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Abstract 

Chemical vapor deposition (CVD) is used to grow thin films of 2D MoS2 with nanostructure for catalytic 

applications in the hydrogen evolution reaction (HER). Tailoring of the CVD parameters results in an 

optimized MoS2 structure for HER that consists of large MoS2 platelets with smaller layered MoS2 sheets 

growing off it in a perpendicular direction, which increases the total number of edge sites within a given 

geometric area. A surface area to geometric area ratio of up to ~ 340 is achieved, benefiting from the edge-

exposed high porosity network structure. Optimized thickness of the MoS2 film is determined for 

maximum performance, revealing that increasing thickness leads to increased impedance of the MoS2 film 

and reduced current density. Current density of the optimum sample reaches as high as 60 mA/cm2
geo

 

(normalized by geometric area) at an over-potential of 0.64 V vs. RHE (in 0.5 M H2SO4), with 

corresponding Tafel slope of ~ 90 mV/dec and exchange current density of 23 µA/cm2
geo. The lowered 

Tafel slope and large exchange current density demonstrate the high-porosity edge-exposed MoS2 network 

structure is promising as a HER catalyst. 
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Developing clean low-cost energy resources is critical for meeting the demands associated with the 

world’s growing population.1, 2 Hydrogen is expected to play an important role in fuel cells and therefore 

sustainable methods to obtain hydrogen are important. The hydrogen evolution reaction (HER) is one 

approach to produce hydrogen from water splitting and typically uses electrocatalysts such as Platinum 

(Pt) group metals. However, even though Pt based materials are the most effective electrocatalytic 

materials for a water splitting, they are expensive due to their limited supply and high demand.3-5 Therefore 

developing other non noble-metal based HER catalysts is essential for the long term future of the hydrogen 

based energy systems.3, 6 

The HER performance of a catalyst is highly dependent upon its surface structure, with the optimal 

situation arising when the catalyst-hydrogen interaction is neither too strong nor too weak. (MHads-M 

donates an empty metal active site and MHads represents an adsorbed H intermediate.) This results in a 

Gibbs free energy of adsorbed hydrogen close to zero (e.g. ΔGH
0 ≈ 0 using H2 as reference) for the catalytic 

surface. The volcano plot originally proposed by Parsons and Gerischer describes this scenario well, with 

the apex of the plot having the desirable behavior, such as Pt.7, 8 Comparison of the exchange current 

densities of the common metals at their corresponding free energy of absorbed H ΔGH
0 importantly reveals 

the value of MoS2 follows perfectly the same trend as those of Pt group metals, suggesting MoS2-based 

materials as promising alternative to noble metals for HER. 

MoS2 is in the group of transition metal dichalcogenides (TMDs, i.e., MX2, where transition metal M = 

Mo or W and chalcogen X = S, Se, or Te). It has a 2D layered structure with interlayer van der Waals 

(vdW) forces similar to graphite.7, 9-19 A single MoS2 layer has three atoms in thickness, with Mo in the 

middle and S atoms on top and below, where the Mo and S atoms are bonded by strong ionic-covalent 
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bonds.20, 21 The distance between a Mo atom and its nearest S atom is 2.41 Å. The thickness of each S-

Mo-S layer is ~3.15 Å, while the distance between adjacent layers is ~3.49 Å, suggesting the interlayer 

vdW interaction is weaker than intra-layer covalent bonding.22-25 

Improving HER catalyst performance involves many factors such as, increasing the density of active sites 

and the catalytic activity of individual active sites, as well as increasing the electron transfer and diffusion 

between a catalyst and its conductive substrate.11, 26 HER catalytic activity involves chemical interactions 

between adsorbed hydrogen and the dangling bond/unsaturated atom at edge sites of the catalyst along 

with changes in electronic structures adjacent to the edges.5, 27 

Nanostructured layered molybdenum disulfide (MoS2) and its derivatives (molybdenum sulfides MoSx) 

have been explored theoretically and experimentally in water splitting devices based on the catalytic 

properties towards HER.28, 29 MoS2 has many other interesting properties,17, 18, 23, 30-32 which allow it to be 

used in the fields of lubrication,33-40 2D transistor,13, 20, 25 hydrodesulphurization catalysis,2, 41-43 and energy 

storage.44-46 The edge site in MoS2 monolayers has also been studied for catalytic activity in the HER,8, 47 

