ARTICLE

Engineering grain boundaries at the 2D limit for
the hydrogen evolution reaction
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Atom-thin transition metal dichalcogenides (TMDs) have emerged as fascinating materials
and key structures for electrocatalysis. So far, their edges, dopant heteroatoms and defects
have been intensively explored as active sites for the hydrogen evolution reaction (HER) to
split water. However, grain boundaries (GBs), a key type of defects in TMDs, have been
overlooked due to their low density and large structural variations. Here, we demonstrate the
synthesis of wafer-size atom-thin TMD films with an ultra-high-density of GBs, up to ~1012
cm~2. We propose a climb and drive 0D/2D interaction to explain the underlying growth
mechanism. The electrocatalytic activity of the nanograin film is comprehensively examined
by micro-electrochemical measurements, showing an excellent hydrogen-evolution perfor-
mance (onset potential: —25mV and Tafel slope: 54 mV dec™"), thus indicating an intrin-
sically high activation of the TMD GBs.
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rain boundaries (GBs) are commonly found in atom-thin

or so called two-dimensional (2D) polycrystalline mate-

rials!~3, where they can be described as line defects. They
play a key role in shaping the properties and performance of 2D
materials in applications as varied as mechanical strengthening?,
photovoltaics®®, electronics’~%, and catalysis!®!1. Engineering the
structure and/or the density of GBs in 2D materials could thus
become a promising way to tailor their performance. One parti-
cular class of 2D materials, transitional metal dichalcogenides
(TMDs) have attracted a great deal of attention for its possible
uses in electrocatalytic reactions!>!3, including the hydrogen
evolution reaction (HER)!415. Due to the low cost, earth abun-
dance and good stability of a wide range of TMDs, substantial
work has thus been undertaken to improve their electrocatalytic
activity!>13 by, e.g., exposing their edges!®~19, doping with het-
eroatoms?’, and/or creating and straining  structural
defects! 15192122 T contrast, less attention has been paid to the
role of GBs due to their typically low number density and large
structural variations, even though GBs have been predicted to be
highly electrocatalytically active?3. The poor control over the
density and structure of GBs stems from the fast gaseous kinetic
processes and the multiplicity of chemical phases involved during
the growth of TMDs?2425, To date, the most common methods
employed to synthesize atomically thin polycrystalline TMDs
include chemical vapor deposition (CVD)2-320-36, physical vapor
deposition (PVD)3/-39, and metal organic chemical vapor
deposition (MOCVD)#%41. Films grown using these techniques
usually exhibit grain sizes ranging from hundreds of nanometers
to several millimeters, resulting in a low GB density, as sum-
marized in Fig. la (See the statistical method in Supplementary
Fig. 1).

Here, we fabricate wafer-size atomically thin TMD films with
sub-10 nm grains by means of Au-quantum-dots (QDs)-assisted
vapor-phase growth, demonstrating an ultra-high-density of GBs
(up to ~10'2cm™2). The quality of the films was examined by
high-resolution transmission electron microscopy (HRTEM),
aberration-corrected scanning transmission electron microscopy
(STEM), scanning electron microscopy (SEM), and Raman
spectroscopy. Experimental evidence as well as phase-field
simulations demonstrate that the Au QDs regulate the forma-
tion of the TMD grains. We then investigated the catalytic activity
of these nanograin films by a four-electrode micro-electro-
chemical cell for hydrogen evolution. An excellent performance
(—25mV and 54 mV dec™! for the onset potential and the Tafel
slope) was obtained for our MoS, nanograin films, indicating a
good intrinsic activation of the GB-rich 2D basal plane.

Results

Controlled growth of the TMD nanograin film. The main
obstacles that hinder the vapor growth of TMDs at the 2D limit to
grain sizes typically <10 nm consist of the precise control of the
nucleation sites and the growing rate of the grains. These can be
addressed by using a high-density of Au QD seeds and a low mass
flow rate of the vapor sources. Figure 1b illustrates the wafer-scale
growth process (see also a full description of the growth setup in
Supplementary Fig. 2). A wafer-scale Au QD layer was fabricated
on 2-inch sapphire or SiO,/Si substrates and used to subsequently
grow the atom-thin MoS, films. Figure 1c shows the geometries
of the as-grown wafer-size film from the centimeter to the nan-
ometer scale. The SEM image (Fig. 1d) shows the as-prepared Au
QDs with an ultra-high density up to ~2 x 1012 cm~2 and average
diameter down to ~4.8 nm, which was achieved by heating a thin
Au film on sapphire or SiO,/Si substrates at a high temperature.
We attribute the formation process of these Au QDs to a solid-
state dewetting behavior at the interface between the SiO, (or

