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Abstract

We have studied atomic level interactions between single Pt atoms and the surface of monolayer
MoS: using aberration-corrected annular dark field scanning transmission electron microscopy at
an accelerating voltage of 60kV. Strong contrast from single Pt atoms on the atomically resolved
monolayer MoS; lattice enables their exact position to be determined with respect to the MoS»
lattice, revealing stable binding sites. In regions of MoS: free from surface contamination, the Pt

atoms are localized in S vacancy sites and exhibit dynamic hopping to nearby vacancy sites driven



by the energy supplied by the electron beam. However, in areas of MoS: contaminated with carbon
surface layers, the Pt atoms appear at various positions with respect to the underlying MoS: lattice,
including on top of Mo, and in off-axis positions. These variations are due to the Pt bonding with
the surrounding amorphous carbon layer, which disrupts the intrinsic Pt-MoS: interactions, leading
to more varied positions. Density functional theory (DFT) calculations reveal that Pt atoms on the
surface of MoS; have a small barrier for migration and are stabilized when bound to either a single
or double sulfur vacancies. DFT calculations have been used to understand how the catalytic
activity of the MoS: basal plane for hydrogen evolution reaction (HER) is influenced by Pt dopants
by variation of the hydrogen adsorption free energy. This strong dependence of catalytic effect on
interfacial configurations is shown to be common for a series of dopants, which may provide a

means to create and optimize reaction centers.
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The presence of single isolated atom impurities and dopants either on the surface or directly
bonded within the lattice structure of 2D materials influences the properties.!!° Understanding the
atomic structure that defines the bonding between single foreign atoms and the host 2D crystal is
critical for developing accurate models that can predict the impacts of doping. Single metal atom
doping of materials has also found significant recent interest in the development of new catalysts
by reducing the mass content of precious metals such as Pt, whilst maintaining high
performance.''"!> A key aspect to single metal atom catalysts is preventing aggregation of the
active species into clusters, reducing the loss of metal atoms by detachment, and providing the
optimum bonding configuration for catalytic activity. Recent work has shown that doping 2D

layered MoS: can lead to higher activities in the hydrogen evolution reaction, utilizing Co, Ni and



Pt single metal dopants.!'*!> MoS; is normally only active at edge sites, but the incorporation of
isolated metal substitutional or surface dopants can activate the basal plane and lead to a large
increase in the number of active catalytic sites. Therefore, resolving the atomic structure of single
metal atoms and their structural interaction with MoS; helps reveal the stable configurations that

dictate the catalytic performance.

Aberration-corrected electron microscopy (AC-TEM), in both phase contrast TEM (AC-
TEM) and annular dark field scanning transmission electron microscopy (ADF-STEM) modes
have been shown to be key methods for directly imaging single metal dopants in nanoscale
materials. When combined with electron energy loss spectroscopy (EELS) it is possible to map
elemental composition at the single atom level.'®!® The z-dependent contrast in ADF-STEM
results in bright contrast at heavy single metal atom sites, such as Au, on the surface or within the
lattice of lighter elemental materials such as graphene or Mo0S,.!° Au atoms on the surface of MoS;
have been observed on a range of atomic sites, such as on top of S, Mo and hollow sites.!° Recent
work using ADF-STEM and EELS has further revealed that Cr and V dopants are often present in
chemical vapor deposition (CVD) grown MoS», where the Cr/V dopants directly substitute Mo

atoms.2°

The surface of 2D materials such as graphene and MoS; typically contain patches of
amorphous carbon and this modifies the local surface chemistry. Deposition of metal atoms onto
graphene results in preferential adhesion to the amorphous region, which makes it difficult to study
intrinsic 2D-metal interactions. Recent work using in-situ high temperature heating in AC-TEM
to remove the amorphous carbon residue to study the epitaxial interactions between gold
nanoclusters and graphene has shown different behavior compared to amorphous carbon

