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Abstract:

Functionalizing the surfaces of transition metal dichalcogenide (TMD) nanosheets with noble
metals is important for electrically contacting them to devices, as well as improving their catalytic
and sensing capabilities. Solution-phase deposition provides a scalable approach to creating hybrid
metal-TMD systems, but controlling such processes remains challenging. Here, we elucidate the
different pathways by which gold and silver deposit at room temperature onto colloidal 1T-WS,,
2H-WS,, 2H-MoSe», 2H-WSe,, 1T'-MoTe,, and T¢-WTe, few-layer nanostructures to produce
several distinct classes of 0D-2D and 2D-2D metal-TMD hybrids. Uniform Au nanoparticles
form on all TMDs. In contrast, Ag deposits as nanoparticles with a bimodal size distribution on
the disulfides and diselenides, and as atomically thin layers on the ditellurides. The various sizes
and morphologies of these surface-bound metal species arise from the relative strengths of the
interfacial metal-chalcogen bonds during the reduction of Au** or Ag* by the TMDs.



Layered transition metal dichalcogenides (TMDs) exhibit diverse properties that depend
sensitively on their composition, structure, and thickness, and therefore are of significant interest
for a broad range of applications.!™ TMD heterostructures, which couple together van der Waals
solids,> molecules,® noble metals,” quantum dots,® layered perovskites,” and other materials, further
expand the diversity of platforms available for the study of charge transfer, phase transitions, and
other short/long range interactions across interfaces. Compared with graphene, which is
chemically inert and therefore challenging to functionalize without disturbing the host structure, !
two-dimensional TMDs are bounded by chalcogen atoms that provide chemical pathways for
constructing dimensionally-confined hybrid systems and heterostructures. For example, noble
metal atoms and nanoparticles that are covalently bonded to two-dimensional TMD nanosheets
yield improved activity and selectivity for various catalytic reactions!!!? and atomically flat noble
metal films are considered a potential pathway toward engineering the electrical contacts required
to integrate TMDs into electronic devices.!*!* The coherent exciton-plasmon coupling within
noble metal-TMD heterostructures also induces exotic photonic behavior through nanoscale light-
matter interactions.!>!® Understanding the processes by which nanoscale noble metals deposit on
and anchor to TMDs is therefore important for rationally designing novel hybrid functional
systems.

Heterostructures consisting of noble metals and TMDs have been prepared by drop-casting
solution-dispersed metal nanoparticles on TMD substrates’-!> and by transferring two-dimensional
TMD layers onto patterned noble metal substrates,!” as well as directly depositing noble metals on
TMD nanosheets by electron-beam vapor deposition!® or solution-based techniques.!!1? To create
heterostructures with the types of precisely tailored interfaces that enable targeted properties and
applications, fundamental insights are needed to better understand and control the processes by
which hybrids of noble metals and TMDs form and the key structural and electronic characteristics
of their interfaces.!” However, morphologically equivalent TMDs across a wide range of
compositions and structures, which are needed to make useful comparisons, have been difficult to

produce.

Solution-synthesized colloidal TMD nanosheets offer an advantageous platform for systematically
studying noble metal deposition. A library of molybdenum and tungsten disulfides,?’2?

diselenides,?** ditellurides,?**¢ and alloys?%?’

with tunable structures and phases now can be
readily synthesized as high surface area nanostructures of the same morphology and size.
Additionally, noble metal cations including Au** and Ag" can be reduced in solution by TMD
nanosheets, thus producing metal nanoparticles directly anchored to the TMD surfaces.!?2?8 Such
processes represent a scalable approach to manufacturing functional heterostructures of noble
metals and TMDs, including solution-synthesized colloidal systems that are not confined to
substrates and therefore may be applicable to biosensing and catalytic applications.?*-*

Here, we investigate the room-temperature solution-phase reduction of Au*" and Ag" on colloidal

nanostructures comprised of few-layer 1T-WS,, 2H-WS,, 2H-MoSe>, 2H-WSe,, 1T-MoTe; and



T4-WTe2 nanosheets and elucidate the pathways by which Au and Ag grow on the different TMD
substrates. Understanding noble metal deposition across this library of TMD nanostructures, as
well as the influence of defects, solvation effects, and interfacial charge transfer on the TMD
surfaces, makes it possible to tailor nucleation, growth, structure, and morphology, resulting in a
diverse range of 0D—2D nanoparticle—nanosheet and 2D—-2D nanosheet—nanosheet hybrid systems.
Most notably, strong interactions between silver and tellurium through interfacial Ag—Te bonding
and a kinetic preference towards basal plane deposition facilitate the solution-phase deposition of
atomically-thin Ag layers on 1T'-MoTez and WTez. Controllably coupling 0D noble metals and
2D TMDs through interfacial bonds is fundamentally important for designing and constructing
new classes of multifunctional heterostructures. For example, solution-phase deposition of
atomically-thin noble metal coatings provides a potential synthetic entryway to engineering 2D—
2D electrical contacts and substrate-confined single-atom catalysts.

Results and Discussion

Colloidal few-layer nanostructures of 1T-WS», 2H-WS,, 2H-MoSe», 2H-WSe», 1T'-MoTe;, and
T4-WTe2, which include a range of distinct structures and electronic characteristics, were
synthesized using hot-injection reactions at ~300 °C in high boiling organic solvents (Fig. 1a and
Supplementary Figs. 1 and 2).2>27 The metal and chalcogen reagents react under these
conditions to form two-dimensional nanosheets that grow radially outward from a central core into
a flower-like morphology that exposes a high density of surfaces and therefore is ideal for studying
the reduction of solvated noble metal cations to nanoparticles on TMD basal planes, as well as the
nature of the noble metal/TMD interface. It should be noted that we label nanostructured WS> as
1T-WS; according to literature precedent for this system,?! but the experimentally observed
structure is 1T, so 1T’-WS» was used for the theoretical calculations (Supplementary Figs. 1 and

6).