ALO3) and Au*?*3 (Supplementary Fig. 3). The initial deposition
time of the Au films prior to heating determines the density and
the size of the final Au QD structures: a shorter deposition time
results generally in a smaller size and a higher density of Au QDs,
as shown in Fig. le and Supplementary Fig. 4. The MoS, film is
then grown using a vapor-phase growth technique (see further
experimental details in Method section), after which Au QDs can
be removed from as-grown films, by using KI/I, etchant at room
temperature. The successful removal of the Au QDs after the
etching treatment was assessed by X-ray photoelectron spectro-
scopy and STEM imaging in Supplementary Figs. 5-7, showing
only minimal amounts of residual Au present. The resulting
MoS; films were examined by Raman spectroscopy, as shown in
Fig. 1f. The Raman spectroscopy measurements indicate that the
MoS; film is 1-3 layers thick (1-3 L). A weak in-plane mode (Ezg1
at 385cm™!) was observed in our 1-3 L film, with an intensity
ratio with the out-of-plane mode A;, (at 405cm™!), IEzlg /1 Ay

(~0.28), significantly smaller than the ratios typically measured
on the CVD-grown (~1.89) and exfoliated (~1.57) MoS, films in
our experiment, suggesting a highly polycrystalline structure in
this film (see the details in Supplementary Table 1 and Supple-
mentary Note 1).

Au QDs regulate the formation of TMD grains in two ways.
The first way is that Au QDs can facilitate the TMD nucleation at
the initial stage of the TMD growth. The melting temperature of
Au will dramatically decrease as its size decreases to several
nanometers, as shown in Supplementary Fig. 8. As a result, at the
growth temperature of TMDs (650-800 °C), Au QDs tend to be
in the liquid phase due to their small size. Such liquid Au droplets
can facilitate the formation of the TMD nucleation sites during
the growth process. The second way is that the Au QDs can
confine the size of the TMD domains below 10nm. Our
deposition method can produce well-dispersed Au QDs with a
very high number density, with average spacing between QDs
down to a few nanometers. As a result, the formation of the TMD
grains will be constrained at this length scale.

Atomic structure of the TMD nanograin films. We investigated
the atomic structure of the TMD nanograin films using trans-
mission electron microscopy (TEM). Figure 2a shows an overview
TEM image of a uniform and continuous MoS, film suspended
on a Cu-supported lacey carbon TEM grid. This region is
representative of the tens of samples examined, and the Mo$; film
comprises polycrystalline patches with regions of 1-3L MoS,
(consistent with the measured Raman frequencies*). To evaluate
the grain distribution, we randomly chose six regions of the film,
labeled 1-6 on Fig. 2a, for further HRTEM imaging. The original
HRTEM images from these six regions, corresponding Fourier
transforms (FFTs) and frequency filtered images (IFFTs)*> are
shown in the top (al-a6), middle (b1-b6), and bottom panels
(c1-c6) of Fig. 2a, respectively. To aid the visualization of the
different grains, black-dashed lines are added along the edges of
the grains in the bottom panel (c1-c6). From these images, we
can identify 8-10 distinct MoS, grains in a ~700 nm? region,
suggesting an ultra-high grain density (up to ~1012 cm~—2 in this
representative patch, consistent with the initial estimate derived
from the Au QD number density) in our sample. Accordingly, the
average diameter of the grains is <10 nm, with some observed
grains smaller than 5nm in diameter. To our knowledge, this is
the smallest grain size obtained to date in materials at the 2D
limit!7-46:47,

We then employed atomic-resolution high-angle annular dark-
field (HAADF) imaging in the STEM to examine the atomic
structure of the GBs on the as-grown nanograin films,
representative examples of which are shown in Fig. 2b, ¢ and
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Fig. 1 Synthesis of wafer-size TMD nanograin films. a Overview of the grain size and density in TMD materials obtained by various fabrication methods,
such as CVD2326-36. MOCVD40.41, PVD37-3%, top-down syntheses of sulfurization/selenization of metal and metal oxide thin films’3-77, and thermal

decomposition of thiosalts thin films’8. Although small grains (~20 nm in diameter) were observed in TMDs synthesized by the top-down methods of
sulfurizing Mo-based thin films’374, or thermal-decomposition of Mo-thiosalts thin films’8, the grain density in the film is not very high owing to their
interlayer diffusion synthesis mechanism. b Schematic of the wafer-scale growth of TMD nanograin films. Ultra-high-density Au quantum dots (QDs) were
used to grow the MoS, (as well as WS, atom-thin films: see Supplementary Information). ¢ TMD nanograin film from wafer scale to nanoscale, including
photograph (i), optical image (ii), SEM image (iii), and HRTEM image (iv). d False-colored SEM image of the Au QDs on a SiO,/Si substrate, showing an
average diameter of 4.8 nm. e Statistical distributions of Au QDs obtained from Au films with different deposition times. The evaporation rate is ~0.1A s
in our experiments. f Raman spectra acquired from the MoS, film. The difference (4 ~20 cm~') between the out-of-plane (Aqg) and in-plane (E12g) Raman
modes indicates that the MoS, film is 1-3 layers (1-3 L)244, Compared to CVD-grown and exfoliated samples, the reduced intensity of the in-plane mode
indicates a highly polycrystalline structure for this MoS, film.