Vertical alignment of MoS2 in thin films has been shown to increase the density of active sites, leading to 

improved catalytic performance.7, 48, 49 

Edge-rich nanostructured MoS2 catalysts have been synthesized by hydro-sulfurization of Mo coated 

substrates,10 thermal conversion,3, 33, 50 chemically exfoliation,51 chemical vapor deposition (CVD),4, 43, 44 

and surfactant-assisted low-temperature solution processing.52 Dense vertically-aligned MoS2 layers have 

been produced by sulfurizing elemental metal (Mo) seed layers,47, 48, 53 and vapor sulfurization of sponge-

like molybdenum oxide layers. 54  Vertically oriented nanoplatelets are favourable for constructing 

“superaerophobic” surface due to the reduced adhesion of as-formed gas bubbles on the electrode surface 

by an order of magnitude compared to its counterparts. This enables quick removal of small bubbles and 

provides a constant working area, resulting in an improved electrocatalytic performance.55  A porous 

structure can also have importance in electrochemically catalytic water splitting applications. Self-

assembled porous MoS2 thin films show high real surface area and a 3D open framework that enable 

efficient mass transport,54 for example, H+ and H2 in the case of HER, through the high-surface area thin-

film structure.49 Developing high-porosity MoS2 thin films utilizing a novel edge-exposed nano-platelet 

network with superaerophobic surface is expected to lead to high-performance HER electro-catalysts, but 

further work is needed to produce these structures using simple single step chemical synthetic methods. 
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Chemical vapor deposition (CVD) has been one of the most promising methods to grow wafer-scale and 

high-quality MoS2 thin films on various substrates such as silicon oxide, sapphire, and graphite.16, 42 

Here we explore a scalable single-step chemical vapor deposition growth approach to produce edge rich 

MoS2 nanoplatelet thin films with a high porosity network on a wide range of substrates including silicon 

wafers (SiO2/Si-Si with 285 nm of SiO2), glassy carbon, graphite and single wall nanotubes. The supported 

MoS2 thin films can be easily integrated into different device architectures for electronic, optical sensing 

and, in the present case, electrochemical applications.49 The growth of the nano-porous network is studied 

carefully to provide correlations between morphology, microstructure and electrochemical performance. 

Our results demonstrate the critical parameters that improve catalytic performance and can help guide the 

industrial optimization of MoS2 electrocatalysts. 

Results and Discussion 
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Figure 1. Atmospheric pressure CVD synthesis of edge-exposed MoS2 nanoplatelet network on various substrates. 

(a) Schematic illustration of the CVD experimental set-up (d1 = 16 cm, d2 = 2 ~ 3.5 cm, d3 = 1 cm and d4 = 15 cm). 

(b) Temperature profiles of sulfur precursor and substrate programmed for the formation of edge-exposed MoS2 

thin film. (c) Optical image of vertically configured bare SiO2/Si substrate and CVD as-grown edge-exposed MoS2 

thin films on SiO2/Si substrate under growth temperature (temperature of substrate) of 830 °C, 866 °C and 900 °C; 

growth time of 15 mins, 60 mins and 120 mins, respectively. SEM images of graphite, silicon wafer (SiO2/Si), 

single wall nanotube and glassy carbon substrates (d) before and (e) after deposition of edge-exposed MoS2 thin 

films grown under the growth condition of 866 °C/60 mins with 50 s.c.c.m. of Ar gas. 

