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Abstract

Pt-nanocrystal:MoS; hybrid materials have promising catalytic properties for hydrogen evolution
and understanding their detailed structures at the atomic scale is crucial to further development.
Here, we use an in-situ heating holder in an aberration corrected transmission electron microscope
to study the formation of Pt nanocrystals directly on the surface of monolayer MoS; from a

precursor on heating to 800°C. Isolated single Pt atoms and small nanoclusters are observed after



in-situ heating, with two types of preferential alignment between the Pt nanocrystals and the
underlying monolayer MoS,. Strain effects and thickness variations of the ultrasmall Pt
nanocrystal supported on MoS; are studied, revealing that single atomic planes from a non-layered
face-centre cubic bulk Pt configuration with a lattice expansion of 7-10% compared to that of bulk
Pt. The Pt nanocrystals are surrounded by an amorphous carbon layer and in some cases have
etched the local surrounding MoS, material after heating. Electron beam irradiation also initiates
Pt nanocrystal etching of the local MoSz and we study this process in real time at atomic resolution.
These results show that the presence of carbon around the Pt nanocrystals does not affect their
epitaxial relationship with the MoS; lattice. Single Pt atoms within the carbon layer are also
immobilized at high temperature. These results provide important insights into the formation of

Pt:MoS:z hybrid materials.
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Hydrogen production is an important chemical reaction for energy applications such as fuel cells,
which utilize metal catalysts.!* The hydrogen evolution reaction is part of the water splitting
process for hydrogen production and is a promising ‘green’ approach for which Pt nanoparticles
are the most effective electrochemical catalysts for converting H* to H2.5%% MoS; has emerged as
an alternative to the expensive Pt based catalysts for HER’® and recent results have also shown
that a hybrid system of Pt nanocrystals and MoS: can increase performance beyond that of MoS>
alone, with the added benefit of reduced Pt loading compared to traditional Pt-carbon catalytic

systems.}41°



Prior work has shown that noble metal catalysts, such as Pd and Pt, can be formed directly
on the surface of MoS: using solution phase chemistry with epitaxial orientations between the
lattice of the metal relative to that of the MoS..1® Understanding the atomic level structure of these
hybrid systems is critical for building an accurate understanding of their catalytic behaviour.
Aberration-corrected transmission electron microscopy (AC-TEM) is able to image atomic
structures of these systems and the use of in-situ holders enables dynamics and transformations to
be capture under different environmental conditions.”-22 Annular dark field scanning transmission
electron microscopy (ADF-STEM) enables the observation of single Pt atoms and other metal

dopants on the both surface and substitutional sites in M0S,.2231

Recent work?’ using ADF-STEM has shown that Pt atoms and nanocrystals adhere strongly
to surface bound carbon on MoS,, influencing the local position of Pt atoms relative to the MoS;
lattice. In clean MoS; areas the single Pt atoms can migrate under electron beam irradiation, but
are trapped by S vacancies, leading to a loss of catalytic activity. When a significant number of Pt
atoms aggregate to form a cluster, interactions with the MoS> surface are likely to be different
from those of single atoms. However, studies of Pt nanocrystal:MoS: epitaxial correlations using
in-situ heating holders and complimentary ADF-STEM imaging have not been reported. Here, we
utilize an in-situ heating holder and ADF-STEM to study structural transformations of suspended

monolayer MoS: up to 800°C.
Results and Discussion

Figure 1, shows the sample preparation used to deposit a Pt precursor from an ethanol solution
followed by air drying. The sample was subsequently first heated from room temperature to 500°C

over a 5-minute period and then further to 800°C to track the structure and dynamics of the Pt



atoms. An accelerating voltage of 60kV was used for all ADF-STEM imaging to reduce the

production of S vacancies and other damage from the electron beam.
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Figure 1. (a) Schematic diagram of Pt deposition on MoS> within an in-situ heating holder. (b)

MoS:

Optical microscope image of the in-situ heating chip containing thin SisN4 windows and a Pt spiral
coil used to heat the sample. (c) SEM of the in-situ heating chip showing the oval shaped regions
containing the thin SisNs membrane and the Pt heating coils. (d) SEM image of a thin SizNs
membrane region with three windows cut using FIB. (e) SisN4 window with FIB cut slits after

transferring the MoS..