Supplementary Fig. 9. The inspection of dozens of boundary
locations systematically found that nanograins in our films are
stitched by GBs. The atomic structure of the GBs varied
significantly (great care was taken to exclude any structure
modification arising from beam damage, see Experimental section
for details). Structures comprising a combination of 5|7 and 6|8
rings were however dominant in our nanograin films and are
illustrated in Fig. 2c. A small number of 8|4|4 structures were

found, but in contrast, 12|4 rings were never observed in
“pristine” GBs (i.e., before any substantial exposure to the
electron beam). Their atomic structures in MoS, are schemati-
cally illustrated in Supplementary Fig. 10.

Although the nature of atomic-resolution microscopy pre-
cludes large-scale statistical studies, we investigated as many
different regions in a MoS, nanograin film as practically possible.
Six further regions over a large range were carefully examined
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Fig. 2 Atomic structure of the TMD nanograin film. a TEM image of the 1-3 L MoS, nanograin film, showing a uniform and continuous atom-thin layer
with Au nanoparticles (dark spots). Top panel (al-a6): HRTEM images from regions 1-6. Middle panel (b1-b6): Fourier transforms (FFTs) of regions 1-6
from the corresponding TEM image. Bottom panel (c1-c6): false-colored frequency filtered (IFFTs) images of the same regions. Grains with different
orientations give rise to distinct sets of rotated spot patterns in the FFTs, as indicated by colored circles in the middle panel (b1-b6); in turn, the localization
of the grains can be visualized in real space by color coding the corresponding contribution to the IFFT of a given set of diffraction spots, and overlaying the
IFFTs into a composite colored image (in bilayer regions, the colors are combined). In order to better visualize the different grains, the grains are
highlighted in the IFFT images with black-dashed lines. b HAADF STEM investigation of MoS, grains. Left: HAADF STEM image showing the GBs between
three Mo$S, grains. Inset on the left figure: Fourier transform of the image showing three distinct sets of MoS, diffraction patterns with rotation angles of
11.6° and 25.6°. Middle: composite color-coded IFFT image. Right: dilatation map of b after applying GPA routine to the monolayer MoS,. ¢ Higher
magnification atomic resolution HAADF STEM image of the brown-dashed line marked region in b, showing the detailed atomic structure of the GB, which
is composed of 5|7 and 4|8 rings. Mo atoms are marked with indigo dotted circles and S atoms marked with yellow dotted circles. d Grain size dependence
on Au nanoparticle size (average diameter) in the MoS, nanograin film. The error bars of Au nanoparticles are extracted from the full-width at half
maximum in Fig. le.

with atomically resolved HAADF-STEM imaging (Supplemen-  density). Moreover, tens of samples with different sizes of Au
tary Fig. 11), and 3 to 5 GBs can be observed in a 400 nm? area, QDs were grown: the grain size measured in the resulting MoS,
confirming the ultra-high-density of GBs observed in STEM films exhibits a clear linear relationship with the QD size, as
(consistent with the ~1012cm™=2 suggested by the Au QD  shown in Fig. 2d. This provides a strong proof that the TMD
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grain size can be carefully controlled by the Au QD substrate.
Remarkably, our method can be also extended to other TMD
materials such as WS, (Supplementary Fig. 12 summarizes
similar results to those described above, using WS, instead of
MoS,), making it as a universal approach for the wafer-size
synthesis of atom-thin films with sub-10 nm grains.

Growth mechanism of the TMD nanograin film. A climb and
drive zero-dimensional (0D)/2D interaction is proposed to
explain the Au QDs-assisted-growth mechanism of the TMD
nanograins at the atomic limit, which is supported by real-time
phase-field simulations and experimental evidence. The phase-
field simulation of the climb process shows that, once the Au QDs
encounter a MoS, edge at the growth front, they migrate swiftly
from the SiO, surface onto the MoS, surface (Fig. 3a). This
behavior is mainly attributed to a smaller wetting angle of the Au
QDs droplet (Au is in the liquid phase at the growth temperature)
on MoS, than that on the SiO, substrate*® (Supplementary
Fig. 13). This phenomenon is also experimentally confirmed by
cross-sectional TEM, as shown in Supplementary Fig. 14, where
nearly all the Au QDs sit on the surface of the MoS,. Subse-
quently, the phase-field simulation suggests the formation of a
second MoS; layer will drive the Au QD droplets along its growth
direction (Fig. 3b). A number of the Au QDs may thus coalesce
and form bigger droplets during the driving process. This is
supported by our experimental evidence: the size of the Au QDs
on the MoS, is usually larger than those on SiO,, and some of
them sit at the edge of the MoS; sheet, as illustrated in Fig. 3c and
Supplementary Fig. 15a-b. This drive process will be immobilized
when the Au QDs reach a critical size (as a result of the Au
returning to the solid phase). This would be consistent with
experimental observations that larger Au particles seen in the
minority multilayer regions of the nanograin film appear to be
encapsulated by the MoS, film, suggesting they were immobilized
after reaching a critical size, leading the MoS, to grow over them
rather than driving them forward (see Supplementary Figs. 15¢, d
and 16).