surfaces.?! Extending this approach to the single atom level in a variety of 2D materials will reveal



insights into single metal atom behavior for a diverse range of applications, including photonics
and catalysis with MoS». For MoS; monolayers, amorphous surface carbon will be hard to image
against the MoS, layer. However, using ADF-STEM at a lower accelerating voltage of 60kV
should enable contrast differentiation between clean and contaminated regions and hence enable
imaging of single metal atom dopant structure in each of these regions. Many of the studies have
involved metal dopants incorporated at the synthesis stage, rather than post-synthesis deposition.
Clear unambiguous atomically resolved structure of single Pt atoms on the surface of clean MoS,
has yet to be achieved, where both 2S and Mo columns are discriminated, S vacancies are identified,
and the detailed Pt bonding to the MoS; is evident in the images. Such information will help further

understanding of this hybrid system for future catalytic applications.

Here, we have used monolayer MoS: grown by CVD as an ideal clean transition metal
dichalcogenide (TMD) substrate to deposit a Pt precursor from solution to form a hybrid Pt-MoS»
system and to study the detailed atomic structure of the species formed using ADF-STEM at an
accelerating voltage of 60kV to minimize S vacancy production. S vacancies are still produced,
but at a lower rate than at higher voltages. We have located single Pt atoms in both clean and
carbon contaminated regions of MoS; and have directly resolve the atomic structure of the Pt
binding sites relative to the MoS; lattice. Dynamics of Pt diffusion across the clean MoS; surface
have been captured at room temperature, where energy is supplied by the electron beam.
Comparisons of the site location of Pt atoms in these two regions shows that Pt on clean MoS> is
positioned at S sites, whereas Pt in contaminated carbon regions are located at random sites relative
to the MoS; lattice. This is due to Pt-C bonding that influences the structure, compared to the clean
MoS; region where intrinsic Pt surface migration dominates. Density functional theory (DFT)

calculations of the relative binding energies of Pt to different sites on the surface of MoS, show



that S vacancies are required to trap Pt in a location. While trapped Pt atoms tend to suppress the
activity of S vacancy, Pt dopants on a defect-free MoS, sheet may serve as catalytic centers for

HER.

Results and Discussion

Monolayer MoS: grown by CVD was transferred to a SIN TEM grid using a PMMA support layer
and cleaned by thermal annealing. Small thin residual carbon patches found on the MoS: are most
likely from the PMMA. After initial AC-TEM inspection to ensure the sample was free from a
substantial carbon contamination and had significant regions of pristine MoS; visible, a drop of Pt
precursor solution was deposited onto the grid and allowed to dry in air. The sample was then
heated under Ar gas flow at 350°C to decompose the Pt precursor and produce Pt on the surface
of MoS,. Some of the Pt had aggregated into small nanoclusters, figure 1(a)-(c), and energy
dispersive X-ray spectroscopy confirmed they contain Pt, figure S6. There are also individual Pt
atoms distributed across the sample and some few-atom clusters, figure S2. Some of the isolated
Pt atoms adhered to the surface amorphous carbon, which is visible with higher contrast in figure
1(b) and 1(c). Figure S1 also shows Pt atoms bound to carbon contamination regions. However,
Pt atoms are also found in the pristine regions of MoS», away from the amorphous carbon regions,

as shown in figure 1(d).

The ADF-STEM image shown in figure 1(e), is a magnified view from the yellow boxed
region in figure 1(d), showing a single Pt atom on MoS;. Contrast in an ADF-STEM image is
larger for higher atomic number elements/columns, enabling the discrimination of the Mo and 2S
columns in the MoS> image in figure 1(e), which shows a Pt atom located in a S column site. We
have imaged more than 10 individual Pt atoms residing in the clean areas of MoS» and all showed

the same structure of Pt atoms located in S sites. Figures S4 and S5 show two more examples. The
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atomic model in figure 1(f) shows a schematic 3D view of a Pt atom replacing two S atoms, i.e

located at a 2S vacancy (S-sub configuration).