Reduction of Au** on TMD nanostructures. The reduction of Au** on TMD nanosheets was
initiated by injecting a toluene solution containing the colloidally dispersed TMDs into a solution
of HAuCls in toluene and oleylamine at room temperature. After 10 minutes, the sample was
centrifuged, washed, and dried to retrieve the products in powder form. As revealed by the TEM
and STEM images shown in Figs. 1b—d and Supplementary Fig. 3, all two-dimensional TMD
nanosheets were decorated uniformly with Au nanoparticles. Room-temperature reduction of Au**
to Au® typically requires either long aging (up to a few days)?! or the addition of reducing agents.>?
With the TMD nanosheets present, Au nanoparticles formed within a few minutes at room
temperature and without additional reducing agents, suggesting TMDs instead of oleylamine or
toluene play the key role in the Au reduction-deposition process.



The Au nanoparticles that grew on the transition metal disulfides and diselenides had average
diameters near or less than 3 nm: 1.5+ 0.3 nm on 1T-WS3, 1.6 £ 0.3 nm on 2H-WS», 1.1 £ 0.2 nm
on MoSe», and 2.9 £ 0.7 nm on WSe: (Fig. 1b and Supplementary Fig. 3). In contrast, the Au
nanoparticles that grew on the transition metal ditellurides were much larger in diameter: 10.3 +
2.4 nm on 1T'-MoTez and 9.3 + 2.6 nm on WTe; (Fig. 1b and Supplementary Fig. 3). Consistent
with the size observations, EDS analysis revealed a significantly larger Au signal relative to the
elements present in the TMDs (Mo, W, S, Se, Te) for the ditellurides than for either the disulfides
or diselenides (Fig. 1j and Supplementary Fig. 4). Au deposits much more extensively on 1T'-
MoTe; and WTe; than on the disulfides and diselenides under otherwise equivalent conditions.

Competition experiments provide further insights into the preferential deposition of Au on
transition metal ditellurides. A toluene suspension containing equal amounts of 2H-WS; and 1T'-
MoTe> was injected into a solution of HAuCls in toluene and oleylamine at room temperature.
Figs. le-h show a HAADF-STEM image, along with corresponding STEM-EDS element maps,
of the product isolated after 10 minutes. In these images, 2H-WS; is present in the bottom regions
while several 1T'-MoTe; nanostructures appear throughout. Fig. 1i shows EDS spectra for the
regions in Fig. 1e that are labeled “site #1” and “site #2”. At site #1, consisting of Au particles on
1T'-MoTe», the Au/Mo ratio is 0.74 and large Au particles (~ 10 nm) are visible. At site #2,
consisting of Au particles on 2H-WS;, the Au/W ratio is 0.29 and the particles are too small (< 3
nm) to be seen at this magnification. Both individual and competition experiments were carried
out with longer reaction times at room temperature (Supplementary Fig. 5), and as expected, more
Au was deposited on the surface of 1T’-MoTe; relative to 2H-WS; from the initial stage (10 min)
through saturation (24 h). These experiments for Au deposition on different TMD sheets within
the same colloidal environment demonstrate that preferential deposition quickly reaches
saturation, which is important for evaluating the electron donating capability of few-layer TMD
nanostructures at room temperature.

1T’-MoTe> and WTez, which appear to preferentially deposit Au, are semi-metallic, while the other
TMDs are semiconducting. Density functional theory (DFT) calculations were performed to probe
how the electronic structures of TMD monolayers allow them to function as electron donors to
Au’". Fig. 2a shows the calculated band alignments of TMDs with respect to the vacuum level.
The Fermi energy of monolayer 1T-WS: and the vacuum level referenced valence band maximum
(negative of ionization potential) of monolayer 2H-WS,, MoSe,, and WSe; are —5.68, —5.75, —5.38
and —5.16 eV, respectively. All of these values are well below the Fermi energies of the ditelluride
monolayers, which are —4.44 eV for 1T'-MoTe; and —4.34 eV for WTez. Thus, following the
general trend of higher Fermi energies (and band edge energies) and decreasing band gaps (softer
Lewis bases) for TMDs with heavier chalcogens, the ditellurides favor electron donation the most,
making them best suited for the reduction of Au** and subsequent Au deposition.!*-3?

The as-synthesized TMD nanosheets contain numerous defects, including metal and chalcogen
point vacancies, as well as atomically sharp edges (Supplementary Figs. 6-9). The deposited Au



nanoparticles primarily anchor to edges and step edges on the TMD nanosheets (Fig. 2b and
Supplementary Fig. 10), implying defects are the preferred sites where spontaneous reduction of
Au’*', and concomitant nucleation and growth of Au nanoparticles, occurs. Defects play a
significant role in tuning the electronic structures of two-dimensional TMDs.?*3°> DFT calculations
were therefore performed to understand how atomic defects influence the energetics of the Au®*
reduction process. As shown in Fig. 2a, Supplementary Fig. 11, and Supplementary Table 1,
incorporating ~10% metal or chalcogen atomic vacancies would elevate the valence band
maximum of the disulfides and diselenides and thus facilitate the reduction of Au**. The Fermi
levels of the ditellurides are slightly lowered when analogous atomic defects are introduced, but
they remain higher than those of the disulfides and diselenides. Therefore, the computational
results are consistent with the experimental observation that the amount of reduced Au on the
ditellurides significantly exceeds that on the other TMDs, and that the disulfides and diselenides
are still able to reduce a limited amount of Au**, presumably only at highly defective regions.

