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ABSTRACT: The edge sites of MoS2 are catalytically active for the hydrogen evolution

reaction (HER) and growing monolayer structures that are edge rich is desirable. Here, we show

the production of large-area highly branched MoS2 dendrites on amorphous SiO2/Si substrates

using an atmospheric pressure chemical vapour deposition (APCVD) and explore their use in

electrocatalysis. By tailoring the substrate construction, the monolayer MoS2 evolves from

triangular to dendritic morphology due to the change of growth conditions. The rough edges

endow dendritic MoS2 with a fractal dimension down to 1.54. Highly crystalline basal plane and

edge of the dendrites are visualized at atomic resolution using ADF-STEM. The monolayer

dendrites exhibit strong photoluminescence (PL), indicative of the direct band gap emission,

which is preserved after being transferred. Post-transfer sulfur annealing restores the structural

defects and decreases the n-type doping in MoS2 monolayers. The annealed MoS2 dendrites
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show good and highly durable HER performance on glassy carbon with a large exchange current

density of 32 µA cm‒2
geo, demonstrating its viability as an efficient HER catalyst.
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INTRODUCTION

MoS2 is a layered material with promising catalytic behavior toward hydrogen evolution reaction

(HER).1–6 The electrocatalytic activity typically occurs at edge sites of MoS2 and at defects of

sulfur atoms (i.e., unsaturated states and vacancies).2–5,7–10 Metallic 1T-phase MoS2 normally

displays superior HER performance compared with semiconducting 2H-phase because of the

additional reactive sites across the basal planes that are electrochemically inert for 2H-

MoS2,4,11,12 and further improvement can thus be achieved through a phase transition from 2H to

1T.13,14 The catalytic activity of 2H-MoS2 increases linearly with the number of edge sites,7

whereas it decreases linearly with the layer number due to the reducing electron hopping

efficiency.15 Alternative ways to increase the HER catalysis of MoS2 include chemical doping

and defect/strain engineering, which modulate the lattice structure and electronic states,2,3,16–23

and hybridizing with other materials.24–32

There are a variety of methods to produce MoS2 for electrocatalysis, such as

electrochemical intercalation,33 chemical exfoliation,11,12 solvothermal reaction,34 and chemical

vapour deposition (CVD).6,35–37 Improving the catalytically active CVD grown thin films of

MoS2 usually centers around enriching the edge numbers, for example, by growing vertically

aligned films or porous structures with exposed edges.4,6,13,38–40 Monolayer MoS2 that is effective

for HER can also be obtained by CVD,41,42 provided that the films are not fully continuous and

are instead composed of numerous isolated flakes that have abundant edges. Controlling the

CVD growth parameters to achieve dendritic shaped MoS2 domains increases the number of

catalytic sites relative to areal coverage.41,43

Although it has been reported that the morphology of monolayer MoS2 is variable by

modifying the heated temperature and carrier gas flow rate in CVD,41,44,45 the change in domain
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shape is constricted within a narrow range and the lateral size is small. Few-layer dendritic MoS2

has been synthesized in a previous study by changing the carrier gas flow rate in the CVD

process,43 while the photoluminescence (PL) of these dendrites is significantly weaker compared

to their monolayer counterparts because of the indirect band gap.46 Low pressure CVD (LPCVD)

has been adopted to grow dendritic MoS2 monolayers on a single crystal substrate of SrTiO3

(STO (100)), but the domain size is limited to ~10 µm, and high coverage has not been achieved

simultaneously with the increase in branching degree,41 which restricts the density of active edge

sites. Therefore, further work on producing highly fractal MoS2 is of interest to for enhanced

HER efficiency, especially for CVD-grown MoS2.

In this study we utilize a three-stage APCVD technique to synthesize highly uniform

monolayer MoS2 dendrites on amorphous SiO2/Si substrates with large domain size. The ambient

condition ensures a facile and green synthesis with lower reaction temperature and simplified

experimental equipment. Each aspect of the CVD process can be controlled individually and

allows the growth of large monolayer domains. The flake evolves from triangular to highly

dendritic shape by customizing our home-built substrate. The electrochemical catalytic behaviors

of these large-area MoS2 with different crystal morphologies are characterized on glassy carbon.