Figure 1 ADF-STEM images of Pt on monolayer MoS:. (a) Low magnification image showing Pt

nanoparticles on the surface of MoS:. (b) and (c) Higher magnification images showing Pt nanoclusters and
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single Pt atom species on the surface of MoS:. (d) Atomic resolution image showing a single Pt atom located
in the clean region of MoS; (e) Enlarged image from the boxed region in (d), (orange false colour), showing
strong contrast from a single Pt atom located in a S lattice site. (f) DFT relaxed atomic model showing a Pt

atom in a 2S vacancy site.

ADF-STEM imaging at an accelerating voltage 60kV of the single Pt atom (figure 1(d) and (e))
caused migration across the surface of MoS» before being trapped at other sites for fixed durations,
with energy supplied from the electron beam. Figure 2 shows a sequence of ADF-STEM images
in which the hopping of a single Pt atom to 5 different sites is observed, all of which are S lattice
sites, further confirming the preference for Pt to bind to S positions rather than Mo sites on a clean
surface. The apparent double image of a Pt atom in figure 2(b) is due to the electron beam causing
the Pt to hop during the raster scanning image formation process. Small white circles are used to
indicate the Pt atom’s prior position. This type of dynamics is typical for atomic scale systems
imaged by TEM, where we only capture the positions of fixed stability between the rapid motion.
Figure 2(g) shows a smoothed magnified image of the Pt atom from figure 2(a), showing the Pt
sits at the S site, but also the presence of S vacancy to the top right, evident by the reduced contrast.
Figure 2(h) shows the migration of the Pt atom schematically illustrated on a MoS; lattice,
revealing a random direction, even though the electron beam is scanning. Further insights into this
dynamic behavior are gained by using density functional theory to calculate the energy barriers for

migration of Pt atoms on the surface of MoS..



Figure 2. Dynamics of Pt atom migration across the surface of MoS:. (a)-(f) Sequence of ADF-STEM
images (false colour LUT ‘fire’) capturing the movement of a single Pt atom on MoS,. White circles
indicate the prior location. (g) Magnified ADF-STEM image of the Pt atom in (a), showing the Pt sitting in
the S site location and the presence of a S vacancy. (h) Schematic illustration of Pt migration on a MoS»

surface.

Image simulations, figure 3(e)-(g), were performed based on DFT relaxed atomic models, figure
3(a)-(c), and were compared to an experimental ADF-STEM image of Pt on MoS», figure 3(d).

Line profiles, figure 3(i), shows a good contrast match between the experimental image in figure



3(d) and the simulation of a Pt atom in the 2S vacancy, figure 3(c) and (g). The contrast in the
image simulations and experimental images were normalized to that in the Mo column. The
contrast from the Pt region is substantially less than that predicted from simulations for Pt on top
of 2S atoms, and therefore we conclude that the Pt is residing within a vacancy defect in the ADF-

STEM images.

Figure 3. Image simulations of Pt atom in different configurations. (a)-(c) Atomic models for (a) Pt on top
of 2S, (b) Pt in a 1S vacancy, and (c) Pt in a 2S vacancy. Tilt is introduced to show the 2S atoms. (d)
Experimental ADF-STEM image of a Pt atom on MoS; in greyscale. (¢)-(g) ADF-STEM image simulations
based on the models shown in (a)-(c) respectively. Colour LUT ‘fire’ is used to highlight the contrast
associated with the Pt atom. (h) Processed image from (d) with colour LUT ‘fire’ used for comparison to
image simulations. (i) Boxed line profiles taken from the greyscale images of (e)-(h) respectively across

9



the region indicated by the white box in (e) from A-B direction. Plots are normalized to the Mo column

intensity for relative comparison.