Reduction of Ag* on TMD nanostructures. Distinct from the uniform Au nanoparticles that
deposited on the TMD nanostructures, a bimodal distribution of small (2.5 = 0.4 nm) and large
(11.7 + 2.8 nm) Ag nanoparticles were deposited on transition metal disulfides and diselenides
upon reaction with silver acetate at room temperature (Figs. 3a—e, Supplementary Figs. 12 and 13,
and Supplementary Table 2). Previous studies of thiol-based self-assembled monolayers on metal
surfaces indicated different mobilities and orientations for long-chain thiol molecules on Au vs Ag
surfaces, due in part to differences in interfacial metal-sulfur bonding and vacancies.’®’ Similar
factors contribute to the high mobilities of silver ions in silver sulfide ionic conductors.?® It is
therefore expected that Ag will have a higher surface mobility than Au, thus leading to greater
surface migration and tendency for the smaller Ag clusters to coalesce into larger Ag particles, as
has been observed during the growth of Ag on oxide nanoparticle substrates.***! Interestingly,
particles were not observed upon reacting the ditellurides (1T'-MoTe; and WTe;) with Ag" under
identical conditions (Figs. 3f and 3g). However, the morphology of the 1T'-MoTe; and WTe»
nanostructures was visibly different, with more defined and rounded edges as well as a higher
contrast that implies a thicker and/or more electron-dense sample. The structure of the ditelluride
nanosheets after Ag" reduction, revealed by the ADF-STEM images in Figs. 3f and 3g and the
corresponding FFT patterns in the insets, still exhibits the in-plane [002] projections expected for
nanosheets of 1T'-MoTe, and WTe,, respectively (Supplementary Figs. 14-17); no additional
diffraction peaks corresponding to crystalline Ag were observed (Supplementary Fig. 18). In
contrast, for the reduction of Au** on 1T'-MoTe; and WTe;, the formation of Au nanoparticles
produced diffraction spots corresponding to the expected (111), (200), (220) and (311) planes of
Au.

Despite the absence of visible Ag particles, STEM-EDS spectra and element maps both indicate
that the ditelluride nanosheets actually contain more Ag than the disulfides or diselenides (Figs.
3h and 3i, and Supplementary Figs. 19 and 20). XRD and Raman data are not consistent with the
intercalation of Ag between the TMD layers (Supplementary Fig. 18), suggesting that the Ag is on



the surface of the nanosheets. While ADF-STEM is often used to identify atoms in TMD
monolayers, the Z-contrast values are close for Ag and the atoms that comprise the underlying
ditelluride substrates, and tilting effects that arise from buckled nanosheets further complicate the
analysis that would be necessary to visualize Ag on the TMDs.?” We therefore prepared and
characterized a lower-loading sample containing ~5% of the original amount of Ag [Agse/1T'-
MoTe:], anticipating that partial deposition of Ag on 1T’-MoTe> would provide better contrast
between regions containing the Ag/1T’-MoTe; heterostructure and regions of bare 1T’-MoTe>. As
shown in Fig. 4a, Ag monolayer regions are observed, and the Ag interfaces epitaxially with the
underlying basal plane of 1T’-MoTe: through Ag (211) planes; the FFT patterns of Ag and 1T'-
MoTe; overlap and thus are difficult to distinguish (Supplementary Figs. 14—17 and 21).4* A series
of ADF-STEM patterns of monolayer and bilayer 1T’-MoTez, as well as Ag (211) monolayers on
monolayer 1T'-MoTe: with different tilting angles, were also simulated for comparison (Figs. 4b
and 4c, and Supplementary Figs. 22 and 23), confirming the formation of the epitaxial Ag/1T'-
MoTe: interface. Additional control experiments varying reaction time, temperature, and solvent
(Supplementary Figs. 24-27) further demonstrate the spontaneous formation of 2D Ag coatings
with subnanometer thickness, instead of 0D nanoparticles, on the surfaces of 1T'-MoTe> and
WTe,, indicating that solution-phase deposition can be controlled and dimensionally confined to
permit lateral, self-limiting, 2D growth while preventing vertical growth.

Spectroscopic investigation of Ag layers on 1T'-MoTe; and WTe;. The formation of Au and
Ag nanoparticles on the TMDs can be rationalized by standard processes involving heterogeneous
nucleation of seeds followed by homogeneous crystal growth. However, the apparent uniform
deposition of atomic Ag layers on transition metal ditellurides (Ag/WTe; and Ag/1T'-MoTe»)
suggests a fundamentally different formation pathway. X-ray photoelectron spectroscopy (XPS)
was used to probe the chemical state of these Ag layers. Fig. 5a shows the Ag Auger spectra and
core 3d spectra for Ag/WTe, and Ag/1T'-MoTe;, as well as AgoTe and AgxO powders and
colloidal Ag nanoparticles (Supplementary Fig. 28) for comparison; the Auger peak is better able
than the 3ds/ peak to differentiate the Ag oxidation states. Interestingly, the kinetic energies of the
Ag M4VV Auger peaks for Ag/WTe; (356.9 eV) and Ag/1T'-MoTe: (357.1 eV) are closer to the
value for AgoTe (356.9 eV) than that for Ag nanoparticles (357.8 eV) or Ag,O (356.0 eV),
suggesting an intermediate Ag valence state between Ag® and Ag" and Ag-Te surface bonding
that is similar to Ag>Te. The Raman features at low wavenumbers (< 150 cm™) for Ag/WTe> and
Ag/1T'-MoTe; also resemble those of Ag,Te,* suggesting that the Ag atoms in the Ag layer are
stabilized by bonding to the Te-terminated surface of the ditelluride nanosheets (Supplementary
Fig. 29).

