch, M.; Das, P. K.; Vobornik, I.; Wan, X.
G.; Feng, D. LPhys. Rev. LetR015 115, 166601

16) Lv, Y.-Y.; Cao, L.; Li, X.; Zhang, BB.; Wang, K.; Bin Pang; Ma, L.; Lin, D.; Yao,-8.;
Zhou, J.; Chen, Y. B.; Dong,$.; Liu, W.; Lu, M-H.; Chen, Y.; Chen, ¥F. Sci. Rep2017,

7, 44587.

17) Rhodes, D.; Chenet, D. A.; Janicek, B. E.; Nyby, C.; LinJih, W.; Edelberg, D.; Mannebach,
E.; Finney, N.; Antony, A.; Schiros, T.; Klarr, T.; Mazzoni, A.; Chin, M.; Chiuj Y Zheng,

W.; Zhang, Q. R.; Ernst, F.; Dadap, J. |.; Tong, X.; Ma, J.; Lou, R.; Wang, S.; Qian, T.; Ding,
H.; Osgood, R. M.; Paley, DV.; Lindenberg, A. M.; Huang, P. Y.; Pasupathy, A. N.; Dubey,

M.: Hone, J.; Balicas, INano Lett2017, 17, 16161622



101
18) Chang, T-R.; Xu, S:Y.; Chang, G.; Lee, &C.; Huang, SM.; Wang, B.; Bian, G.; Zheng, H.;

Sanchez, D. S.; Belopolski, I.; Alidoust, N.; Neupane, M.; Bansil, A.; Jend,;H.in, H.;
Zahid Hasan, MNat. Commun2016 7, 10639.

19) Belopolski, I.; SancheD. S.; Ishida, Y.; Pan, X.; Yu, P.; Xu,-8.; Chang, G.; Chang, R.;
Zheng, H.; Alidoust, N.; Bian, G.; Neupane, M.; HuangMsS. Lee, C-C.; Song, Y.; Bu, H.;
Wang, G.; Li, S.; Eda, G.; Jeng,-H.; Kondo, T.; Lin, H.; Liu, Z.; Song, F.; Shin, S.; las
M. Z. Nat. Commun201§ 7, 13643.

20) Zhou, J.; Liu, F.; Lin, J.; Huang, X.; Xia, J.; Zhang, B.; Zeng, Q.; Wang, H.; Zhu, C.; Niu, L.;
Wang, X.; Fu, W.; Yu, P.; Chang,-R.; Hsu, C.; Wu, D.; Jeng, H.; Huang, Y.; Lin, H.; Shen,
Z.; Yang, C.; Lu, L.; Suemm, K.; Zhou, W.; Pantelides, S. T.; Liu, G.; Liu,Adv. Mater.
2017 29, 1603471.

21) Walsh, L. A.; Yue, R.; Wang, Q.; Barton, A. T.; Addou, R.; Smyth, C. M.; Zhu, H.; Kim, J.;
Colombo, L.; Kim, M. J.; Wallace, R. M.; Hinkle, C. 2D Mater.2017, 4, 25044.

22) Zhou, Y.; Jang, H.; Woads, J. M.; Xie, Y.; Kumaravadivel, P.; Pan, G. A.; Liu, J.; Liu, Y.;
Cabhill, D. G.; Cha, J. Adv. Funct. Mater2017 1605928.

23) Son D.; Chae,S.1.; Kim, M.; Choi, M. K.; Yang,J.; Park,K.; Kale,V. S.; Koo, J. H.;Choi,
C.;Lee,M.; Kim, J. H.;Hyeon T.,Kim, D.-H. Adv. Mater.2016 28, 9326.

24) Mahler, B.; Hoepfner, V.; Liao, K.; Ozin, G. A. Am. Chem. So2014 136, 1412114127

25)Jung, W.; Lee, S.; Yoo, D.; Jeong, S.; Mir6, P.; Kuc, A.; Heine, T.; ChednAm. Chem.
Soc.2015 137, 72667269

26) Sun, Y.; Wang, Y.; Sun, D.; Carvalho, B. R.; Read, C. G.; Lee, C.; Lin, Z.; Fujisawa, K.;
Robinson, J. A.; Crespi, V. H.; Terrones, M.; Schaak, RAriglew. Chemint. Ed.2016 55,
28302834

27y Sun, D.; Feng, S.; Terrones, M.; Schaak, RCliem. Mater2015 27, 316%+3175



102
28) Sun,Y.; Fujisawa,K.; Lin, Z.; Lei, Y.; Mondschein,). S.;TerronesM.; SchaakR. E.J. Am.