The energy barrier for a Pt atom to migrate across the surface of pristine MoS: is calculated in
figure 4, for two different pathways, by the valley site (V-top figure 3(a)-(d)), or by the S atom (S-
top figure 3(e)-(h)). Both pathways have small DFT energy barriers of ~0.6-0.82 eV, which
indicates that Pt atoms can diffuse easily across the surface of defect free MoS, at room
temperature. Binding energies were calculated by DFT for Pt at sites: S-top = 3.22eV, Mo-top =
3.71eV and V-top = 3.17eV. However, the energy barrier for migration is significantly different

if the Pt atom is located within a S vacancy.

Figure 4 DFT calculations for a single Pt atom migrating across a pristine MoS; surface for two
different pathways. (a)-(c) Mo-top site to valley site (V-top) to Mo-top site. (d) Energy as a function of
reaction coordinate for pathway (a)-(c). (e)-(g) Mo-top site to S-top site to Mo-top site. (h) Energy as a

function of reaction coordinate for pathways (e)-(g).
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Figure 5 shows the energy barriers needed for a Pt atom to escape from a single S vacancy to the
MoS; surface by three different pathways, Mo atom (figure 5(b)), V-top (figure 5(c)), and S-top
(figure 5(d)). All pathways show similar escape energy barriers of ~3eV and small barriers (<0.5
eV) for backward hopping, leading to an extremely large unbalance between forward and
backward transitions (rate ratio >10% based on the Arrhenius' equation), which indicates that the
presence of the S vacancy in MoS» acts as a stable trapping site to localize Pt atoms. This also
supports the experimental observations in figure 1 and 2, where Pt is predominantly observed in
the S site. The same behavior is expected for Pt in a 2S vacancy, which exhibits a similar structure

with a slightly smaller binding energy (5.74 eV) compared to that for Pt in a S vacancy (6.08 eV).
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Figure 5. DFT calculations for a single Pt atom escaping from a S vacancy across MoS; surface for
three different pathways. (a) By Mo-top site, V-top site and S-top site. (b) Energy as a function of reaction
coordinate for the Mo-top site pathway. (c) Energy as a function of reaction coordinate for the V-top site

pathway. (d) Energy as a function of reaction coordinate for the S-top site pathway.

These dynamics of Pt atom hopping between stable sites indicates that the Pt atoms find new S
vacancy sites in the MoS,. The electron beam is known to induce S vacancies in MoS,, even at
60kV accelerating voltage and these are mobile in the lattice, leading to assembly into line vacancy
structures.??>> Therefore, during the imaging in figure 2, S vacancy sites are constantly being
created and migrating. Consistent with existing literature,?® our calculated formation energy of a
S vacancy is 6.87 eV, which is much higher than the binding energies of a Pt atom on top of pristine
MoS: and similar to those trapped at a S vacancy. Hence, the high flexibility of S atoms is likely
to arise from the efficient energy transfer between electron beam and light atoms.?” Based on the
inelastic model including exact relativistic kinematics,?’ the maximum energies transferred from
a 60 kV electron to S, Mo, Pt atoms are 4.35, 1.45, 0.71 eV, which provides sufficient energies for

S/Pt diffusion and explains the relatively slow S ejection observed in experiments.

In figure 6, DFT calculations demonstrate the role of S vacancy migration on the Pt stability.
Figures 6(a)-(c) show a 2.3eV energy barrier for S vacancy migration, and in figures 6(d)-(f) the
barrier remains similar, even though a Pt atom is located next to the S vacancy site. This indicates
that there is no preference for S vacancies to migrate next to Pt atoms in MoS,. However, the
presence of a S vacancy next to a Pt atom in a 1S vacancy site lowers its energy barrier for hopping
to the next site to 0.75eV, which is considerably less than the ~3eV required for Pt to migrate to
the surface sites in figure 5. This indicates that S vacancy migration to sites next to Pt atoms in 1S