Fig. 5a also shows the XPS peaks of the Ag 3d electrons for Ag/WTez, Ag/1T'-MoTez, AgTe,
Ag0, and Ag nanoparticles. The binding energies of the Ag 3ds peak (referenced to the Cls peak
at 284.8 eV) for Ag>O and Ag nanoparticles are indistinguishable at 368.1 eV, while the binding
energies of Ag/WTe,, Ag/1T'-MoTe;, and Ag,Te are 368.6, 368.6 and 368.4 eV, respectively. The
positive chemical shift for Ag/WTez, Ag/1T'-MoTez, and Ag:Te relative to AgoO and Ag



nanoparticles may be caused by lattice potential, extra-atomic relaxation (core-hole screened by
atoms other than its host), and/or work function,* as well as electronic perturbations from the
semi-metallic transition metal ditelluride substrates.*> Comparing the chemical states of Ag in
several Ag-containing materials using an Auger parameter plot (Auger o parameter vs. Ag 3dsp
binding energy, shown in Supplementary Fig. 30 and Supplementary Table 3)* reveals that
Ag/WTez, Ag/1T'-MoTez, and Ag>Te cluster together while remaining well separated from the
other Ag species that include other forms of elemental Ag as well as silver oxides, halides, and
chalcogenides.

X-ray absorption spectroscopy (XAS) was used to further study the local environment of the Ag
species supported on transition metal ditellurides (Fig. 5b). The Ag K-edge energy (Eo) of Ag/1T'-
MoTe, with the standard Ag loading of 21.8%, Ag/1T’-MoTe: with a lower Ag loading of ~5%
(denoted Agse/1T'-MoTe»), and Ag/WTe, with the standard Ag loading of 17.7%, as well as bulk
AgoTe and Ag foil for reference, were determined from the first derivative of the edge. The E,
values for Ag/1T'-MoTez (25514.9 eV), Agsw/1T'-MoTez (25515.2 eV), and Ag/WTe> (25514.7
eV) are close to that for Ag>Te (25515.5 eV) and measurably higher than that for Ag foil (25514.0
eV).

The local coordination geometries of Ag/1T'-MoTe; and Ag/WTe: were analyzed by fitting their
Fourier-transformed EXAFS spectra using the Ag>Te structure (Fig. 5S¢ and Supplementary Fig.
31). In contrast to the Ag foil, peaks corresponding to scattering beyond the first coordination
sphere were not observed in the spectra of Ag/1T'-MoTe; and Ag/WTe,. The magnitude of the
most intense peak was also greatly reduced for Ag/1T'-MoTe, and Ag/WTez, where a Ag
coordination number around 3 was obtained. The lack of extended bonding and low scattering
intensity both support the existence of Ag motifs with very small domains. As shown in Fig. 5c
and Supplementary Table 4, first-shell fitting of the highest intensity peak in the Ag/1T'-MoTe»
and Ag/WTe, samples resulted in a bond length of 2.80 A, which is shorter than the Ag-Ag bond
(2.89 A) in bulk Ag and the Ag-Te bonds (2.84-2.91 A) in bulk Ag>Te. In 1 nm Pt, Au, and Ag
nanoparticles, surface bond lengths are often shorter than in bulk.*’*8 Since 1T'-MoTe; and WTe;
layers terminate in Te atoms, we tentatively assign the 2.80 A scattering to a Ag-Te bond.
However, it is challenging to unambiguously identify the atoms giving rise to each individual
scattering path given the low-symmetry monoclinic structure of Ag>Te, which contains multiple
Ag—Ag and Ag-Te bonds with similar bonding distances (Supplementary Fig. 31),% as well as
individual metal-tellurium bonds in 1T-MoTe> and WTe, that vary slightly in length>® and that
would result in concomitant slight variations in Ag—Te bond lengths. Both types of structural
disorder would result in broadened EXAFS peaks and higher Ac? values. For Agsy/1T'-MoTe;, a
similar fitting result with a bond distance of 2.79 A and a coordination number of 2.9 was obtained,
suggesting that the interfacial Ag-Te bonds are maintained for both low and high Ag coverage on
the transition metal ditelluride nanostructures.



Together, the microscopic and spectroscopic analyses indicate the formation of atomically thin
layers of Ag on the basal planes of 1T'-MoTe; and WTe; through the formation of interfacial Ag—
Te bonds. The formation of Ag nanoparticles or thicker Ag layers would exhibit Ag valence states
that are closer to metallic Ag and would show evidence of Ag—Ag bonds; neither is observed for
Ag/1T'-MoTe, or Ag/WTe;. The absence of a plasmon peak further confirms that no Ag
nanoparticles are formed (Supplementary Fig. 30).

Computational investigation of Au and Ag on 1T’-MoTe; and WTe;. Previously we showed
that both Au and Ag reduction on the transition metal ditellurides is thermodynamically favorable
(Fig. 2a), using bulk metals as presumed reaction end states. In a first attempt to identify the
mechanism for the distinct experimentally observed deposition behaviors of Au and Ag, we now
investigated end states alternative to bulk metals, by calculating the formation energies of Au and
Ag clusters on 1T'-MoTe; at different coverages, including single atoms, “stand-up” triangular
trimers, and epitaxial thin films interfacing the 1T’-MoTe; basal plane with the (211) face®! of bulk
Ag or Au (Figs. 6a and 6b). As shown in Figs. 6a and 6b, the formation energies for Ag in these
geometries range from +1.3 eV (isolated adsorbed Ag, Ag:Mo = 1:12) to +0.7 eV per metal atom
(epitaxial Ag film, Ag:Mo = 3:2) and from +1.8 eV (isolated adsorbed Au, Au:Mo = 1:12) to +0.7
eV for Au (epitaxial Au film, Au:Mo = 3:2). As can be anticipated, formation of metal adsorbates
(low-coverage) or films (high-coverage) is not thermodynamically favorable relative to the
formation of bulk metal (or near-equivalently, moderate-sized metal nanoparticles). This points to
a kinetic argument to rationalize the disparity in the morphologies of reduced Ag vs. Au.