Prior to in-situ heating, ADF-STEM imaging of the suspended region of the MoS, Figure 2a,
shows preferential aggregation of the Pt precursor in this region. Heating to 500°C, Figure 2b, and
then to 800°C, Figure 2c, results in the formation of Pt nanocrystals. Higher magnification ADF-
STEM images show that the Pt nanocrystals are typically a few nanometres in diameter, but also
there are a large number of isolated Pt atoms (Figure 2d-f). However, the main focus of the
research reported here is to understand the fundamental atomic level interactions between the Pt

and MoSy,, rather than trying to form ultra-narrow size distributions of nanoparticles.



Figure 2. (a) Room temperature low-magnification ADF-STEM image showing the aggregation
of Pt material on the surface of MoSz within the suspended region. (b) ADF-STEM image of the
region marked with the red box in (a) heated to 500°C. (c) Same region as in (b) but after heating
to 800°C. (d)-(f) ADF-STEM images at different magnifications showing the formation of Pt

nanoclusters on MoS. Region in (e) is indicated by the yellow box in (c).

After heating to 800°C, the Pt nanocrystals were crystalline with a high degree of hexagonal
faceting and many regions of the MoS> surrounding the faceted Pt nanocrystals had been etched
away (Figure 3). This occurred in regions not been exposed to electron beam irradiation indicating
that it is an intrinsic process related to the catalytic effect of the Pt nanocrystals at high temperature.
We speculate that the etching could be ascribed to the Pt-catalysed chemical reaction between

MoS; and gas molecules in the TEM chamber, such as oxygen and hydrogen at high temperature,



which may lead to the product of Mo metal and gases such as sulphur dioxide (SO2) or hydrogen
sulphide (H2S). Mo can coalesce with the Pt particle, supporting our observation of the size
increase of the Pt nanocrystal as the etching proceeds, which will be shown in Figure 7. The
sulphur containing gases will desorb from the surface. The chemical pathways may be quite
complex and multi-staged, but the simplistic reaction outcomes can be expressed as follows:

Pt
MoS; + 202 goo2 Mo +2S0;

Pt

MoS> + 30> m Mo + 2S03

Pt
MoS» + 2H» 200 %6 Mo + 2H»S

In Figure 3a, the orientations of many faceted Pt nanocrystals are aligned, even when the
nanocrystals are no longer attached to the MoS; and are supported solely by a thin carbon layer,
as indicated by the red circle in Figure 3b. Using an accelerating voltage of 60kV increases the
contrast of this thin carbon layer. A large number of isolated Pt atoms on the surface of MoS: are
seen across the region (Figure 3c) and using false colour (Figure 3d) highlights that these are all
within a carbon surface layer, even in regions away from the MoS.. Single Pt atoms were rarely
found outside the carbon areas at these high temperatures. In addition, several Pt nanocrystals were
still attached to the edge of the MoS; and exhibited a slightly different geometry than those either
on top of the MoS: or supported only by the carbon region. This difference in geometry is due to
nanoparticle attachment at the edge of 2D crystals causing deformation during etching to maximize
the edge interface contact area. It is worth mentioning that the carbon contamination was
unintentionally introduced on the MoS; surface likely due to PMMA residue from transfer, the

solvent used to deposit the Pt precursor, and the hydrocarbon contamination in the air.



Figure 3. ADF-STEM images showing Pt nanocrystals that have etched their local surrounding

MoS; region after heating to 800°C. (a)-(c) Different magnification images showing the etched
regions. Red circle in (b) shows an aligned Pt nanocrystal supported by only carbon. Yellow circle
in (c) shows a Pt nanocrystal attached to the edge of MoS.. (d) Fire ‘LUT’ used to produce a colour

image to highlight the presence of amorphous carbon in areas containing single Pt atoms.