Figure 3d shows successive snapshots that illustrate the growth
of TMD nanograins films via a phase-field simulation (also see
Supplementary Movie 1). The Au QDs serve as nucleation sites to
form the first MoS, layer (Fig. 3d-i). The growth of a second
MoS; layer will then drive the Au QDs. Some of the Au QDs will
be immobilized at the GBs (Fig. 3d ii and iii, number 1-4). More
interestingly, we found that neighboring grains could be sutured
together through a zipper effect (Fig. 3d iii-v, number 5 and 6, see
Method and Supplementary Fig. 17). It is important to emphasize
that the growth model for the TMD nanograin films we describe
here is driven by a 0D/2D interaction at the atomic limit, which is
distinct from the conventional metal-film-assisted growth of 2D
materials (2D/2D)2%35, or from the metal-nanoparticle-assisted
growth of nanowires (0D/1D)%°.

Hydrogen production of the TMD nanograin films. We first
performed first-principle calculations®® to examine all of the HER
catalytic active sites in model MoS, geometries (Fig. 4a),
including the basal plane sites, edges with different passivation
(Mo or S)°, and GBs with different atomic structural config-
urations (5|7, 6|8, 4|6, 12|4, and 8|4|4 rings). The calculated
hydrogen adsorption free energies (AGy)? of various atomic
structures (Supplementary Fig. 18) are shown in Fig. 4b and
Supplementary Table 2. The MoS, basal plane has a AGy as high
as 1.79 eV, indicating a HER-inert surface. For edges and GBs,
we compare the activities of most of the experimentally observed
structures, e.g., 5|7 (0.132¢V), 6|8 (—0.237 €V), and 8|4|4 (0.52
eV, —0.044 for defect) ring combinations,>>3 50% S passivated

Mo edge (0.561 eV), and 50% passivated S edge (0.446 eV)>3>4. It
can be seen that GBs indeed show comparable or even better
activity than the edges in general, suggesting GBs are promising
candidates as high-efficient catalyst sites. In addition, we note that
some edges are not further considered here owing to their
instability in air; for instance, the otherwise energetically favor-
able Mo edge without passivation of S atoms (—0.446 eV).

We then developed a micro-electrochemical cell to investigate
the HER activity of our sub-10 nm nanograin films. Furthermore,
the HER activity of model single-GBs (mirror GB)>!1, single-edge
(Supplementary Fig. 19)>3, and basal plane structures in MoS,
samples from CVD method! were also examined for comparison.
Figure 5a illustrates the micro-cell’s structure. Figure 5b shows a
picture of the micro-cell and electrodes configuration where a
graphite counter electrode and a micro-reference electrode were
used. In our experiment, a vertical MoS,/graphene heterostruc-
ture was designed, in which graphene played two important roles:
one is to efficiently inject electrons to MoS,. Such a strategy has
already been widely adopted in TMD-based semiconductor
devices>>°, while the other is to provide a fair comparison by
eliminating the contact resistance variations of the individual
MoS, electrodes onto the substrate. Previous work>%>7 suggested
the formation of an inconsistent contact barrier between the
MoS, and the Au electrode, owing to their complex
metal-semiconductor interface leading to effects such as Fermi
pinning, creation of alloy structures, etc. The formation of such a
contact barrier was also studied by phase engineering?! and field-
effect gating®® in the HER process. Considering the important
role of this graphene supporting layer, we introduced one more
working electrode in the micro-electrochemical cell (four-
electrode micro-electrochemical cell®®, see circuit diagram in
Supplementary Fig. 20) to monitor in situ its conductance. The
device fabrication of the MoS,/graphene heterostructure is
detailed in Supplementary Figs. 21 and 22, and Supplementary
Notes 2 and 3. The heterostructure was also characterized by
Raman spectroscopy (Supplementary Fig. 23). Figure 5c—f shows
the optical images obtained from the typical devices fabricated
with a MoS, nanograin film, a single-GB model structure (the
presence of a GB was confirmed by Raman mapping, as
illustrated on Fig. 5d, right panel), a single edge, and a basal
plane, respectively. In these optical images, only the exposed
MoS; in the reaction window contributes to the electrocatalytic
reaction, as indicated by the white arrows. The rest of the areas
are covered by poly(methylmethacrylate) (PMMA), and the
graphene supporting layer (Supplementary Fig. 24) are also
electrochemically inert.

Figure 5g, h shows the polarization curves and the correspond-
ing Tafel slopes in a 0.5 M H,SO, solution and provide several
interesting observations. First, the resistivity of the graphene
supporting layer is found to be as low as 1074 Q mm during the
HER (see the inset in Fig. 5g), indicating the excellent current
injection performance of the graphene layer. Secondly, the single-
GB device delivers a better activity than the single-edge device
(see also the measurement of the active length per unit area of the
GB in Supplementary Fig. 25), and both are superior to the basal
plane device, echoing our theoretical calculation results shown
above. More importantly, our MoS, nanograin film shows a
remarkable HER performance: —25 mV and 54 mV dec~! for the
onset potential and the Tafel slope, respectively.