The reduction-deposition process, which begins with solvated metal cations and ends with
deposited metal on 1T'-MoTe;, can be summarized in three distinct stages: (1) noble metal salts
dissolve in solution and exist as solvated cations, (2) noble metal cations are reduced into neutral
atoms adsorbed onto 1T'-MoTe;, and (3) the adsorbed noble metal atoms assemble into bulk metal.
The standard reduction potentials, i.e. Erqa = E(3) — E(1), of Ag*/Ag’® and Au**/Au’ are both lower
than the Fermi levels of the ditellurides, thus the reduction-deposition process is
thermodynamically favorable and spontaneous for both Au and Ag. We therefore investigated
potentially different kinetic barriers in stage (2), where Evamier = E(2) — E(1) = Erea + E(2) — E(3)
= Erd + Ay, i.e. an effective reduction potential that is higher than the standard one by Ap, 32
where Ap is the energy it takes to extract a noble metal atom in its bulk form and let it adsorb onto
IT'-MoTex. Considering that the products in the two standard reduction half reactions for
Ag'/Ag(s) and [AuCls] /Au(s) are bulk metals with reduction potentials of —5.24 eV and —5.44 eV
relative to vacuum (or 0.80 V and 1.00 V relative to SHE), the calculated Ap for Ag and Au
adsorbed on 1T'-MoTe; are Apag1T-MoTe2 = HAg/1T-MoTe2 — Magbulk = 1.33 €V and ApawiT-MoTe2 =
HAwIT-MoTe2 — HAubulk = 1.80 eV, respectively, where pmetatadsorbed = Emetal/1T-MoTe2 — E1T-MoTe2 and
Wmetalbulk 1S the per-atom energy of the bulk metal. Thus, as shown in Fig. 6c¢, the effective reduction
potentials for the adsorbed Ag and Au atoms on 1T'-MoTe> become —5.24 + 1.33 = -3.91 eV
(relative to vacuum) and —5.44 + 1.80 = —3.64 eV (relative to vacuum), respectively. A similar
disparity between the relative stabilities of isolated atoms for Ag and Au is found for adsorption



on WTez (Apagwrez = 1.31 eV, Apawwre2 = 1.76 eV), which yields differences in nucleation
barriers similar to the case of 1T'-MoTe;.

Solvation effects are also taken into consideration for the adsorbed gold and silver atoms on 1T'-
MoTes. Calculations using two different solvation models (see Supplementary Information for
details) yielded the same result: the solvation energies of Ag/1T’-MoTe> and Au/1T'-MoTe; are
0.12 eV and <0.01 eV, respectively. Thus taking the Fermi level of 1T’-MoTe> to be —4.44 eV, the
kinetic barriers to forming an adsorbed Ag and Au atom are Apag/i1-more2 = 4.44 —3.91 - 0.12 =
0.41 eV for Ag/1T'-MoTe; and ApawiT-MoTe2 = 4.44 — 3.64 = 0.80 eV for Au/1T'-MoTe; (Fig. 6¢).
Since the initial concentrations of Ag* and Au’* are the same, the reaction rates are determined by
reaction barriers, with the rates of atomic Ag deposition being faster than those of atomic Au
deposition by an estimated e 041/0-026 / g=0-80/0.026 = 3x1() at room temperature. Thus a difference in
the kinetic barriers for Au and Ag during nucleation may lead to Ag preferentially forming 2D
atomic layers on 1T’-MoTe> and Au adsorbing only onto existing Au and forming 0D nanoparticles
(Supplementary Fig. 32). Additional hybrid functional calculations suggesting even lower barriers
for adsorbed Ag are detailed in the Supplementary Information.

The larger solvation energy for Ag adsorbed on the transition metal ditellurides originates from its
larger degree of ionicity as an adsorbate, as analyzed using electron transfer magnitudes from DFT
calculations. Real-space charge differences [xy-integrated into Ap(z) and further integrated along
the out-of-plane direction from vacuum to the zero-crossing point of Ap(z)] indicate that the charge
transfer from an adsorbed Ag atom to 1T’-MoTez, ~0.116 electrons, is much larger than that from
an adsorbed Au atom, ~0.006 electrons, as shown in Fig. 6d. These are qualitatively consistent
results from the projected band structure analysis shown in Supplementary Fig. 33 and
quantitatively consistent with the overall vertical dipole moment of +0.38 and +0.02 e- A calculated
for Ag/1T-MoTe, and Au/1T'-MoTe,, respectively, if a charge separation of ~3 A is used (see
Supplementary Information for further details on Bader analysis). This suggests that adsorption
onto 1T'-MoTe: increases the oxidation state of Ag due to electron donation, as reflected in the
XPS spectra (Supplementary Fig. 34 and Supplementary Tables 3 and 5). It is possible that this
difference in the degree of charge transfer between Ag/1T'-MoTe; and Au/1T’-MoTe; not only
facilitates Ag adsorption onto 1T'-MoTe> by stabilizing the Ag/1T'-MoTe: structure through
electrostatic screening from the solvent, but also prevents Ag® cations from approaching an
existing adsorbed Ag atom, being reduced, and adsorbing onto existing Ag to form nanoparticles,
since both Ag species are positively charged.