We explore the effects of transfer and sulfur annealing on the PL and HER performance of

monolayer MoS2, which also grant us the ability to investigate the sole contribution of edges to

the HER activities.

RESULTS AND DISCUSSION

Figure 1a depicts the atmospheric pressure chemical vapor deposition used in the present work

for growing monolayer MoS2. Large-area MoS2 nanosheets are produced by a three-stage growth

(Figure 1b). Sufficient precursor feedstocks are provided by a high gas flow rate during the
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initial stage to form nuclei. After that the main growth starts under a lower gas flow rate, and

proceeds by consuming the excess precursors at local sites. Then the gas flow rate is further

decreased so that the atoms residing on the domain surfaces can migrate freely to the adjacent

edges. The temperature is simultaneously decreased in order to reduce both the feedstock of

MoO3 and the sublimation of as-produced MoS2.

The relative concentrations of the gaseous precursors vary greatly on different substrate

surfaces. The atom ratio of Mo:S can determine the shape of the resulting MoS2 domains.37

Herein monolayer MoS2 flakes with various morphologies are controllably synthesized in a

single growth by adjusting the position of the substrate chips. The low Mo:S ratio on the bottom

substrate typically gives rise to MoS2 dendrites with a high branching degree (Figure 1d and f),

whereas normal triangular MoS2 crystals are grown at the same time on the other three substrates

(Figure 1c and e). Figure 1f presents an abundance of edge sites accommodated by the dendritic

pattern. As the growth system is rich in sulfur, the nucleation density of MoS2 relies on the

concentration of MoO3, which is very low in close proximity to the tube wall. Lateral growth is

favored at the nuclei with lower densities, giving a larger domain size of the dendritic MoS2 on

the bottom substrate. The optimized CVD procedure and substrate construction allow the

production of large-area, highly dendritic MoS2 monolayers with the arm length up to ~390 µm.
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Figure 1. (a) CVD setup for the synthesis of MoS2 domains. (b) Profiles of the temperature and carrier

gas flow rate programmed for the formation of large-area MoS2 monolayer flakes with varied

morphologies. (c, d) Optical microscope images and (e, f) SEM images for the as-grown triangular and

dendritic MoS2, respectively. Scale bar: 200 µm. The inset of panel f shows the fine detail of a dendrite

tip; scale bar: 10 µm.
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The shape of the MoS2 domain is also tunable by altering the distance of the SiO2/Si chip to the

gas flow. The branching degree is dependent on the local ratio of Mo:S, which is in turn

determined by the location of the substrate surfaces.37 The construction of the self-supported

substrate box is flexibly tailorable. The inside and outside chips can be shifted along the

directions indicated with the grey arrows in Figure 1a, and the top chip can be moved up or down

while changing the width of the side chips (perpendicular to the gas line). Figure 2a illustrates

the spatial concentration of the sulfur vapor, which is affected by both the distance to the source

(radial degradation) and the distance along the quartz tube (linear degradation) because of the

temperature gradient in the furnaces. Taking the bottom chip as an example, Figure 2a also

indicates how this substrate is controllably located to attain the evolving domain morphologies in

Figure 2b−i. It is notable that the growth on the bottom substrate is independent of the presence 

of the other three. Since the temperature of the SiO2 surfaces is kept identical, the Mo:S ratio is

dependent on and sensitive to the height of the substrate (green arrow). When reducing the chip

width (blue arrows), the substrate is closer to the inside wall of the quartz tube at a lower height,

where the concentration ratio of Mo:S is smaller. It is found that larger relative concentration of

the sulfur results in a higher branching degree of the MoS2 products. The shape evolution is

noticeable with a decrease of every 2.0 ± 0.5 mm in width, from 2 cm for strictly triangular

MoS2 (Figure 2b) to 0.6 cm for highly dendritic MoS2 (Figure 2i). Further narrowing the

substrate would cause insufficient feeding of the precursors, and scale down the macroscopic

area of the sample. The branched monolayer MoS2 in Figure 2e–i contain a large density of grain

boundaries, and hence are likely to show distinct optical and electrical properties.47

The complexity and roughness of the fractal pattern is of interest because it is correlated

to the HER activities of MoS2. It can be evaluated by the fractal dimension of the crystal pattern.
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Box-counting method is usually applied for the calculation, based on the number of boxes

touching the domain edges as a function of scaling factor.48 The fractal dimension for monolayer

MoS2, indicated by the slope of the linear regression, increases from 1.15 (triangular outline,

Supporting Information Figure S1a) to 1.54 (highly dendritic outline, Supporting Information

Figure S1h). This demonstrates that through the adjustment of substrate construction, the edge of

MoS2 is increasingly rough with the shape change, therefore holding potential for enhanced HER

performance.