Figure 4a shows an ADF-STEM image of a region containing several Pt nanocrystals with
resolved lattice structures together with the power spectrum calculated from the entire image
(Figure 4b) showing the alignment between the (111) crystal plane from the ensemble of Pt
nanocrystals with one zigzag lattice orientation of monolayer MoS; (one crystal direction from the
{100} crystal plane family of MoS, monolayers) as the dominant epitaxial tendency. Figure 4c
shows a high magnification ADF-STEM image from the region indicated by the yellow box in
Figure 4a. The Pt nanocrystal is attached to the edge of the MoS; and also has the (111) planes
aligned with the MoS; zigzag lattice direction. Such lattice alignment relationship in the real-space
image is also marked by red and yellow lines in Figure 4c, representing (111) planes of Pt and
MoS: zigzag lattice planes, respectively. This demonstrates that even after disconnection from the
MoS: lattice, the Pt nanocrystals maintain their orientation and that the interaction with the carbon
support does not lead to large scale crystal deformations and the loss of the initial epitaxial
orientation set by the MoS». The interplanar spacing of the (111) crystal plane of Pt can be
calculated using MoS lattice as the reference, yielding a value of ~2.28 A, which is very close to
that for the bulk Pt (2.265 A), indicating no obvious strain effect in the Pt nanocrystal of this scale
on MoS>. Figure 4e shows another individual hexagonal shaped Pt nanocrystal fully supported on
the MoS:; surface, which displays the same epitaxial relation between Pt and MoS,, as evidenced
by the FFT analysis in Figure 4f. The d-spacing of the (111) plane of Pt is ~2.27 A, consistent
with that of both the Pt nanocrystal attached on the MoS: edge and the bulk Pt, indicating little

impact from the monolayer MoS; substrate on the lattice configuration of Pt nanocrystals locating



d(111),=2.27 A

Figure 4. ADF-STEM images showing large scale epitaxial correlations between Pt and MoS..
Temperature is 800°C. (a) Image of a region containing several Pt nanocrystals. (b) Power
spectrum calculated from (a) showing alignment of the Pt nanocrystals with the MoS: lattice. A
black circle has been used to mask the central peak to improve visualization. (¢) ADF-STEM image
showing a Pt nanocrystal attached to the edge of MoS> corresponding to the yellow boxed region
indicated in (a). (d) FFT of (c) with reflexes from both MoS> and Pt labelled. () ADF-STEM

image showing a Pt nanocrystal attached on the monolayer MoS; surface. (f) FFT of (e).

In addition to the epitaxial relation discussed in Figure 4, the Pt nanocrystal can orient along other
lattice directions of monolayer MoS». Figure 5a is a high magnification ADF-STEM image from
the region marked by the red box in Figure 4a with its FFT images corresponding to the yellow

and red boxed region shown in Figure 5b and c, unveiling the lattice information in the reciprocal



space for Pt and MoSy, respectively. Both the reflection spots and the zone axis are labelled. Based
on the distance between each reflection spot to the central spot, indicating the lattice spacing, and
the intersection angle between reflexes, correlating with the interfacial angle, in Figure 5b, it can
be found that the Pt nanocrystal is imaged along the [110] zone axis, giving reflections
corresponding to the lattice planes of (111), (111) and (002) as three closest reflexes to the central
spot. It is worth noting that the reflection pattern of the Pt nanocrystal is not a regular hexagon.
The (111) and (111) planes are both close packed planes with the same lattice periodicity, and the
interfacial angle between them is measured to be ~110°, while the (002) plane adopts a different
atom arrangement manner and the intersection angle between (002) and (111) plane is ~54.1°. The
atomic model of the Pt crystal corresponding to the FFT in Figure 5b is shown in Figure 5e with
its unit cell model shown in Figure 5d, adopting a face-centred cubic (FCC) structure. Both the
angle between corresponding lattice planes and the lattice spacing in Figure 5b agree well with
the pristine bulk Pt model in Figure 5e. Figure 5f is the FFT of the entire region of Figure 5a. It
shows that the (002) plane of Pt aligns with one armchair direction of monolayer MoS: (one lattice
orientation in the {110} crystal plane family of MoS>), highlighted by the white column labelled
‘1°. Since the intersection angle between (002) and (111) plane of Pt is close to 60°, which is the
smallest angle between two armchair directions of monolayer MoS,, the (111) plane of Pt also
roughly aligns with another armchair direction of MoS; with an angle mismatch of < 5°, indicated
by the white column labelled ‘2°. Such an epitaxial relation between Pt and MoS; can be expressed
as (001)mos2 // (110)pt, [110]mos2 // [002]pt. The lattice spacing corresponding to {111} and (002)
of Pt are measured to be 2.27A and 1.91A, respectively, consistent with bulk Pt well, indicating
that this type of epitaxy between the Pt nanocrystal and monolayer MoS: also does not trigger a