In order to evaluate the HER performance of the TMD
nanograin film accurately, we have fabricated hundreds of devices
and tested them in a size-controlled micro-electrochemical cell.
The HER data, including current density, Tafel slope, and onset
potential of the nanograin film and other types of electrostatically
active sites are presented in Fig. 6a—c and Supplementary Fig. 26.
The window size is controlled from 25 to 150 um?2. Our results
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Fig. 3 Proposed self-limiting climb and drive growth mechanism of the TMD nanograin films. a Schematic of the climb stage: the Au QDs droplets tend
to climb onto the MoS, monolayer from the SiO, substrate due to the surface tension difference. b Schematic of the drive stage: the growth of a second
MoS, layer tends to push the Au QDs along the growth direction. Most of the Au QDs will be stabilized at the grain boundaries in order to minimize their
surface energy. ¢ SEM image showing the distribution of the Au QDs on the edges of growing MoS, layers (marked by the red-dashed line). Au QDs are
usually larger on the MoS, layers (indicated by blue arrows) than those observed on the SiO, substrate. d Real-time phase-field simulation showing the
formation of the MoS, nanograin film. The Au QDs numbered 1-4 show that the growth of the MoS, layer will push Au QDs toward the grain boundaries.
Au QDs numbered 5-6 show a zipper effect to suture the neighboring grains together. The movie can be found in Supplementary Movie 1 (Real-time
phase-field simulation of the growth process).
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Fig. 4 Theoretical calculations of the catalytic sites in MoS, for HER. a Schematic of MoS, with an illustration of the main types of catalytically active
sites for the hydrogen evolution reaction (HER) including: basal plane atomic sites, edges, and GBs. b corresponding AGy of various types of catalytically
active sites in MoS, catalysts. Some types of GBs (e.g., 844, 6-8, and 5-7) show better electrocatalytic activity than edges.

demonstrate the excellent HER performance of the nanograin
film. The HER current density of the nanograin film is up to
~1000 mA cm~2 while the Tafel slope and onset potential are
down to ~50mV dec™! and ~—25mV, thus exhibiting a
performance superior to devices using the basal plane of the
CVD film, the single edge and the single GB. This suggests that
sites on the otherwise HER-inert basal plane of the MoS, have
been activated by the presence of GBs. The obtained HER
performance is also comparable to the performance of strained
sulfur vacancies!® or the metastable 1T-phase®!, which are
arguably more challenging to realize experimentally.

Finally, as a comparison, we have conducted conventional
macro-cell measurements on a MoS, nanograin film on a glassy
carbon electrode, as shown in Supplementary Figs. 27-32 and
Supplementary Notes 4 and 5. A remarkable HER performance
(—44 mV and 55 mV dec™! for the onset potential and the Tafel
slope, respectively) of the MoS, nanograin film is observed
(Supplementary Fig. 28), which is consistent with the results
obtained in the micro-cell. It also shows an excellent long-term
stability for HER, as shown in Supplementary Fig. 29. It is worth
mentioning that Au single-atom exists in our MoS, nanograin
film and may contribute to the overall HER performance.
However, based on the structure (Supplementary Fig. 6) and
extremely low content (Supplementary Fig. 7) of Au single atoms
as well as their low HER-activity (Supplementary Figs. 33 and 34,
and Supplementary Note 6), we conclude that the residual Au is
not the main contributor of the good HER activity in MoS,
nanograin film. The measured performance should be mainly
from GB due to its superior activity and ultra-high density. As a
proof-of-concept practical application, hydrogen production on a
wafer-size (2 inch) MoS, nanograin film was also demonstrated
(see Supplementary Movie 2). A large amount of H, bubbles
could be produced during the reaction, demonstrating the
tantalizing potential for practical application of GBs-engineered
catalysts for hydrogen production.

Discussion

In summary, we have engineered wafer-size ultra-high-density
GBs at the 2D limit in TMD films. Phase-field simulations reveal
a climb and drive 0D/2D-interaction-based growth mechanism.
As a proof-of-concept application in electrocatalysis, devices
based on our TMD nanograin films deliver a superior hydrogen
evolution performance (onset potential: —25 mV and Tafel slope:
54mV dec™!), indicating an intrinsic activation of the GB-rich

2D plane. Beyond electrocatalysis, the nanograin films may pro-
vide further diverse potential applications, such as in resistance-
memory devices, flexible devices, or for use as mechanical films
and molecular sieving films.

Methods

Growth of water-size MoS, and WS, nanograin films. The first step consists in
depositing Au layers of various thicknesses on clean 2-inch sapphire or SiO,/Si
wafers by e-beam evaporation at the rate of 0.1 A s~1; these are used as the growth
substrate for the nanograin films. Subsequently, Au-coated wafers are introduced
into a CVD apparatus, which is depicted in detail in Supplementary Fig. 2. MoO;
or WO; powders were loaded in an aluminum oxide boat and used as sources.
Sulfur powder is placed in a second aluminum oxide boat upstream of the MoOj; or
WO; in the outer tube. In a third step, Ar (flow 100 sccm) and Ar/water vapor
(flow 50 sccm) are introduced as carrier gases for the growth in the inner and outer
tubes, respectively. The growth temperature was kept at 780 °C in low-vacuum
conditions of 1-10 kPa; the S powder is separately kept at ~160 °C. Adjusting the
growth time is used to control the thickness of films. For example, Condition (I):
3-5min of the growth time for 1-3 layers (1-3L); Condition (II): 5-10 min of the
growth time for 4-5 layers (4-5 L). The growth parameters for WS, nanograin films
are similar to those used for MoS,, except for a higher growth temperature (900 °
C). Finally, Au nanoparticles can be completely removed from as-grown nanograin
MoS, or WS, films by using a KI/I, etcher for 40-60 min at room temperature (see
Supplementary Figs. 5 and 6).