Figure 2. Shape evolution of the as-synthesized MoS2 on bottom SiO2/Si substrate. (a) Schematic

diagram of the substrate positioning relative to the precursor vapors. (b−i) SEM images of the resulting

monolayer MoS2. The domain evolves from the normal triangular shape in panel b to the highly dendritic

shape in panel i. Scale bar: 100 µm.

The higher flux of sulfur vapor around the bottom substrate triggers a growth transition from

thermodynamic mode to kinetic mode. The precursor molecules attach to the existing crystal

with the anomalous diffusion of precursors, and the growth is preferred along the lowest-energy

diffusion paths on the substrate, instead of the crystal edges,49 so that the islands develop into



9

large fractal-like structures (Figure 2i). Unlike crystalline substrates such as SrTiO3,50 where the

preferential diffusion paths are specified and restricted by the well-organized surface structures,

highly anisotropic surface energies are offered by the amorphous SiO2/Si substrate. This could

promote the branching along directions concurrent with the expansion of domain area, leading to

dendritic large MoS2 islands. A moderate precursor flux results in thermodynamic growth, and at

equilibrium triangular MoS2 flakes are produced (Figure 3a). In another case, the growth mode

could switch intermittently near the transition threshold, and accordingly, the MoS2 grows

laterally via the attachment of precursor molecules along domain edges (under thermodynamic

control) while shooting out arms along the crystal facets (under dynamic control). By virtue of

this combined regime, branched structures are generated with more compact body, wider arms,

and less hierarchical morphology relative to the sharp dendrites (Figure 3c). The determination

of growth mode is highly sensitive to the concentrations of precursor vapors at specific locations,

which explains the feasibility of achieving various branching degrees. The configurations of the

as-grown MoS2 are carefully inspected in Figure 3, where each hierarchal level is indicated by

one arrow color. For either side of the arms, the offshoots and side sprouts show parallel

alignments, respectively. However, the offshoots in any hierarchical level grow forward away

from the central core/axis, while the side sprouts grow backward pointing to the main body.

Interestingly, the angles measured by the arm axes are all ~60° between the primary backbones

and the secondary arms (I & II), the secondary and the tertiary arms (II & III), the tertiary and

the quaternary arms (III & IV), as well as the side sprouts and their affiliated arms (SS and A),

regardless of their positions (e.g., Figure 3b). The results are summarized in Figure 3f, with the

error bars <8.2%. We also observed three-fold symmetric backbones for the triangular domains

and six-fold symmetric backbones for the dendrites, both centered at the nucleation core.
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Therefore the growth mechanism in our scenario cannot be interpreted purely by the classical

diffusion-limited aggregation (DLA) model giving random dendritic configurations.51 Since

certain lattice directions are energetically favorable (e.g., zigzag or armchair direction) at the

growth front, backbones would prefer to develop from the nucleation core with symmetries, and

similarly, side branches tend to form a 60° angle to the arm at deflection sites when the growth is

driven by kinetics. This could apply to other TMD materials with the same low-energy pathways.

Figure 3. Analysis of the CVD-grown monolayer MoS2 with (a) strict triangular, (b) star triangular, (c)

branched, and (d) highly dendritic morphologies. The hierarchical structures are marked by arrows, i.e.,

red for the primary (I) backbone, cyan, green, and pink for the secondary (II), tertiary (III), and quaternary

(IV) arms. The side sprouts (SS) are marked by yellow lines. (f) Histogram of the axial angle between

different hierarchical arms (I and II, II and III, III and IV), and between the arms and their side sprouts