vacancy sites will enhance the migration dynamics of the Pt atoms across the MoS,.
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Figure 6 DFT calculations for S vacancy migration and Pt migration with S vacancy assistance. (a)-
(b) Atomic models showing a S vacancy moving one site to the right. A slight tilt is introduced in the model
to show the two S atoms. (c) Energy as a function of reaction coordinate for the S vacancy migration
pathway shown in (a)-(b). (d)-(e) Atomic models showing S vacancy moving one site to the left, next to a
Pt atom sitting in a S vacancy site. A slight tilt is introduced in the model to show the two S atoms. (f)
Energy as a function of reaction coordinate for the S vacancy migration pathway towards Pt atom shown
in (d)-(e). (g)-(h) Atomic models showing a Pt atom migrating to the S vacancy site to its right. The S
vacancy is indicated by orange circle. (¢) Energy as a function of reaction coordinate for the Pt atom

migration from one vacancy to the next by the pathway shown in (g)-(h).
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The presence of surface amorphous carbon on top of MoS; also plays an important role in the
relative structure of Pt:MoS». Strong Pt-C bonding impacts the intrinsic Pt:MoS; interactions and
leads to a wide range of positions adopted by the P atom relative to the MoS; lattice. Figure 7(a)
shows a single Pt atom located in a region of MoS; with significant surface carbon. The yellow
box shows the boundary between the clean MoS; on the right and the contaminated region to the
left. A line scan of the intensity from the ADF-STEM image, figure 7(c), shows a steady increase
in the background level after 1nm going from pristine to the area containing the carbon. This
increase in background signal from the carbon indicates thicker regions. Figures 7(d)-(i) show a
series of ADF-STEM images of the dynamics of the Pt atom in figure 7(a), with the Pt changing
its relative position with respect to the MoS> lattice across the three frames. The coordination of

the Pt atom is random and is mainly dictated by the bonding in the carbon.
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Figure 7. Pt atoms in regions of MoS; with surface carbon contamination. (a) ADF-STEM image (false
colour LUT ‘fire’) showing a single Pt atom in a contaminated region of MoS,. (b) Magnified view of the
region indicated in (a) with the yellow box, showing the interface between the clean and contaminated area.
(¢) Line profile of intensity as a function of distance along the line indicated in green in (a), from A-B. Mo

and 2S columns are indicated and a rising background is seen in the presence of the amorphous carbon
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surface layer. (d)-(f) Series of ADF-STEM images showing the dynamics of a single Pt atom. (g)-(i)
Overlay of MoS; atomic positions with the ADF-STEM images in (d)-(f) respectively, showing the Pt atom

is randomly located with respect to the Mo and S sites.

Figure 8(a) shows an atomic model of monolayer MoS; with a small surface region of amorphous
carbon containing three Pt atoms (blue). The ADF-STEM image simulation of the structure in
figure 8(a) is shown in figure 8(b), in which the contrast from the Pt atom dominates. A large
region of higher contrast from the carbon layer is visible in 8(b), showing that at 60kV it is possible
to differentiate the clean and carbon containing regions, even down to a monolayer of carbon. A
3D perspective view, figure 8(c), of the atomic structure in figure 8(a), shows the surface carbon
layer on top of the MoS,. This amorphous carbon atomic model was constructed based on the
information gained from the AC-TEM image in figure 8(d), where prolonged electron beam
irradiation was used to sputter away MoS, to open holes and reveal the underlying carbon
monolayer. The orange arrow in figure 8(d) indicates the monolayer amorphous carbon that
contains a combination of hexagons and non-hexagonal rings. Thicker bilayer region is found just
below this arrow. Pt atoms are likely to be bonded either in-plane to the carbon structure, or sit on
top of the defective area. The simulations in figure 8(b) are for Pt atoms bonded in plane, as can