predominant lattice deformation for Pt nanocrystals. The crystallographic relationship between Pt



and MoS:; in the real space confirms the conclusion obtained in the reciprocal space (Figure 5g),
showing (002) and (111) planes of Pt being parallel with two armchair directions of monolayer

MoSy, respectively, marked by solid and dashed lines.
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Figure 5. ADF-STEM image of a Pt nanocrystal attached to the edge of MoS, monolayer,
corresponding to the red boxed region in Figure 4a. Two boxed regions are used for the FFT
presented in (b) yellow box and (c) red box, respectively. (d) Unit cell of the FCC Pt crystal, with

the (111) lattice plane highlighted in red. () Atomic model of the Pt crystal corresponding to the



FFT in (b). (f) FFT from the entire ADF-STEM image in (a). (¢) Magnified ADF-STEM image of
the interface region between Pt nanocrystal and MoS» with lines indicating the aligned lattice
directions with red for Pt and yellow for MoS,. Solid lines correspond to the lattice plane alignment
between (002) plane of Pt and one MoS> armchair direction, while dashed lines correspond to the

alignment between (111) plane of Pt and another MoSz armchair direction.

For those Pt nanocrystals with an ultrasmall size consisting of approximately 20 atomic columns
in projection supported on the monolayer MoS; surface (Figure 6a, d), the prevalent epitaxial
orientation of Pt on MoS: is to have two directions belonging to the {111} crystal plane family of
Pt aligned with two zigzag directions of MoS», respectively, with an angle mismatch of <5°. The
zone axis is [110]. Such lattice alignment relation can be expressed as (001)mos2 // (110 ),
[100]mos2 // [111]pt. and is confirmed by Figure 6b, ¢ and Figure 6g, h. Figure 6b is the FFT of
the entire region of Figure 6a, while Figure 6c¢ is the FFT of the Pt nanocrystal labelled in the red
box of the inset on the bottom right of Figure 6a. Four reflexes in Figure 6b can be assigned to
two lattice directions corresponding to the {111} crystal plane family of Pt, having an interplanar
spacing of ~2.44A and an interfacial angle of ~ 68°. The Pt lattice spacing has an expansion of ~
7.7% compared to the bulk Pt and becomes closer to the zigzag lattice spacing of monolayer of
MoS; (~ 2.7A). This can be confirmed by Figure 4d, e, where reflection spots corresponding to
(111) or (111) plane of Pt and the MoS; zigzag lattice direction almost merge together, which
shows an obvious difference from FFT images in Figure 4, in which these reflexes are clearly
separated. In addition, the reflexes of Pt changes from sharp spots shown in Figure 4 to blurry
ones with an increased size, indicating a growing level of the structural disorder, which may
include a broader distribution of the lattice spacing and orientation. The enhanced lattice distortion

in Pt could be attributed to two potential reasons. One derives from the impact of the rigid