(SS and A). The first three columns are bi-colored according to the hierarchy levels of the arms,

consistent with panel a‒e, while considering the high similarities, the results for the side sprouts affiliated 

with arms II to IV are generalized in the yellow column. Scale bar: (a‒d) 100 µm for panel; (e) 20 µm.
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The low magnification ADF-STEM images in Figures 4a and b show a small dendritic shaped

domain of MoS2. The atomic resolution ADF-STEM images in Figure 4c and d are from typical

dendritic MoS2 samples and show the high crystallinity of the material. The hole in the inset of

Figure 4d was induced in situ by focused electron beam irradiation (>5 min),52 which reveals that

the MoS2 is monolayer. The dendrite edges in Figure 4e‒h indicate that the domain has zigzag 

edge terminations in both S and Mo directions, which is expected due to the presence of six arm

branches from the core of the dendrite. For both the basal plane and the edge of the dendritic

MoS2 monolayer, the hexagonal atomic arrangements are the same as that of the triangular and

truncated triangular shaped MoS2,10,53 demonstrating identical crystal lattice at the nanoscale

despite the change in crystal morphologies.

Figure 4. (a, b) ADF-STEM images of the MoS2 dendrites under lower magnification. (c) Atomic

resolution ADF-STEM image of a dendritic MoS2 monolayer with the corresponding FFT pattern as an

inset and (d) a higher magnified image with the result after prolonged irradiation as an inset. The dendrite

edges under (e, g) lower magnification and (f, h) higher magnification of the red and yellow boxed
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regions in panel e and g, respectively, showing that the edge termination is either a Mo (e, f) or an S (g, h)

zigzag direction.

Raman and PL spectroscopy were performed to explore the physical properties of the MoS2

grown on SiO2/Si substrates. Figure 5a shows the two characteristic Raman modes of MoS2, ଶ୥ܧ
ଵ

(~384.0 cm‒1) and ଵ୥ܣ (~403.6 cm‒1). The ଶ୥ܧ
ଵ  mode corresponds to the in-plane Mo−S phonon 

and is preferentially excited for terrace terminations, whereas the ଵ୥ܣ mode corresponds to the

out-of-plane Mo−S phonon and is preferentially excited for edge terminations. The relative 

intensities between ଵ୥ܣ and ଶ୥ܧ
ଵ can therefore provide information on the texture of MoS2.6,39 For

both triangular and dendritic domains, the integrated intensity ratios of ଶ୥ܧ/ଵ୥ܣ
ଵ ~1 conform well

to the reported value of monolayer MoS2,54 indicating that terrace sites are predominant in the

nanosheets.39 However, the dendritic MoS2 shows a slightly higher ଶ୥ܧ/ଵ୥ܣ
ଵ ratio, which is

suggestive of a rougher surface. Strong PL is observed in these monolayers (Figure 5b),55 and the

PL intensities are comparable of both morphologies. It is noteworthy that the PL intensity and

peak position have minor deviations (intensity ± 5.4%; peak position ± 3.6%), mainly due to the

temperature profile in the CVD furnaces for centimeter-scale synthesis,56 which are yet

negligible (intensity ± 0.8%; peak position ± 0.5%) within single domains. We further extract the

quantitative information about the as-grown MoS2 dendrites in Figure 5c by fitting the data to

Gaussian functions with three peaks originating from B exciton, A exciton, and A‒ trion. The

neutral excitons of A and B arise from two different transitions within the direct band gap of

monolayer MoS2, whereas the A‒ trion is a bound state of two electrons and one hole (namely, A

exciton + a free electron) via Coulomb interactions due to the n-type doping from charged SiO2

surfaces.57 The Raman and PL maps in Figure 5e−g and j−l show the integrated intensity and
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peak position over the energy range corresponding to the peaks in the Raman (Figure 5a) and PL

spectra (Figure 5b), and verify that our CVD-grown MoS2 is highly uniform. The frequency

difference between ଵ୥ܣ and ଶ୥ܧ
ଵ modes can be used to precisely determine the layer number of

MoS2, and the values lying within the range of 18.5−19.0 cm‒1 confirm the monolayer nature

across the domains (Figure 5h and m).54 The thicknesses are also confirmed by AFM

measurements (Supporting Information Figure S2).