Conclusions

Solution-phase reduction-deposition of Au and Ag on colloidal transition metal disulfides,
diselenides, and ditellurides proceeds through different pathways and results in distinct classes of
0D-2D and 2D-2D metal/TMD hybrids. The ditellurides (1T'-MoTe, and WTe;) exhibit stronger
reducing capabilities relative to the disulfides (1T-WSz and 2H-WS>) and diselenides (MoSe and



WSe») during the spontaneous reduction process, which is attributed to the higher Fermi levels and
semi-metallic nature. Upon reduction, the as-reduced Au and Ag atoms stack in different
arrangements, mediated by the noble metal/TMD interface. Uniform Au nanoparticles form on all
TMDs, while a bimodal distribution of Ag nanoparticles forms on disulfides and diselenides,
which can be correlated with the relative strengths of the interfacial noble metal-chalcogen bonds.
Most notably, Ag deposits on 1T'-MoTe> and WTe; as atomically-thin layers stabilized by
interfacial Ag—Te bonds, a distinct behavior that we attribute to a lower kinetic barrier for Ag
compared to Au at the initial nucleation stage. These fundamental insights into the solution-phase
deposition of Au and Ag onto colloidal TMD nanosheets are important for emerging and future
applications of TMDs and metal-TMD heterostructures. For example, the ability to access
atomically-thin Ag layers on 1T'-MoTe; and WTe;, and understanding how such unique
nanostructures form, will be important for designing and synthesizing single-atom catalysts, where
chemisorption and chemoselectivity could be modified via electronic interactions.>* The formation
of unique 2D atomic architectures of noble metals supported on TMD nanostructures also provides
a potential route to increase catalyst loading without aggregation, and therefore retaining active
species that are based on atomic-level constructs. In addition, atomic-level engineering of
electrical contacts between TMDs and noble metals could be approached through solution-phase
deposition, where chemical disorder and Fermi-level pinning at the noble metal/TMD interface are
effectively mitigated.>

Methods

Materials. Oleylamine (technical grade, 70%), hexamethyldisilazane (HMDS, reagent grade, =
99%), carbon disulfide (CS2, = 99.9%, anhydrous), tungsten (VI) chloride (WCles, = 99.9%, trace
metals basis), gold (IIT) chloride trihydrate (HAuCls-3H20, = 99.9%, trace metals basis), gold (1)
chloride (AuCl, 99.9%, trace metals basis), silver (I) sulfide (Ag:S, 99.99%, trace metals basis),
silver (I) selenide (Ag>Se), and silver (I) telluride (Ag.Te) were purchased from Sigma Aldrich.
Oleic acid (technical grade, 90%), molybdenum(V) chloride (MoCls, 99.6%, metals basis),
selenium powder (-325 mesh, 99.5%, metals basis), tellurium powder (-200 mesh, 99.5%, metal
basis), and silver (I) acetate (CH;COOAg, anhydrous, 99%) were purchased from Alfa Aesar. Tri-
n-octylphosphine (TOP, =85%) was purchased from TCI America. Solvents, including toluene
and ethanol, were of analytical grade. All chemicals were used as received without further
purification.

Synthesis of TMD nanostructures. All reactions were carried out under an argon atmosphere
using standard Schlenk techniques and workup procedures were performed in air. The 1T-WS;,
2H-WS,, 2H-MoSe>, 2H-WSez, 1T'-MoTe,, and T¢-WTe> nanostructures were synthesized
according to previous reports.?!>>2’ The as-obtained TMD samples were stored as powders under
argon to minimize surface oxidation.
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Noble metal deposition on TMD nanostructures. Noble metal reagents (0.2 mmol, 78.8 mg
HAuCls-3H0, or 33.4 mg CH3COOAg) were dissolved in a mixture of oleylamine (5 mL, 15.2
mmol) and toluene (5 mL, 47.0 mmol) and then transferred to a 100-mL three-neck flask under a
flow of argon. Meanwhile, 0.015 mmol of the nanostructured TMD samples were dispersed in 1
mL of toluene (9.4 mmol) and rapidly injected at room temperature (25 °C) into the solution
containing noble metal reagents. After 10 min, the reaction was stopped by centrifuging and
collecting the products, which were then washed with a 1:1 toluene/ethanol mixture and kept as
powders under argon for characterization. For lower loadings of Ag, all of the operations remained
the same except decreasing the amount of the noble metal reagent from 0.2 mmol to 0.01 mmol.
Colloidal Ag nanoparticles for XPS characterization were prepared by dissolving 100 mg of silver
acetate (0.6 mmol) in a mixture of oleylamine (10 mL, 30.4 mmol) and toluene (10 mL, 94.1
mmol) and heating under argon at 100 °C for 1 h. Colloidal Au nanoparticles were prepared
according to a previous report.*?