monolayer MoS lattice on the supported Pt nanocrystal, which possesses an ultrasmall thickness
and a relatively high ductility as the nature of metal, making it easy to deform in order to match
the periodicity of the MoS> template better. The other reason could come from the influence of the
electron beam irradiation, which supplies energy to increase the random atom displacement in this
ultrasmall Pt nanoparticle. Reflexes corresponding to (002) planes of Pt can hardly be detected in
Figure 6¢, which might be due to a low intensity of this reflection spot compared with those from
{111} lattice plane family of Pt. FFT images corresponding to different regions of Figure 6f shows
a similar trend as what has been discussed for Figure 6a (Figure 6g-j). The interplanar spacing of
{111} crystal plane family of Pt is measured to be ~ 2.48A, having an expansion of ~9.5%
compared to that of bulk Pt crystal. Figure 3k is the atomic model of Figure 6a with the
corresponding multislice ADF-STEM image simulation shown in Figure 6l. To determine the
thickness of the Pt nanocrystal, we compare the relative intensity variation between the single Mo
columns in monolayer MoS; (marked in yellow dashed boxes in the inset on the left bottom of
Figure 6a and Figure 61) and the Pt columns in the Pt/MoS: epitaxial region (marked in cyan
dashed boxes in Figure 6a and Figure 6l) for both the experimental ADF-STEM image and the
image simulations with different Pt thickness (Figure 6m) using a previously reported method.3?
It is worth noting that the pristine monolayer MoS: lattice chosen for the intensity measurement is
not close to the Pt nanocrystal in Figure 6a because these regions are contaminated by hydrocarbon
contamination. Instead, a region absent of contamination coverage was selected, which is in the
same image of Figure 6a, as shown by the inset on the left bottom of Figure 6a. It is confirmed
that the Pt nanocrystal is two-atom-thick, having only one Pt atom in each atomic column locating

either in the first or the second layer due to the non-planar FCC structure of the Pt crystal, as shown



by the projection and side view of the epitaxial structure in Figure 6k and the 3D view of this

model in Figure 6n.
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Figure 6. (a) ADF-STEM image of an ultrasmall Pt nanocrystal epitaxially orientated on

monolayer MoS;. Inset on the left bottom shows a clean region of MoS> used for the intensity



measurement on single Mo atomic columns for the experimental image in (m). (b) FFT of the
entire region of (a). (c) FFT of the Pt nanocrystal marked in the red box in the inset on the right
bottom of (a). (d,e) Zoomed-in images of regions in white boxes labelled ‘1’ and ‘2’, respectively,
in (b). (f) ADF-STEM image showing another example of an epitaxially orientated ultrasmall Pt
nanocrystal on monolayer MoS.. (g) FFT of the entire region of (f). (h) FFT of the Pt nanocrystal
marked in the red box in the inset on the left bottom of (f). (i,j) Zoomed-in images of regions in
white boxes labelled ‘1’ and ‘2’, respectively, in (g). (k) Atomic model of (a). The first and second
layer of Pt atoms are in red and blue, respectively. (I) Multislice ADF-STEM image simulation
corresponding to the atomic model in (k). (m) Line profiles comparing the atomic column
intensities from the experimental and simulated images. (n) 3D perspective side view of the model

in (k).

Further insights into the etching of MoS> by the Pt nanocrystals can be gained by using the electron
beam to supply energy and initiate the process (Figure 7). Figure 7a shows an ADF-STEM image
of the sample following heating at 800°C for 3 hours. The amount of amorphous carbon has been
reduced, leaving cleaner regions of MoS>. The presence of the small amount of carbon still at
800C is due to its increased graphitization from the Pt material. A high magnification ADF-STEM
image (Figure 7b) shows a faceted Pt nanocrystal supported directly on MoSz, which starts to
catalytically etch the surrounding MoS; (Figure 7c-h), initiated by exposure to the electron beam.
As the Pt nanocrystal starts etching, a small carbon disk becomes visible (orange arrow in Figure
7e) indicating that the Pt is still not free from the amorphous carbon material. The shape of the Pt
nanocrystal changes as it interacts with the MoS: edge during the etching process. The integration
time during ADF-STEM imaging in Figure 7 was sufficiently long to enable visualization of the

carbon disk, but this caused the ADF-STEM signal from the Pt lattice to saturate. Figure 8 shows



another example of this behaviour in which the Pt nanocrystal deformation is evident (Figure 8f)

and strong epitaxial alignment is observed. Comparison of the Pt nanocrystal before and after

etching shows an increase in size that is likely due to the incorporation of Mo atoms.

Figure 7. In-situ etching of MoS; by Pt nanocrystals, driven by electron beam irradiation.
Temperature is 800°C. (a) ADF-STEM image of a region after 3 hours at 800°C showing reduced
carbon and Pt nanocrystals. (b) ADF-STEM image corresponding to the red boxed region in (a),
showing a faceted Pt nanocrystal supported on MoS;. (c)-(h) Sequence of ADF-STEM images
showing catalytic etching of MoS, by the Pt nanocrystal in (b), initiated by electron beam

irradiation. Orange arrow indicates an amorphous carbon disk. Time between frames is ~30s.