be seen in more detail in figure 9(a)-(c).
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Figure 8. (a) Atomic model of MoS: monolayer with amorphous carbon layer on top with three Pt dopants
(blue) within the carbon layer. (b) ADF-STEM images simulation based on the atomic model in (a),
showing three bright contrast spots associated with the single Pt atoms in carbon. (c) 3D perspective view
of the atomic model from (a). (d) AC-TEM image of monolayer MoS, after extensive electron beam
irradiation to open up holes in the MoS; and reveal the surface carbon layer. Orange arrow indicates the

carbon region shown in higher magnification in (e).
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The amorphous nature of the carbon layer means that Pt atoms within this layer be located at
random distances with respect to other Pt atoms. This will lead to the relative position of Pt atoms
with respect to the Mo and S atomic columns below to be also random. The atomic models and
image simulations in figures 9(d)-(i) show the variable position of Pt atoms and the resulting

contrast in the image. This corresponds to images of contaminated areas of MoS» with Pt atoms.

Figure 9. (a) Magnified view of the atomic model from figure 7(a), showing three Pt atoms bound within

the carbon monolayer. (b) Magnified view of the ADF-STEM image simulation from figure 7(b),
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corresponding to the atomic model in (a). (¢) Atomic model from (a), but with the MoS, removed to show
the position of Pt atoms in the carbon film. Circles indicate the location of Pt atoms (d)-(f) magnified view
of the atomic model in (a) for Pt atom (blue) sites indicated by the coloured circles in (c) for (d) orange, (e)
green and (f) blue respectively. (g)-(i) ADF-STEM image simulations corresponding to the atomic

structures in (d)-(f) respectively.

In order to understand the configuration dependence of catalytic activity induced by Pt atoms on
MoS> monolayers, we have estimated the hydrogen adsorption free energy (AGn) using DFT
simulations, which is highly correlated to the efficiency and has been successfully used as a
descriptor for HER.?%?° Consistent with previous studies,'*** our calculated AGy for Mo
substituted by Pt site and the S vacancy without Pt atoms are -0.00 and -0.06 eV respectively,
much lower than that for the basal plane (2.06 eV). A similar degree of improvement can be
obtained by Pt doping in the Mo-top configuration (0.03 eV), while S-top and V-top configurations
are slightly less favorable with AGy=0.20 and 0.05 eV, respectively. In contrast to Mo substituted
by Pt, the surrounding S atoms remain inert, and the H atom tends to be adsorbed on the Pt atom
in the Mo-top configuration (Figure 10(c)). If the Pt atom is trapped by a S vacancy, however, AGn
substantially increases to 0.83 eV (Figure 10(a)) and thus the catalytic center is deactivated. Such
significant differences between structures with the same dopant atoms originate from the
sensitivity of the H atom binding strength to the surrounding chemical environment, which
determines both the energy level of hybridized states and their occupations. For a Pt atom trapped
in a S vacancy, the hybridization shifts Pt occupied orbitals towards the gap (Figure 10(b)),
resulting in the relatively small binding energy. The opposite process occurs in the Mo-top
configuration, wherein hybridization eliminates the relevant unoccupied orbitals while populating

new mid-gap states (Figure 10(b)), leading to stabilization of the entire system. Interestingly, our
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results suggest that while an individual S vacancy or Pt dopant may serve as an active catalytic
center, the presence of both will suppress activity and thus should be avoided when optimizing

materials for HER.