Special care needs to be taken on two important points: (i) the Au QDs will
form once the temperature is above 300 °C, due to the solid-state dewetting
behavior#243.62 at the interface of SiO, (AL,Os) and Au (see Supplementary Fig. 3).
Prior to the TMD growth, the substrate therefore stabilizes at this temperature to
ensure the presence of Au QDs. (ii) Small amounts of water vapor are used to
prevent the Mo or W sources from complete sulfurization before they reach the
growth wafer, thus enabling a steady supply of sources during growth.

Theoretical calculations of AGy. The structural optimizations were carried out by
adopting the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, along with
projector-augmented wave (PAW) potentials. The electronic wave functions were
expanded in a plane wave basis set with a kinetic energy cutoff of 300 eV. For the
Brillouin zone integration, 1 x 5 x 1 Monkhorst-Pack k-point meshes were used.
The energy convergence criterion for the electronic wavefunction was set at 10>
V. A vacuum distance of about 10 A, both laterally between Mo$, ribbons and
vertically between layers, was chosen when constructing the supercell to minimize
possible spurious interaction between ribbons due to the periodic boundary
conditions.

The hydrogen adsorption energy is defined as:

AEy = Eqvos,+m) — Eovosy) — /2Emy) (1)

where E(yyo5 1) is the energy of the MoS, system with a H atom adsorbed, Ey,s,)
is that of the MoS, system without adsorbed H, and Ey ) is that of gas phase H,
molecule.

The hydrogen adsorption free energy AGy was defined as:

AGy = AEy + AEp; — TASy 2)
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Fig. 5 Micro-electrochemical cell-based HER activity of a MoS, nanograin film. a Schematic of the micro-electrochemical cell for HER measurements,
where graphene serves as a vertical electron injector. b Photograph of the micro-electrochemical cell. € Optical images of the MoS, nanograin device,
consisting of a PMMA reaction window, a MoS, nanograin film, a graphene supporting layer, and a SiO,/Si substrate from top to bottom. d-f Optical
images of the MoS, devices with a single GB (d), a single edge (e), and basal plane (f), respectively. In these devices, the HER process occurs at the
exposed widows on the PMMA passivation film as indicated by the white arrow. g, h Polarization curves of the current density (g) and the corresponding
Tafel plots (h) of the MoS, devices. The window size is ~80 pm? for each device.

where AEy; is the hydrogen adsorption energy, AEzp is the zero-point energy should bind a key intermediate in a manner that it is strong enough to allow the
difference, T is the temperature, and ASy is the entropy difference for hydrogen reagent H atoms to stay on the MoS, system for reaction but weak enough to
between the adsorbed state and the gas phase. The entropy of hydrogen adsorption  enable the release of any produced H, molecules.

is calculated as ASy = 1/2Sy , where Sy is the entropy of hydrogen molecule in

the gas phase at standard conditions. We have calculated the vibrational

frequencies of H adsorbed on different MoS, systems, using finite differences to Phase-field simulations: simulation of the drive mechanism: MoS, pushing Au
determine the Hessian matrix. According to the Sabatier principle, a good catalyst ~ QDs long the growth direction. The equilibrium status of the Au QDs at atomic
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Fig. 6 Comparison of the HER performances in a size-controlled micro-electrochemical cell. a-c Current density (a), Tafel plots (b), and onset potentials
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compared to the basal plane, single edge, and single GB.

steps dictates they can be pushed by the MoS, growth front or not, which is crucial
to dynamic evolution process. We undertook a case study of the equilibrium status
of a Au QD at the edge of a MoS, grain.

We adopt a phase-field model® to simulate how the wetting process influences
the equilibrium shape profile. The free energy function is given as,

F(p) = [ [5p*(p — 1) +5(Vp)* + M5 —5)ldV (3)

where p is the phase field for the density of the liquid, V is the space volume, C=

10 and x =1 are constants of bulk energy and surface tension, respectively. p=1
2

denotes the liquid phase and p = 0 denotes the vapor phase. The term A (p—; -5
provides the driving force to the Au particle evolution with a coupling constant
A =180, the dimensionless supersaturation & is set as (Vo=)/Vyapor» Where v, is the
initial volume of the particle, v; is the real time volume of the particle, and vyspor is
the volume of vapor. The evolution equation in the Allen-Cahn form is,

L~ Cplp = 1)(2p = 1) + o — ) @
dt

This evolution equation differs from that of Borcia et al.’s work®3, which
considers full fluid dynamics by including extra terms from the Navier-Stokes
equation. In our study, we focus on the equilibrium and do not need to consider
the exact evolution kinetics, thus leading to a simpler form of the evolution
equation.