Figure 5. Raman and PL studies of the as-grown MoS2 on SiO2/Si substrates. (a) Raman and (b)

normalized PL spectra of the triangular MoS2 and dendritic MoS2. (c) Deconvoluted PL spectrum of the

dendritic MoS2 with Gaussian fitting (PL components: B exciton, A exciton, and A‒ trion). (d, i) Optical

microscope images of triangular MoS2 and dendritic MoS2 for measurements. Total (e, j) PL and (f, k)

Raman integrated intensities, (g, l) PL peak positions, and (h, m) frequency differences between ଵ୥ܣ and

ଶ୥ܧ
ଵ  Raman peaks of (e−h) triangular and (j−m) dendritic MoS2. Scale bar: 30 µm.
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Nanostructured MoS2 is an active electrocatalyst for HER. The catalytic response was found to

correlate linearly with the number of edge sites.7 Therefore dendritic MoS2 is promising to

exhibit improved HER performance in comparison with other monolayer morphologies. We

transferred the CVD-grown MoS2 onto conductive glassy carbon as the working electrode in the

HER. Figure 6a and b show the as-transferred triangular and dendritic MoS2 flakes on glassy

carbon. The electrocatalytic activities of MoS2 depend on several factors, including the

phase,4,11,12 layer number,15 structural disorders,2–5,9,10 and strain,2,3,16 apart from the density of

edge sites.4–8 2H phase MoS2 is produced by CVD method, and the inbuilt strain is released

through a wet transfer process. The release of strain is evidenced by comparing the PL spectra of

the dendritic MoS2 grown on SiO2/Si substrate (red curves in Figure 5b and c), with that

transferred to glassy carbon (purple curves in Figure 6c and e). The PL peak position is blue-

shifted by 17.1 meV (6.3 nm) after the transfer, which corresponds to ~0.27% strain for MoS2

monolayers.58 Monolayer MoS2 exhibits the optimal catalytic performance due to the high

electron hopping efficiency, which decreases significantly with more layers added.15 However,

sulfur vacancies are inevitably generated during the transfer. Therefore the individual

contribution of edge sites to the catalytic efficiency can be analyzed only if the influences of

defects are minimized. To this end, we conduct thermal annealing for the transferred MoS2 in

sulfur vapor environment. The PL of the MoS2 dendrites is probed before and after annealing. It

is found that the PL intensity is increased (Figure 6c) and the peak width is narrowed together

with a red shift (Figure 6d) after the annealing treatment. Figure 6e and f present the detailed

Gaussian fits before and after annealing, respectively. The enhanced PL peak intensity suggests

that the crystallinity of MoS2 is improved.10 Besides, the annealing results in less localized states

(LS), which are associated with defects such as sulfur vacancies.59 The change in peak intensity
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ratio of A/A‒ reflects the varied relative population density of excitons and trions.57 The

increased A/A‒ ratio after the annealing indicates a reduced concentration of electrons in the

material. These observations show that sulfur atoms have been incorporated into the crystal

lattice of MoS2 during the annealing process. It fills the sulfur vacancies, and causes p-type

doping in the MoS2 nanosheets. However, it should be mentioned that defects cannot be entirely

restored so that the LS peak of annealed sample is still not negligible in the Gaussian fitting.

Figure 6. SEM images of the as-transferred (a) triangular MoS2 and (b) dendritic MoS2 on glassy carbon

plates. (c) PL spectra and (d) normalized PL spectra before (purple curves) and after (green curves)

annealing. (e, f) Deconvoluted PL spectra using Gaussian fitting into four PL components, i.e., B exciton,

A exciton, A‒ trion and localized states (LS). Scale bar: 30 µm.

Pre-cycling could be necessary for transferred monolayer MoS2 to reach stabilities according to

previous work,5 and this has been done prior to our electrochemistry measurements (Supporting