The HER activity for a series of representative single-metal atoms was explored by virtual
screening of E» and AGp to provide general insights. In all situations, the S-sub configurations are
energetically much more favorable than the others (Figure 10(e)), indicating that the metal atoms
are prone to trapping by S vacancies. In contrast, both the absolute value of AGy and the variation
with different configurations strongly rely on the atom type, which reflects the complexity arising
from the hybridization between H and metal orbitals as well as the polarization induced by adjacent
S atoms. Such dependence is also distinct from that reported for the Mo substitution structure
dictated by unsaturated S atoms.!# In addition to confirming the superior performance of Pt atoms,
the computational screening enables us to identify several candidates that may warrant future
exploration. For example, Au, V and Zn dopants may provide desirable catalytic activity even in
S-sub configurations. For defect-free MoS, sheets, Ag/Mn/Cr/Ti/V in Mo-top, Cr in S-top, and
Cr/Cu/Mn/V in V-top configurations may also serve as catalytic centers. While simplified models
for exploring the HER activity should be interpreted only qualitatively, the predicted diversity in
performance opens an opportunity to create new catalytic centers through the rational control of

dopant configuration.
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Figure 10. Calculated catalytic properties for Pt doped MoS; in various configurations. Hydrogen
adsorption free energy (AGr) in unit of eV for (a) S-sub and (¢) Mo-top configurations. The green dashed
circle highlights the active site for HER, while “x” means unable to bind H. Panel (b) and (d) show the

spin-dependent projected density of states (PDOS) for S-sub and Mo-top configurations respectively, with
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the Fermi level illustrated by the cyan dashed line. The wavefunction and detailed PDOS of the states
relevant to the binding strength of H atom are shown in the inset. (¢) Binding energy (£5) and (f) AGy for a

series of metal atom dopant in S-sub, M-top, V-top and S-top configurations.

In summary, we have shown that isolated Pt atoms on pristine MoS2 monolayers are stabilized by
bonding within S vacancies. This increases the barrier for escape and localizes Pt atoms for
sufficiently long for atomic level ADF-STEM imaging. The electron beam causes hopping of Pt
atoms to different S vacancy sites created by the electron beam. A different behavior is observed
when Pt atoms are surrounded by carbon, in particular where a thin amorphous layer of carbon is
found on the MoS,. This layer most likely arises from the polymer transfer process and is very
difficult to completely remove, as is established for graphene. However, hydrocarbons are also
likely to adsorb to the MoS: and hence its role should always be considered when determining the
structure of elements bound to the 2D material surface. The filling of S vacancies by Pt atoms has
a detrimental effect on the surface catalytic activity for HER. The high mobility of Pt across the
pristine surface of MoS; indicates that unbound Pt atoms detaching from larger Pt nanoclusters

may get trapped in these vacancy sites.
Experimental Methods
Synthesis and transfer of monolayer MoS>

MoS:2 monolayers were synthesized by a hydrogen-free CVD method using molybdenum trioxide

(MoO3, =99.5%, Sigma-Aldrich) and sulphur (S, =99.5%, Sigma-Aldrich) powder as precursors,

as reported previously.?! The growth was conducted under atmospheric pressure with the carrier

gas of argon and SiO»/Si (300 nm thick SiO;) chips were used as substrates. To avoid cross-
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contamination between MoOs and S during the reaction, an inner tube with a smaller diameter was
applied to load MoO3, which separated it from the S powder placed in the outer 1-inch quartz tube.
Two furnaces were used to give a better temperature control of both precursors and the substrate.
The typical heating temperature for S, MoO3 and SiO»/Si substrate were set to be ~ 180, ~300, and
~800 °C, respectively. After growth, monolayer MoS, was transferred onto a Si3sN4s TEM grid
(Agar Scientific AG21580). It was then spin-coated with a thin film of poly (methyl methacrylate)
(PMMA) on the Mo0S,/Si0,/Si substrate surface, followed by floatation on a 1 mol/L potassium
hydroxide (KOH) solution to etch the SiO,. Once the PMMA/MoS; film was detached from the
Si substrate, it was transferred to deionized water several times to remove residuals left by the
etchant. Subsequently, the PMMA/MoS: film was transferred onto a holey Si3sN4 TEM grid, air-
dried for overnight and baked at 180 °C for 15 minutes. The PMMA scaffold was finally removed

by submerging the TEM grid in acetone for 8 hours.
Sample preparation of Pt-doped monolayer MoS>