Characterization. Powder XRD patterns were collected using a Bruker-AXS D8 Advance
diffractometer equipped with Cu Ko radiation and a LynxEye 1-D detector. TEM, HAADF-STEM
images, and EDS data with element maps were acquired using a FEI Talos F200X operating at
200 kV. High-resolution ADF images were obtained using a FEI Titan® G2 60/300 TEM with a
spherical aberration corrector on both the probe-and the image-forming lens at an accelerating
voltage of 80 kV. ADF-STEM image simulation was done by QSTEM software developed by C.
Koch.’® All parameters for the ADF image simulation were appropriately set according to
experimental imaging conditions, including acceleration voltage, spherical aberration (Cs and Cs),
convergence angle, and inner/outer angle for the ADF detector. Thermal diffuse scattering (TDS)
was taken into account and tilting angle was applied by QSTEM software by rotating the sample
structure. The FFT patterns were obtained from replicated simulated ADF-STEM images. Bruker
ESPRIT 2 software was applied for EDS data interpretation. Micro-Raman measurements were
performed in a Renishaw inVia confocal microscope-based Raman spectrometer with 514.5 nm
laser. XPS experiments were performed using a Physical Electronics VersaProbe II instrument
equipped with a monochromatic Al Ko X-ray source (hv = 1486.7 eV) and a concentric
hemispherical analyzer. Peaks were charge referenced to the CHx peak in the carbon 1s spectra at
284.8 eV. Measurements were made at a takeoff angle of 45° with respect to the sample surface
plane, which resulted in a typical sampling depth of 3-6 nm. Quantification was carried out using
instrumental relative sensitivity factors (RSFs) that account for the X-ray cross section and
inelastic mean free path of the electrons. The Auger spectra possess a two-hole final state, thus
providing valuable information about the electronic states of the target element without being
affected by switching excitation lasers or applying various charging correction standards when
plotted against kinetic energy. Ag K-edge (25.514 keV) X-ray absorption measurements were
conducted on the bending magnet beamline of the Materials Research Collaborative Access Team
(MRCAT 10-BM) at the Advanced Photon Source (APS) at Argonne National Laboratory. More
details over sample preparation and data collection are included in the Supplementary Information.
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XAS spectra were analyzed using WinXAS 3.1 software and normalized with linear and cubic fits
of the pre-edge and post-edge regions, respectively. Fitting of the Ag coordination sphere were
obtained by fitting the Fourier transform of the k?-weighted EXAFS from k =2.5-10.5 A~' and R
=2.15-3.2 A using Ag>Te scattering path calculated using FEFF 9.0.4%57

Theoretical Calculations. For Ag/1T'-MoTe», formation energies are given by Efom = (Eagxn/11-
MoTe2 — E1T-MoTe2)/n — Eag(ouik), Where n is the number of metal atoms in the calculation cell and
where we approximate the energy per metal atom in a fully grown nanoparticle to be that of the
bulk metal Eagpuix) (accurate within ~0.1 eV for nanoparticles larger than 1.5 nm). Thermodynamic
comparisons using first-principles calculations require accurate descriptions of silver and gold in
both their bulk and atomic forms. While the capability of Kohn-Sham DFT within the generalized
gradient approximation to describe atomization energies is limited,’® for the subset of common
noble metals (e.g. Au, Ag, Pt) the PBE functional with DFT-D3 van der Waals corrections by
Grimme (hereafter PBE-D3) outperforms other commonly benchmarked functionals, including
meta-GGA functionals (TPSS) and hybrid functionals (PBEO0),’® with cohesive energies at 2.98
and 3.76 eV for bulk silver and gold, compared with 2.95 and 3.81 eV from experiments.®® The
employment of scalar relativistic pseudopotentials (included in the above energies) has only
negligible effects on the cohesive energy of silver (10 meV difference) but was crucial for the case
of gold (130 meV difference). Adsorption energies between silver atoms and layered solids (e.g.
graphene) from our test calculations using PBE-D3 also agrees well with that calculated from
coupled-cluster theory.%! Thus the choice of PBE-D3 ensures an overall consistent usage of
exchange-correlation functional across all calculated species while maintaining accuracy. The
reduction potentials estimated here are based on standard aqueous conditions; similar estimates for
non-aqueous solutions (toluene in our case) are more challenging and are discussed in the
Supplementary Information, together with additional details on the implementation of first-
principles calculations.

To accurately account for the effects of defects on band edges, we followed the following
procedure. 10 samples of 6x6 TMD supercells were generated with randomized defect positions
for each type of defect and each type of TMD separately, with appropriate defect concentrations
[a total of 10 samples x 6 TMDs X (2 levels of concentrations for chalcogen vacancy + 1 level of
concentration for metal vacancy) = 180 structures]. We considered chalcogen vacancy with
concentrations of 5.6 and 12.5 at.% (4 and 9 defects per supercell, respectively) and metal vacancy
with concentrations of 11.1 at.% (4 random defects per supercell). The highest valence band
maximum for each set of 10 structures is taken as the valence band maxima for that case.
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Figure Captions

Fig. 1 | Reduction of Au** on TMD nanostructures. a, TEM images of each type of TMD
nanostructure: 1T-WS,, 2H-WS,, MoSe,, WSe;, 1T'-MoTe>, and WTe>. b, TEM images of each
type of TMD nanostructure after reaction with Au**, which produces Au nanoparticles anchored
to the TMD nanosheet surfaces. Drawings below the TEM images, which include few-layer TMD
nanosheets and anchored Au particles, highlight the key features of each system. ¢,d, HAADF-
STEM images of Au/1T-WS; (¢) and Au/1T’-MoTe: (d). e, HAADF-STEM image showing the
product of the competitive deposition of Au** on a physical mixture of 1T'-MoTe; and 2H-WS,.
f—h, EDS elemental maps for Mo (f) and W (g), as well as a schematic showing the preferential
deposition of Au on 1T'-MoTe; relative to 2H-WS: (h), are also shown. i, EDS spectra for site #1
(Au/1T'-MoTe;) and site #2 (Au/2H-WS>), as identified in Fig. le by green and blue boxes,
respectively. j, Plot showing the percentage of Au from EDS analysis (Supplementary Fig. 4),
associated with the left-hand axis, and Au nanoparticle size from TEM and STEM images,
associated with the right-hand axis, for each Au/TMD nanostructure. At least 50 nanoparticles
were analyzed for the size-distribution measurement and error bars were determined by averaging
data from five distinct samples.