Figure 8. A further example of in-situ etching of MoS; by Pt nanocrystals, driven by electron
beam irradiation. Temperature is 800°C. (a) ADF-STEM image of a region after 3 hours at 800°C
showing reduced carbon and an isolated Pt nanocrystal. (b)-(e) Sequence of ADF-STEM images
showing catalytic etching of MoS2 by the Pt nanocrystal in (a), initiated by electron beam

irradiation. (f) High magnification ADF-STEM image of the Pt nanocrystal in (e).



Figure 9 shows an ADF-STEM image of a Pt nanocrystal after extensive electron beam irradiation
followed by cooling to room temperature for imaging. The hole that was generated by initial
etching at high temperature is visible. The nanoparticle after extensive electron beam irradiation
transformed into a multiply twinned decahedral structure (Figure 9b) similar to those that have
been observed extensively for the coinage group metals,® and less frequently for the platinum
group metals.® Analysis of the intensity from individual atomic columns (Figure 9c,d) show
variations near the particle edge regions that indicate variations in the number of Pt atoms The
particle shown in Figure 9, shows a symmetric 5-fold core but an overall asymmetric decahedral
morphology, the energetics of which have previously been studied for Au,* likely due to local

interaction with the edge of the MoS..
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Figure 9. Nanocrystal after extensive electron beam irradiation at 800°C and then cooling to room
temperature. () ADF-STEM image of a region where the nanocrystal has etched the MoS.. (b)
Higher magnification ADF-STEM image of the region corresponding to the red box in (a) with

{11} twin planes indicates. (c) ADF-STEM image of the nanocrystal in (b), but with false colour



(‘fire” LUT) to highlight the differences in atomic number within columns at the edge. (d) Line

profile from A to B, as indicated in (c). (e) Line profile taken from C to D, as indicated in (c).

To show that the etching observed in Figure 7 and Figure 8 is associated with high temperature
effects, we have compared the behaviour of Pt nanocrystals at room temperature (Figure 10).
Etching of the MoS: lattice by the Pt nanoparticles rarely occurred and instead amorphous carbon
accumulated around the Pt nanoparticles (Figure 10a-c). Similar carbon accumulation occurs
around a single Pt atom on the surface of clean MoS (Figure 10d-g) during electron beam
irradiation. This is similar to previous reports of carbon attachment to Au atoms on Mo0S,.2° The
line profile taken across this region (Figure 10h) shows an increased background level from the
carbon accumulation. Figure 10i,j show the same Pt nanoparticle before and after five consecutive
STEM scans and no etching is observed. This is in contrast to the temperature dependence of
chemical etching seen in the defect production in 2D materials, where high temperatures reduce
the electron beam induced degradation of these materials due to a reduction in the interaction

between the 2D surface and gas phase ions.
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Figure 10. Room temperature imaging of Pt atoms and nanocrystals after heating to 800°C and
then cooling. (a) Initial ADF-STEM image of an isolated Pt nanocrystal on MoSo. (b) and (c) ADF-
STEM images after several scans (x2 for (b) and x4 for (c)) of the Pt nanoparticle in (a) showing
accumulation of amorphous carbon and a lack of etching. (d)-(g) Series of ADF-STEM images of
a single Pt atom on the surface of clean MoS: showing the accumulation of carbon around the Pt
atom. (h) Line profile taken across the Pt atom with carbon accumulation in (f) showing an

increased background signal due to the carbon material. (i) and (j) ADF-STEM images of the same



Pt nanocrystal before and after 5 consecutive scans, showing no sign of etching as observed at high

temperature.