After transferring MoS: single layers to a SisNs TEM grid, one drop of 0.025mol/L
hexachloroplatinic acid (H2PtCls)-ethanol solution was deposited onto the MoS> surface and dried
in air. The sample was subsequently placed in a 1-inch quartz tube and heated to 350°C for 15 min
with argon used as the carrier gas, which decomposed H2>PtCls to Pt. After the reaction, the sample

was rapidly cooled down by being removed from the hot zone furnace.
Scanning transmission electron microscopy and image processing

Room temperature ADF-STEM imaging was conducted using an aberration corrected JEOL
ARMB300CF STEM equipped with a JEOL ETA corrector’? operated at an accelerating voltage of

60 kV located in the electron Physical Sciences Imaging Centre (ePSIC) at Diamond Light Source.
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Dwell times of 520 pus and a pixel size of 0.006 nm px ! were used for imaging. Optical conditions
used a CL aperture of 30 um, a convergence semi-angle of 31.5 mrad, a beam current of 44 pA,

and inner-outer acquisition angles of 49.5—198 mrad.

Images were processed using the Imagel] software. A fire false colour LUT was applied to
grayscale images for visual enhancement. Atomic models were generated by using Accelrys
Discovery Studio Visualizer. Multislice HAADF image simulations based on the corresponding
atomic models were carried out using the JEMS software with parameter settings adjusted to match

the experimental conditions.
Computational Methods
Reaction path calculation

Standard ab-initio simulations within the framework of density-functional theory (DFT), as
implemented in the Vienna Ab Initio Simulation Package (VASP v5.4),33 were performed to
explore the reaction paths for diffusion of Pt and S atoms on the MoS; monolayer. Plane-wave and
projector-augmented-wave (PAW) type pseudopotentials were employed,** with kinetic-energy
cutoffs set to 300 eV. The GGA-PBE functional®> was used to describe the exchange-correlation
interactions, while the Van der Waals effects were accounted by DFT-D2 method of Grimme,3°
with a 50 A cutoffradius for pair interactions. The 8x4 rectangular supercells containing 192 atoms
along with a 15 A vacuum perpendicular to the sheet were constructed to prevent artificial
interactions between periodic images. The minimum energy paths were determined by the
climbing image nudged elastic band (CI-NEB)*7 method with 5-7 images. Only the " point was

sampled, and the force tolerance for convergence was set to 0.03 eV/ A.
Catalytic activity for HER
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The catalytic activities of a range of metal atom dopants in different configurations were
investigated by evaluating the adsorption free energy (AGy), adopting an approach described in

previous studies’®
AGy = E(MoS, + H) — E(M0S,) — E(H,)/2 + 0.24

where E(MoS, + H) and E(MoS,) are the energies of pristine or doped MoS; with and without
an adsorbed H atom, E (H,) is the energy of a hydrogen molecule, and the term 0.24 €V accounts
for the changes in zero-point energy and entropy at standard conditions. The structures were
relaxed until all forces were smaller than 0.05 eV/ A. Only the T point was used for geometric
optimization, while a Monkhorst-Pack3® k-point grid of 4x4x1 was applied to calculate the density

of states.

The dependence of our predictions on exchange-correlation functional has been examined by Pt
doped MoS> using a smaller 6x3 supercell. The binding energies of a Pt atom at sites of S-sub,
Mo-top, S-top, V-top are predicted to be 6.22, 3.48, 3.10, 2.89 eV with HSE06 hybrid functional,*®
while those obtained by PBE functional are 6.09, 3.59, 3.09, 3.03 eV, respectively. The value of
AGy in these configurations calculated with HSE06 functional (0.99, 0.22, 0.12, 0.22 eV) are also
consistent with those obtained with PBE functional (0.83, 0.04, 0.20, 0.05 eV), verifying that our

approach is sufficient for qualitatively predicting the structural and catalytic properties.
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