Information Figure S3). The MoS2 was not grown directly on glassy carbon substrates as the

smoother surface of SiO2 is beneficial to high uniformity and large-scale synthesis, especially for
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2D monolayers.57,60 The LSV results in Figure 7a indicates that the dendritic MoS2 displays an

enhancement of the HER activities with increased current density (j or jgeo), and the

performances are even improved after one thousand times cycling. A sensible interpretation

could be that the existing sulfur vacancies tend to aggregate and proliferate in the strained

structure during the cycling process,61 by which the active site density is increased inside the

basal plane of the 2H-MoS2. However, the HER performance then degrades rapidly upon further

cycling. In contrast, the MoS2 exhibits high durability after the transfer and sulfur annealing,

though lower HER activities are observed initially (Figure 7d). This is owning to the successful

elimination of the strained sulfur vacancies, which are unstable reactive sites in the MoS2

monolayers. A long-term cycling test up to 30 thousand times was applied to the branched MoS2,

and proves the excellent stability of the post-annealed MoS2 monolayers. The MoS2 dendrites

also show a lower Tafel slope (Figure 7b and e), suggesting that lower overpotential would be

required for a certain increase in current density. As largely influenced by the strain in sulfur

vacancies,3 the Tafel slope increases after the transfer and annealing treatments, indicating

reduced HER efficiencies, while it was little relevant to the domain coverage if annealed in H2S

atmosphere.7 Additionally, the difference in Tafel slopes is smaller between the dendritic and

triangular MoS2 after sulfur annealing, which could result from the exclusion of strained sulfur

vacancies associated with domain edges. Exchange current density (j0) is used to describe the

efficiency of electron transfer in catalysts at zero overpotential (η). It can be calculated by fitting

the linear portion of the Tafel plot (log j vs. η) at large values of η.7,62 A large exchange current

density of 37 µA cm‒2
geo is reached by the as-transferred (i.e., non-annealed) dendritic MoS2

incorporating plentiful strained sulfur vacancies, while the annealing-derived highly crystalline

MoS2 with much less structural defects shows an exchange current density of 32 µA cm‒2
geo for
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the dendrites, and 14.5 µA cm‒2
geo and 0.8 µA cm‒2

geo for the branched and triangular structures,

respectively. Full details about the calculation of exchange current densities are presented in

Supporting Information S4. These values match well with the literature regarding HER (0.13‒

38.9 µA cm‒2
geo), and the behavior of our highly crystalline dendrites is among the best reported

for monolayer MoS2 catalysts that were not engineered to be integrally defective or

heterostructured with other materials, irrespective of morphologies, substrates, and preparation

methods.2,6,7,34,38,39,41,63−67 The larger exchange current densities were attributed to the massive

amount of active catalyst materials in the bulk MoS2 compared to the monolayers we have

grown and/or the substantial defects that were deliberately incorporated.2,21,64 The exchange

current density of MoS2 has also been increased beyond 38.9 µA cm‒2
geo via hybridizations.25,31

Considering that the areal coverage of the MoS2 dendrites is 12% higher due to the large domain

size, as determined by the SEM images in Figure 1e and f, the exchange current density of the

dendritic MoS2 is ~37 times larger than that of the triangular counterpart. Electrochemical

impedance spectroscopy (EIS) is also employed to analyze the catalytic property of the MoS2,

shown in Figure 7c and f. The semi-arc curve at low frequency region is an indicator of the

kinetic control in the electrode process, and any mass transfer control is excluded, consistent

with other studies,4,5,41 which would otherwise give an additional straight line with 45° angle at

low frequency region. It is revealed by the smaller radius of the semi-arc that dendritic

morphology with significantly increased edge density permits a decreased charge transfer

resistance (Rct) across the MoS2‒electrolyte interface. This can facilitate the rate-determining 

step in the HER, i.e., proton discharge (Volmer reaction: H3O+ + e‒ → Hads + H2O) in our case,

and thereby improve the catalytic activity of MoS2.68 As the x-axis intercept at high frequency

region represents the ohmic impedance of the reaction system,69 the dendrites show a lower
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electrical resistance (Rs), in agreement with the larger areal coverage (a) of 12% based on Ohm's

Law (R = ρ l a‒1, where ρ is identical for polycrystalline MoS2 and is l the fixed monolayer

thickness). Moreover, the sulfur annealing for either domain shape leads to a slightly higher Rs,

stemming from the reduction in sulfur vacancies that act as n-dopants in MoS2. Figure 7g‒i link 

the edge density (ED) with the HER behavior. The change from triangular to highly dendritic

domain shape corresponds to an increase in ED, whereby the HER performance of monolayer

MoS2 is enhanced. The exchange current density and onset potential correlate almost in a linear

fashion with ED (Figure 7g and i, respectively). The trend of j0 vs. ED is similar to that in earlier

studies.7,10 However, the decrease in Tafel slope is more obviously smaller at high ED (Figure

7h), as it relies on the Volmer reaction whose rate consistently limits these HER processes.
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Figure 7. HER activities of the triangular and highly dendritic MoS2 on glassy carbon plates (a‒c) before 

annealing and (d‒f) after annealing. (a, d) Cathodic polarization curves with cycling procedures applied. 