The CVD synthesis of edge-exposed MoS2 thin films on different substrates (silicon wafer, glassy carbon, 

graphite and single wall nanotube) is illustrated in Fig. 1a. A two-furnace approach is used in order to 

separately control the temperature of MoO3 and S precursors (both are in powder form). 600 mg S powder 

was put upstream into an outer 1-inch quartz tube, right in the center of the low-temperature furnace; 500 

~ 1000 mg MoO3 powder was scattered 2 ~ 3.5 cm off the start point of the high-temperature furnace. The 

double-quartz tube setup was applied to prevent quenching of MoO3 from S. S and MoO3 powders were 

heated to 200 °C and 300 °C ~ 400 °C in order to be evaporated; the vapor was carried downstream by 

argon gas onto the vertically configured substrate placed in the high temperature furnace, which eliminates 

the undesirable precursor mass depletion problem (versus notable concentration gradient of precursor 

vapor across substrate length in the case of substrate configured parallel to Ar gas flow) and neglects the 

diffusion and absorption process of reactants onto the substrate through the boundary layer of gas flow. 

The deposition temperature was set at 830 ~ 900 °C to for tunable morphology and microstructure of the 

as-deposited thin films.  

Fig. 1b depicts the temperature profiles of S precursor and the substrate (as stated above MoO3 powder 

was placed along with substrate on different site spots in the high temperature furnace, MoO3 powder was 

heated and cooled simultaneously with the substrate) applied for the deposition of edge-exposed MoS2 

thin films. S powder was heated for 15 mins prior to introduction of MoO3 vapor to ensure sufficient 

supply of S vapor in the reaction system. The above-mentioned CVD synthesis of desirable edge-exposed 

MoS2 thin films was optimized by adjusting growth parameters such as carrier gas flow rate (10 s.c.c.m ~ 

100 s.c.c.m of Ar gas), growth time (15 mins ~ 120 mins) and temperature (830 ~ 900 °C), mass amount 

(500 ~ 1000 mg) and positioning of MoO3 (2 cm ~ 3.5 cm) as well as substrates (silicon wafer, glassy 

carbon, graphite and single wall nanotube). Optical images of a bare SiO2/Si substrate and CVD grown 
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edge-exposed MoS2 thin films on SiO2/Si at different growth conditions (i.e. growth time and temperature) 

are shown in Fig. 1c, respectively. At higher deposition temperature and longer growth time, the as-

deposited thin films are darker, which means more materials have been deposited onto the substrates. Fig. 

1e presents scanning electron microscopy (SEM) images of as-grown thin films on different substrates 

(various bare substrates under SEM can be seen in Fig. 1d). The comparable platelet size (1 ~ 2 µm) and 

vertical alignment demonstrate the growth condition is transferrable, proving the generality of the growth 

process with respect to different substrates.  

Flow rates from 10 s.c.c.m to 100 s.c.c.m of Ar gas were used for CVD synthesis of MoS2 at 866 °C for 

120 mins. The products were then examined under SEM as discussed in Fig. S1, demonstrating flow rate 

of carrier gas poses a remarkable effect on both material coverage and product morphology. Ar flow rate 

of 50 s.c.c.m is the optimum growth condition, a compromise between mass transport of precursor species 

and surface reaction, yielding dense array of edge-exposed MoS2 nano platelets. 
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Figure 2. Configuration and Edge Enrichment mechanism for formation of vertically-aligned MoS2 network. (a) 

Demonstration of Edge Enrichment mechanism, comprising (1) primary crystal formation and (2) edge enrichment 

process. (b) Spatial evolution of the as-grown MoS2 thin film in the direction perpendicular to substrate surface, 

consisting of three layers in the aspects of different platelet size during growth (as indicated by dashed lines). (c to 

e) Low to high magnification TEM images of the petal site from top-layer crystals, on which vertically-aligned 

nanoflakes are nucleated. (Sample grown at 866 °C under 50 s.c.c.m of Ar gas for 120 mins with positioning of 

MoO3 at 3.3 cm) 

In order to understand the formation and growth mechanism of CVD-synthesized MoS2 nanoplatelets, the 

morphological evolution was investigated. The tilted SEM image of the sample grown at 866 °C with 50 

s.c.c.m of Ar gas for 120 mins in Fig. 2b, shows the material consists of multi-layered nanoplatelets. The 

observation of nanoplatelets in the perpendicular direction to the substrate suggests that earlier-formed 
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layers of platelets with smaller average size are stacked underneath by the layers of larger nanoplatelets. 