Chem. So¢2017 139 1109611105

29) Koch, C.T. Ph.D. thesis, Arizona Sta&laiversity, Tempe, Arizona2002

30) Lin, Z.; McCreary, A.; Briggs, N.; Subramanian, S.; Zhang, K.; Sun, Y.; Li, X.; Borys, N. J.;
Yuan, H.; FullertorShirey, S. K.; Chernikov, A.; Zhao, H.; McDonnell, S.; Lindenberg, A. M.;
Xi ao, K. ; L e Ro yHwanB,.J. CIM.;;Parl J.;iChhowalla, MM Schaak, R. E.;
Javey, A.; Hersam, M. C.; Robinson, J.; Terrones2Mater.2016 3, 42001.

31) Lu, N.; Zhang, C.; Lee, €H.; Oviedo, J. P.; Nguyen, M. A. T.; Peng, X.; Wallace, R. M.;
Mallouk, T. E.; Robinson, JA.; Wang, J.; Cho, K.; Kim, M. 1. Phys. Chem. 2016 120,
83648369

32) Brown, B. E.Acta Crystallogr.1966 20, 268274.

33) Jana, M. K,; Singh, A.; Late, D. J.; Rajamathi, C. R.; Biswas, K.; Felser, C.; Waghmare, U. V;
Rao, C. N. RJ. Phys. Condendlatter 2015 27, 285401.

34) Sines, |. T.; Vaughn, D. D.; Biacchi, A. J.; Kingsley, C. E.; Popczun, E. J.; SchaalCkers.
Mater.2012 24, 30883093

35) Sines, I. T.; Schaak, R. E. Am. Chem. So2011, 133 12941297.



103
4.6 Figures
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Figure4-1: Side and top views of the (a) hexagonal (2H), (b) monoclinig,(amd (c)
orthorhombic () transition metal ditelluride polymorphs. The metal and tellurium atoms are
shown as pink and yellow, respectively.
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Figure4-2: (a) TEM image and (b) HAADISTEM image of the colloidal WEeanostructures.

(c) High-magnification ADFSTEM image for the WTaanostructures highlighting. The green
circle, which highlights thenonolayer region, matches well with the simulated pattern in (d),
particularly for the zigzag distribution of tungsten atoms, shown as red lines. The region
exhibiting the zigzag 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
Te-WTen.
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Figure4-3: (a) Simuated ADF images of bilayer WTwith T4 stacking. (b) 2Hand 2H
analogous stacking of WTkayers, highlighted by red and yellow circles, respectively.

Intensity (a.u.)

v
(115)
(202) (21% 311)

(111)
(204) (020) (224)
(101) @) \\ “A/.‘ // |
10 Zb 3|0 4b 5b SIO 7|0 8|0
2-Theta (degrees)

Figure4-4: Powder XRD pattern of the colloid&/Te, nanostructures, along with a simulated
pattern based on the crystal structure of byVITe,. The inset shows the orthorhombic layered
structure of WTeviewed from [010] direction, where tungsten (grey) and tellurium (yellow)
atoms are covalelgtbonded with a distorted octahedral coordination.
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Figure4-5: (a) Raman spectra of the-piepared WTgnanostructures, acquired with laser

powers of 1.92 eV, 2.41 eV, and 2.54 eV, respectively. Tharspgre normalized to the peak

with the highest intensity and Raman modes are labelled based on bulk notations. XPS spectra for
the WTe nanostructures with (b) Tedlznd (c) W 4 regions. The shoulder peaks located at

higher binding energy are attributedTeQ. and WQ, which could be introduced during the

washing process.
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Figure4-6: (a) XPSsurveyscan for the aprepared WTgnanostructures, showing the presence

of W, Te, C, and O. (b) XPS spectra for the \Wi@&nostructures with (b) Teddénd (c) W 4

regions. The minor shoulder peaks at higher binding energy could be due to potential oxidation
introduced during the washingqgeess.
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Figure4-7: TEM images (200 nm scale bars) of Whanostructures obtained at reaction times
of (a) 5 min, (b) 10 min, (c) 15 min, (d) 20 min, (e) 25 min, and (f) 30 min.
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Figure4-8: Powder XRD patterns of the Waeanostructures 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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Figure4-9: TEM images (500 nmcsile bars) for M@N1.xTe; with x = (&) 0, (b) 0.19, (c) 0.39, (d)
0.52, (e) 0.80 and (f) 1.
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Figure4-10: 6 (a) HAADRSTEM image, (b) higliesolution ADFSTEM image focusing on the
edge region, and {€) STEM-EDS element maps of MeWo.s1T € hanostructures as a

representative M@W1.,Te; solid-solution alloy. (f) Plots of elemental composition (orange) and
met al / chalcogen rati o ( bWuTeplloywdnarostricturess t i on of
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Figure4-11: HAADF-STEM images and corresponding STEHWS element maps for the
MoxW1.xT€: nanostructures, indicating a uniform distribution of Mo, W, and Te.











































































































































