(b, e) Tafel plots with the slopes obtained via linear fits. (c, f) Nyquist plots at 10 mV, indicating the

impedance of the electrochemical system, with the insets zoomed in at the high frequency region and an

equivalent circuit in panel c. Correlations of edge length density (ED = edge length/areal coverage) with

the (g) exchange current density, (h) Tafel slope, and (i) onset potential. The HER activities are

normalized to the geometric area of the working electrode (glassy carbon plates), denoted by the subscript
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of ‘geo’, and the edge length densities are calculated with respect to the domain area to exclude the

influences of coverage variations.

CONCLUSION

In summary, our results show the large-area synthesis of uniform MoS2 monolayer dendrites on

amorphous SiO2/Si substrates by a three-stage APCVD growth. The domain shape is controllable

via precise design of the substrates. The highly dendritic MoS2 possesses a low fractal dimension

of 1.54 associated with its rough edges. The MoS2 dendrites derive from a DLA-like process,

while its backbones have six-fold symmetry and the side branches are well aligned ~60° to the

arms because of the preferential growth along certain low-energy directions. Direct gap PL

emission is observed in the monolayer MoS2 both before and after the transfer onto glassy

carbon. Annealing the MoS2 in sulfur atmosphere contributes to high crystallinity by reducing

the defect level as well as n-type doping. The large density of catalytically reactive sites enables

the dendritic MoS2 to deliver outstanding HER performance and long-term electrochemical

stability after defect restoration.

EXPERIMENTAL SECTION

APCVD Synthesis of Monolayer MoS2. The monolayer MoS2 domains were grown by

hydrogen-free APCVD with the precursors of molybdenum trioxide (MoO3, powder, ≥99.5%, 

Sigma-Aldrich) and sulfur (S, powder, ≥99.5%, Sigma-Aldrich). P-doped silicon (Si) coated with 

a 300 nm thick oxide layer (SiO2) was used as the substrate. After being sonicated for 10‒15 min 

in acetone and isopropanol solution successively, 4 pieces of the SiO2/Si substrates (2 cm × 1

cm) were cemented together to build a cuboid box with all the SiO2 surfaces facing out. We

employed double-walled quartz tubes for the CVD synthesis to avoid cross-reaction between the

precursors.37 Two separate furnaces were utilized for individual temperature control. The MoO3

(15 mg) loaded in the inner tube (0.6 inch diameter) was placed in the central zone of Furnace 1,
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and the S (600 mg) in the outer tube (1 inch diameter) was placed 1.7 cm from the left open end

of Furnace 2; the SiO2/Si substrate box was located at the center of Furnace 2, as shown in

Figure 1. The growth system was first flushed with 500 sccm argon (Ar) for 30 min to drive off

the oxygen. Then the furnaces were ramped to ~180 °C and ~200 °C, respectively, so as to create

a sulfur-rich environment. Next, Furnace 2 was heated up to 800 °C, and in the meanwhile, the

temperature of MoO3 was increased to 300 °C. Once the target temperature was reached, the

MoS2 began to nucleate with 150 sccm Ar flow. This stage lasts for 20 min, after which the flow

rate was reduced to 50 sccm for a 25 min growth. The temperature of S was increased slowly

from 180 °C to 200 °C since then to maintain the concentration of S vapor at a nearly constant

level. The growth time could be extended to 39 min in order to obtain bilayer dendrites, with the

second-layer islands located on top of the large-area dendritic monolayer. To attain high

uniformity and large domain size, we for the first time designed a follow-up procedure that

enabled atom migrations, where the MoO3 temperature was reduced to 270 °C and the gas flow

rate was dropped to 5 sccm for a lower precursor feedstock, with a quenched substrate

temperature of 700 °C to decrease the sublimation of MoS2 species formed on the substrates. The

time for obtaining large domain size was optimized to be 15 min. Finally, the synthesis ended up

with fast cooling.