We control the contact angle between the Au QD and the substrate by fixing
p = ps at the substrate. Then, the contact angle can be analytically obtained via the
equation cos § = —1 + 6p2 — 4p3. We set ps= 0.5 for the MoS, substrate as
corresponding to a contact angle between the Au and the substrate of 90°. Likewise,
we set ps = 0.21 for the MoS, substrate as corresponding to a contact angle between
the Au and the substrate of 138°.

We solve the evolution equation in Matlab by discretization with a time step of
0.01 and let the simulation run for a long enough time to ensure the system reaches
equilibrium. The particle has a diameter of ~11 nm if resting on the MoS, sheet.

The result shows that this Au QD will stay on the lower part of the MoS, atomic
step, but keeps in contact with the step edge. This suggests that if in the liquid
phase, the Au QD would be pushed forward by the growth front of the second
MoS,; layer during the growth.

Phase-field simulations: simulation of the zipper effect suturing the neighbor
nanogtains. If the Au QDs can be pushed by the growing MoS, grains, they are
likely to coalesce when two growth fronts meet, resulting in a complicated evo-
lution. To obtain insights into this process, we perform another phase-field
simulation. The phase-field model for the grain evolution and the set of parameters
is almost identical to that reported in the literature for a similar system®. We
ignore the evolution of the supersaturation and keep it at a constant of 0.1
everywhere. A detailed formulation is omitted here for brevity and can be found in
other work®>¢0. In addition to the grains, we pay attention to the evolutions of the
Au QDs. These QDs are modeled as hemispherical balls sliding on the substrate.
For simplicity, we ignore the effect of the Au QDs on the growth of MoS, grains.
Then these QDs move on the substrate at a speed of v= 50 tan~!(t)/m, where ¢ is
the dimensionless time of evolution. When two QDs meet, they merge and form a
larger QD. The volume of the new QD is the sum of the volumes of the previous
two QDs and its center is at the midpoint between the centers of the previous two
QDs. We then solve the evolution equation in Matlab by discretization with a time
step of 0.01. Initially Au QDs are randomly placed on the substrate and there is in
the vicinity of these QDs, a circular nucleus of MoS, with a radius of ry and a
randomly assigned grain orientation.

To make the simulation consistent with the experiment, we extract some
parameters from the experimental data. The experiment shows that the QDs are
typically 4-5 nm. It also shows that when observed on top of the MoS, sheet, the
Au QDs are larger and less dense by around 2.5 times. This suggests by pushing Au

QDs on top of MoS, sheet, the final number of QDs will be 2/5 of the initial QDs.
A subtle issue involved in the simulation is the ratio between 7, (initial number of
Au QDs) and n,, (the number of nuclei). To address this issue, we take a simulation
case study to find a reasonable ratio. By fixing n, = 5, we obtain that when n,, =
9.2, the final number of QDs is 2/5 of the initial QD number, consistent with the
experiments. We therefore choose 7,4, = 10 in further simulations.

Device fabrication procedure. First, large scale and high-quality single-layer
graphene films were grown on Cu foils by CVD, and then transferred onto the
prepatterned chips through a standard PMMA-assisted transfer method. Second,
electron beam lithography (EBL) and O, plasma were employed to pattern the
graphene film into isolated strips with desired size, shape, and location. Third, as-
grown MoS, films were transferred on the patterned graphene strips, also using a
PMMA -assisted transfer method. For the nanograin films, an additional step
carefully positioning an EBL-defined PMMA template was needed. Fourth, an
annealing process at 200 °C under high vacuum condition (1 x 10~ Torr) was
conducted to remove trapped residual molecules between the graphene and MoS,
films to optimize their interfaces. Fifth, EBL followed by thermal evaporation was
employed to fabricate the electrodes (Cr/Au, 2 nm/60 nm) on graphene to connect
the device with the Au contact pads. Finally, the entire device as fabricated on the
chip was passivated by a 500 nm PMMA film, followed by EBL to remove the
PMMA above the region of interest in the MoS, film, and expose this section and
this section only of the active catalyst to the electrolyte in HER test. Any elec-
trochemical activity only occurs within the exposed window on the nanosheet,
while the rest of regions, including the electrodes and the contact pads, are fully
passivated by the PMMA to ensure a full electrochemical inertness.

A mirror GB in CVD-grown MoS, is chosen as representative of single GBs,
due to the ease with which it can be distinguished in optical images. It also consists
mainly of 8|4/4 or defect 8|4|4 rings>!! and has therefore a similar atomic structure
to many of the complex boundaries observed in the nanograin films. The
length-width ratio of the exposed window for the single-GB device or for the edge
device (exposing the edge of an otherwise single-crystalline patch of CVD-grown
MoS,) is fixed at a ratio of about 2:1, and the length of the window is comparable to
the length of the edge or GB in experiments.