Fig. 2 | Influence of electronic structure and structural defects on the reduction of Au’* on
TMD nanostructures. a, Band alignment diagram for monolayer (dark green) and bulk (light
green) 1T-WS,, 2H-WS;, 2H-MoSe>, 2H-WSe», 1T-MoTe: and T4-WTe, as well as Au**/Au’
and Ag'/Ag® reduction potentials drawn as orange and grey lines, respectively. Vertical bars span
the band gaps. For metals, the band gaps collapse into lines, which indicate the Fermi levels. The
blue dotted lines indicate the range of the Fermi level changes caused by incorporation of 12.5%
chalcogen or 11.1% metal atomic vacancies, as shown in Supplementary Table 1. b, Atomic-
resolution ADF-STEM images of Au/WTe; from basal plane and cross-section views (inset),
where most Au nanoparticles are situated on the edges and step edges of the WTe; nanosheets.

Fig. 3 | Reduction of Ag* on TMD nanostructures. a, Drawing depicting the bimodal distribution
of Ag nanoparticles deposited on transition metal disulfide and diselenide nanostructures. b—e,
HAADF-STEM image of Ag/1T-WS: (b) and TEM images of Ag/2H-WS: (¢), Ag/MoSe: (d), and
Ag/WSe; (e). f, Reduction of Ag" on transition metal ditelluride nanostructures: TEM images
before (i) and after the reduction of Ag" on 1T'-MoTe; (ii); High-magnification ADF-STEM image
of Ag/1T'-MoTe; (iii) with corresponding FFT pattern in the inset. g, TEM images before (i) and
after the reduction of Ag" on WTe; (ii); High-magnification ADF-STEM image of Ag/WTe; (iii)
with corresponding FFT pattern in the inset. h, EDS spectra corresponding to the Ag/1T'-MoTe;
and Ag/WTe; samples, confirming the presence of Ag deposited on the ditelluride nanostructures.
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i, Plot showing the percentage of Ag from EDS analysis (Fig. 3h and Supplementary Fig. 19),
associated with the left-hand axis, and Ag nanoparticle size from TEM and STEM images,
associated with the right-hand axis, for each Ag/TMD nanostructures. At least 50 nanoparticles
were analyzed for the size-distribution measurement and error bars were determined by averaging
data from five distinct samples.

Fig. 4 | Microscopic evidence of atomic Ag layers deposited on the 1T'’-MoTe; nanostructures.
a, Atomic-resolution ADF-STEM image of Agsy/1T'-MoTe.. Ag (211) planes deposited
epitaxially on monolayer 1T'-MoTe> and bilayer 1T’-MoTe> are highlighted with dashed orange
and black boxes, respectively. The corresponding simulated ADF-STEM patterns are shown inside
the adjacent solid boxes for comparison. b, Simulated ADF-STEM images of the basal plane of
monolayer 1T’-MoTe: (i) and bilayer 1T’-MoTe: (ii), as well as Ag (211) monolayer epitaxially
deposited on monolayer 1T’-MoTe: (iii), with the electron beam perpendicular to the plane. ¢,
Simulated ADF-STEM images of the basal plane of monolayer 1T’-MoTe; (i) and bilayer 1T'-
MoTe: (ii), as well as Ag (211) monolayer epitaxially deposited on monolayer 1T'-MoTe: (iii),
with the electron beam parallel to the ¢ axis of 1T'-MoTe> (3.96° tilt angle relative to the 1T'-
MoTe; basal plane).

Fig. 5 | Spectroscopic investigation of Ag/1T’-MoTe; and Ag/WTe.. a, Ag Auger (left) and 3d
XPS spectra (right) of bulk powders of Ag>O and Ag,Te reference samples, Ag/1T’-MoTe; and
Ag/WTe; via reduction of Ag" on the 1T'-MoTe> and WTe; nanostructures, and colloidal Ag
nanoparticles (NPs). A TEM image of the colloidal Ag nanoparticles is shown in Supplementary
Fig. 28. All spectra were calibrated with the Cls peak at 284.8 eV. b,c, Ag-K edge XAS spectra
(b) and corresponding k*-weighted Fourier transform spectra (¢) of Ag foil, Ag/WTe,, Ag/1T'-
MoTe>, Agsy/1T'-MoTez, and AgoTe bulk powders. For Ag/WTe,, Ag/1T'-MoTe,, and
Agsv/1T-MoTe,, the scattering path (~ 2.80 A) is noticeably shorter than that of Ag foil (2.89
A) and Ag,Te powders (2.84-2.91 A).

Fig. 6 | DFT calculations for noble metal-TMD systems. a,b, Structures corresponding to
multiple Au and Ag atoms adsorbed on 1T'-MoTe; monolayers with a noble metal/TMD ratio of
1:4 (a) and 3:2 (b). ¢, Energy diagram comparing the reduction potentials for bulk (solid lines) and
atomic (dotted lines) Au and Ag adsorbed on 1T'-MoTe, as well as the Fermi level of monolayer
1T’-MoTes. Solvation effects lower the effective reduction potential of the Ag atoms from —3.91
eV to —4.03 eV, while they are almost negligible for Au atoms. d, Single-atom adsorption of Au
and Ag on 1T'-MoTe; monolayers (noble metal: TMD = 1:12) with charge transfer analyses. Real-
space charge differences (Ap) were integrated along z from the center of the vacuum area to the
first zero-crossing point of Ap.
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TOC Summary

Functionalizing two-dimensional transition metal dichalcogenide (TMD) nanosheets with noble
metals is crucial for practical applications, including in catalysis and sensing, yet these processes
have remained difficult to control. Now, studies on the deposition of gold and silver on a range of
colloidal TMD nanostructures have shown that the noble metal-TMD interface directs the growth
of either metal nanoparticles or layers.
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