Conclusions

The ability to form Pt nanocrystals on the surface of MoS> by in-situ heating within the TEM
enables the study of these materials without requirement for ex-situ cooling and re-heating. The Pt
nanocrystals predominantly have two types of well-defined epitaxial correlations with the
underlying MoSg, leading (111) or (002) plane of Pt to be aligned with zigzag or armchair direction
of MoS, respectively. For those ultrasmall Pt nanoclusters composed of ~20 atomic columns in
projection, their d-spacing of (111) plane has an obvious expansion of 7-10% compared with bulk
Pt, moving closer to the MoS> zigzag lattice spacing, which indicates a strong impact from the
rigid MoS; template on the lattice structure of the ductile, ultrathin Pt nanocrystal. The thickness
of the ultrasmall Pt nanocrystal is two-atom-thick, having only single Pt atom in each atomic
column due to the non-planar structure of the FCC-Pt. Local etching of MoS> by the Pt
nanocrystals occurs during the heating process and the in-situ observations initiated by the electron
beam indicate that Mo atoms can be incorporated into these clusters during this process. The
similarity in Mo and Pt atomic radii leads to minimal changes in the FCC crystal packing of the Pt
nanocrystal and is therefore hard to detect. However, given the large change in nanoparticle size
after etching along with the loss of Mo from the MoS: lattice, it is highly likely that the Mo is
alloyed with Pt in the nanocrystals. The epitaxy between the Pt and MoS; is maintained during
etching and also after the Pt nanoparticles detach from the MoS; and are supported only by the
carbon layer. The presence of carbon in all regions containing Pt, even at the high temperatures
indicates the need to consider its role in these catalytic systems. MoS, (without Pt precursor

deposition) normally contains carbon surface contamination from the transfer process, but when



heated to 800°C this is removed. In the examples shown, the carbon is persistent at high
temperatures indicating possible increased graphitization, likely due to the interactions with the Pt
nanocrystals. Graphene has been grown on Pt foils by vapour deposition,®”® and recent work has
showed how graphene shells can be formed around Pt nanocrystals during CVD growth.>® The
etching of MoS> by the Pt nanocrystals leads to an increased density of edge sites in the MoSo,
which are known to be active for hydrogen evolution and the holes between MoS, domains contain
Pt nanocrystals supported by carbon. This structure may lead to interesting catalytic performance

by combining edge rich MoS; and Pt nanocrystals and will be the subject of future investigations.

The observation of strong epitaxial alignment between the Pt and MoS, may also be important for
electronic applications where Pt metal electrodes are used to make contact to monolayer transition
metal dichalcogenides. The long range alignment of Pt clusters may enable large single crystal

regions within Pt films on the MoS: surface that could give rise to improved current injection.
Methods
Synthesis and Transfer of Monolayer MoS;

MoS. monolayers were synthesized by a hydrogen-free CVD method using molybdenum trioxide
(MoOs3, =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 SiO2/Si (300 nm thick SiO2) chips were used as substrates. To avoid cross-
contamination between MoOs and S during the reaction, an inner tube with a smaller diameter was
applied to load MoOs, 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, MoOz and SiO/Si substrate were set to be ~ 180, ~300, and



~800 °C, respectively. After growth, monolayer MoS> was transferred onto an in-situ heating chip
(DENS Solutions DENS-C-30). The surface of the MoS,/SiO>/Si substrate was first spin-coated
with a thin film of poly (methyl methacrylate) (PMMA). The specimen was then floating 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
prefabricated in-situ heating chip, 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.
Deposition of Pt-based Precursor on Monolayer MoS;

After transferring MoS; single layers to the in-situ heating chip, ~15uL of 0.025mol/L
hexachloroplatinic acid (H2PtCle)-ethanol solution was deposited onto the MoS; surface and dried

in air naturally at room temperature.

Scanning Transmission Electron Microscopy with an in-situ Heating Holder and Image

Processing

ADF-STEM imaging was conducted using an aberration corrected JEOL ARM300CF 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. Dwell times of 5—20
us and a pixel size of 0.006 nm px* were typically 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. ADF-STEM imaging at high temperatures up to 800 °C
was performed using a commercially available in-situ heating holder from DENS Solutions

(SH30-4M-FS). The resistance of the platinum coil in the heating chip (DENS Solutions DENS-



C-30) is monitored in a four-point configuration, and the temperature is calculated using the

Callendar—Van Dusen equation (with calibration constants provided by the manufacturer). Slits

were produced into the SisN4 membranes focused ion beam milling before transferring monolayer

MoS; onto the heating chip. Images were processed using the ImageJ software. A fire false colour

LUT was applied to grayscale images to improve the visual effect.
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