Four-electrode micro-electrochemical measurements. A micro-electrochemical
cell with four electrodes (the circuit diagram for this cell is introduced in Sup-
plementary Fig. 20) was developed in our experiment. Among the four electrodes,
two serve as counter and reference electrode, using pencil graphite and a Ag/AgCl
micro reference electrode (Harvard Apparatus), respectively. The remaining two
electrodes were connected to the graphene supporting layer to monitor the con-
ductance signal of graphene and the electrocatalytic signal of MoS, during HER.
The device fabrication procedure is shown in Supplementary Figs. 21 and 22, and
Supplementary Notes 2 and 3. In all experiments, only the exposed region of the
MoS, nanosheets contributes to the recorded HER performance.

The typical four-electrode micro-electrochemical measurements were
conducted in a 0.5 M H,SOy, electrolyte solution. The scan rate is 5mV step~ L.
Both electrocatalytic current (I.) and conductance current (I4;) are simultaneously
detected. The leakage current in I, is about 10710 A (the electrochemical signal
without any exposed window, i.e., from a region with PMMA passivation). The
electrochemical current density is calculated by normalizing the current to the area
of the exposed window on the MoS,. In 0.5 M H,SO, solution, we measured:

Epue = EAg/Agcl +0.219V (5)

Standard macro-electrochemical measurements. The macro-electrochemical

measurements were conducted on a glassy carbon electrode (3 mm in diameter).
Using a similar PMMA-assisted transfer method as described above, we transferred
CVD-grown graphene and MoS, nanograin films layer-by-layer on a glassy carbon
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electrode, and the sample area exceeding to glassy carbon electrode was scraped off
before measuments. A standard three electrode system was used, and a Pt plate and
Ag/AgCl rod served as counter and reference electrode, respectively. The mea-
surement was performed on a biological electrochemical station in H,-saturated
0.5M H,SOy, solution. Linear sweep voltammetry (LSV) was conducted at a scan
rate of 5mV s~ L. The onset potential is defined as the beginning potential of Tafel
linear region. The stability test was carried out by taking continuous potential
cycling in the potential window of —0.181 to ~0.219 V (versus RHE) at a scan rate
of 100 mV s~ 1. The presented LSV curves in macro-electrochemical cell were iR-
corrected by subtracting the ohmic resistance loss (about 9 Q), the value of which is
obtained from electrochemical impedance spectroscopy measurement (Supple-
mentary Fig. 32). To evaluate the electrochemically active surface area of the cat-
alysts, the Cu underpotential deposition method®”-70 was applied, as shown in
Supplementary Fig. 30 and Supplementary Table 3.

To test the faradaic efficiency, the H, products were analyzed with an online gas
chromatography (GC) setup (Agilent 7890B) equipped with a thermal conductivity
detector. Argon (299.999%) was used as the carrier gas. The Faradaic efficiency
(FE) was calculated by comparing the measured amount of H, generated by
cathodal electrolysis with the calculated amount of H, (assuming an FE of 100%),
and the equation is given by:

96485 x 2x mol H, (GC) x 100
) (6)

where the moles of H, is measured by GC (the calibration is needed in advance
through injecting high-purity H, to GC, and the H, volume is linearly dependent
on GC peak area), Q is obtained from the electrochemical measurements.

FE(%) =

Material characterization. The microstructures and morphologies based on MoS,
were characterized by optical microscopy, SEM (FEI 4200), and Raman spectro-
scopy (Renishaw inVia). Raman spectroscopy was performed with a 514.5 nm laser
(with spot size about 1 pm in diameter) at room temperature. The micro-
electrochemical measurements were performed using two source meters (Keithley
2400 and 2450). STEM measurements were performed at the SuperSTEM
Laboratory, Daresbury, UK, on a Nion UltraSTEM100 aberration-corrected dedi-
cated STEM. The Nion UltraSTEM has a cold field emission gun with a native
energy spread of 0.35 eV and was operated at 60 kV acceleration voltage. The beam
was set up to a convergence semiangle of 30 mrad with an estimated beam current
of ~100 pA. Under these operating conditions, the estimated probe size is ~1.1 A,
providing the perfect tool for atom-by-atom chemical analysis. HAADF imaging
was employed to produce atomically resolved images whose intensity is approxi-
mately proportional to the square of the average atomic number Z of the material
under investigation. This chemically sensitive “Z-contrast” mode is ideally suited to
directly identify the nature of individual atoms. All the HAADF images presented
here were filtered for visual clarity using a wiener filter with coefficient sigma
ranging from 2-5 and 50 iterations in MEM (Maximum Entropy Methods) with
fourth order Gaussian filter, as implemented in the STEM-CELL software”!72.
Geometrical Phase Analysis (GPA) was carried out using a cosine mask of suitable
size and 1 binning base. HRTEM and low-resolution annular dark field (ADF)-
STEM images were obtained on a FEI Tecnai F20 field emission gun microscope
with a 0.19 nm point-to-point resolution at 200 kV, equipped with an embedded
Quantum Gatan Image Filter for EELS analyses. Some STEM characterizations
were carried out on a JEOL ARM-200F (S)TEM equipped with CEOS CESCOR
aberration corrector, operated at an accelerating voltage of 80 kV. The convergence
semiangle and acquisition semiangle were 28-33 and 68-280 mrad for the ADF
imaging. The dwell time per pixel was set to 12-20.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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