Transfer of the CVD-Synthesized MoS2. The as-grown MoS2 sample was first spin-coated

with a thin film of poly(methyl methacrylate) (PMMA, 8 wt% in anisole, 495k molecular

weight) at 4500 rpm for 60 s, followed by a 90 s curing process at 180 °C. The SiO2 layer was

etched off by floating the sample on a 1 M potassium hydroxide (KOH, Sigma-Aldrich) aqueous

solution in 50 °C water bath, when the planar strain in the MoS2 nanosheets was released. The

isolated film of PMMA/MoS2 was then rinsed in deionized (DI) water three times for 1 h each.
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Sequentially, a piece of glassy carbon (Sigma-Aldrich) pre-cleaned using the aforementioned

procedure for SiO2/Si substrates, or a TEM grid (a supported 200 nm thick Si3N4 film perforated

by an array of 2 μm diameter viewing holes, Agar Scientific Y5358), was submerged into the DI 

water to fish the film. The as-transferred sample was left overnight in a ventilation environment.

When the water was totally dried, we baked the sample at 150 °C for 25 min to enhance the

interface adhesion. The complete removal of PMMA was achieved by 2 steps. Firstly, the sample

was soaked in a 55 °C acetone bath for 48 h, where most of the PMMA was dissolved.

Subsequently, we annealed the sample in the presence of S vapor both to remove the remaining

PMMA residue and to fill the S vacancies. In this process the S powder (150 mg) and the sample

were sealed in a quartz tube and were positioned at the centers of two furnaces, similar to the

CVD growth. After the system had been flushed by 500 sccm Ar flow for 30 min, the furnaces

were ramped up to 200 °C and 270 °C, respectively. The S vapor was then transported with 300

sccm Ar flow downstream to the sample for 60 min. This was followed by a slow cooling

process to avoid the formation of strain.

Characterization. The MoS2 samples were imaged at room temperate utilizing optical

microscope, scanning electron microscope (SEM, Hitachi-4300, 3.0 kV accelerating voltage),

and annular dark field scanning transmission electron microscope (ADF-STEM, JEOL ARM-

200F STEM with a CEOS aberration corrector, 80 kV accelerating voltage). Dwell times of 32

μS and a pixel size of 0.0073−0.015 nm px−1 were applied for the ADF-STEM imaging, along

with a 30 μm CL aperture, 24.6 mrad convergence semiangle, 12 pA beam current, and 39−156 

mrad inner acquisition angle. The ADF-STEM images were subjected to a Gaussian smooth.

Raman and PL spectroscopy were carried out with a JY Horiba LabRAM ARAMIS imaging

confocal Raman microscope. A 12.5 mW, 532 nm (2.33 eV) diode laser was employed for
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excitation, which was focused down to a ~1 µm spot. The acquisition time for spectra and maps

was 1 s and 0.1 s, respectively. Atomic force microscope (AFM) was used to measure the layer

thickness by Asylum Research MFP-3D in AC mode with a silicon AC-160TS cantilever

(Olympus, spring constant of ~42 N m‒1 and resonant frequency of ~300 kHz).

Electrochemical Measurements. The catalytic performance of the CVD-grown MoS2 was

tested in a three-electrode system, using the monolayer MoS2 transferred on glassy carbon as the

working electrode, a Pt wire (or alternatively, carbon rod, in Supporting Information S5) as the

counter electrode, and Ag/AgCl/ KCl (3 M) as the reference electrode. A defined working area

of the sample was immerged into a 0.5 M H2SO4 N2-purged solution for HER activities. The

potentials were calibrated to a reversible hydrogen electrode (E (RHE) = E (Ag/AgCl/ KCl (3

M)) + 0.21 − 0.059·pH). Cyclic voltammetry (CV) was applied at a scan rate of 100 mV s‒1 to

clean the sample surface till the current signal kept stable.5 Then linear sweep voltammetry

(LSV) was conducted under quasi-equilibrium conditions at 1 mV s‒1. Electrochemical

impedance spectroscopy (EIS) was measured by sweeping the frequency from 200000 Hz to 1

Hz with a perturbation voltage amplitude of 10 mV.
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