The film can be roughly divided into three sections: a bottom layer of very fine crystals (average size, < 

0.5 µm), a middle layer formed by slightly larger crystals (average size, 1 ~ 2 µm) and a top layer of larger 

platelets with size of ~ 5 µm. 

The time evolution in Fig. 3a reveals a growth mechanism that involves two steps: (1) formation of 

primary crystals and (2) growth of secondary crystals off the primary ones. Growth starts with primary 

nucleation and growth of MoS2 on the bare substrate till the substrate surface is fully occupied with a layer 

of MoS2 fine crystals. These primary-grown crystals then serve as sites for crystallization of the MoS2 to 

form new smaller domains with perpendicular orientation. This growth mechanism is supported by the 

TEM images in Fig. 2c-e showing abundant vertically orientated layers, which makes the structure 

promising for catalytic applications by providing a large number of edge sites. Further support of the 

proposed growth model can be found in Fig. S2-3. 

Samples synthesized with different growth times had variations in the average growth rate, as shown in 

Fig. 4a, likely from the discrepancy posed by the different supports. The initial nucleation occurs at the 

beginning of the deposition process when primary MoS2 molecules nucleate on the bare substrate, whereas 

secondary nucleation occurs on the primary MoS2 crystals themselves once they cover the substrate 

surface and the different surface chemistry will lead to different growth rates. Therefore, the shorter 

growth time, corresponding mainly to primary nucleation and crystal growth, results in slower average 

film growth. The longer growth time, involving secondary nucleation and growth, leads to much faster 

film growth. This edge enrichment mechanism also facilities a continuous pathway for electron transfer 

within the film, which is beneficial for catalytic activity with lowered resistivity.  
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Figure 3. Time evolution and atomic structure of an edge enriched MoS2 thin film. (a) SEM images depicting 

morphology (shown by zero tilt SEM images) and film thickness (shown by 60° tilt SEM images) evolution of the 

as-deposited nano-platelet thin films at 866 °C with 50 s.c.c.m of Ar gas as a function of time: 15 mins, 60 mins 

and 120 mins, respectively. TEM images of 120-min MoS2 thin film: (b) nanoplatelet cluster from top layer; (c) 

perfectly vertically aligned platelet consisting of few layers with inter-layer spacing (d001) of 6.43 Å; (d) atom 
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resolved vertically standing S-Mo-S layer; (e) a dislocation-rich vertical-standing nanoplatelet and (f) atomic 

structure of MoS2 few layers with (g) smooth zigzag edge, inset: diffraction pattern. 

The morphology and film thickness change with growth time, as shown in top and tilted SEM images (Fig. 

3a) of samples synthesized for different time. In general, longer growth time leads to thicker as-grown 

films and larger top layered crystals. At an early stage - growth time of 15 mins, fine nanoplatelets are 

crystallized on the substrate, delivering a film thickness of less than 1 µm (#), and a growth time of 60 

mins leads to a 3 µm thick film with the earlier-formed layer # maintained and a new layer of larger 

crystals (*) stacked on top. When increasing the growth time to 120 mins, the film is even thicker (~ 7 

µm), with layers # and * underneath, another new top layer of even larger crystals are grown on top of the 

former two. Film thickness determination is discussed in Fig. S4.  

The as-grown thin films consisting of layers of nanoplatelets are further examined by aberration corrected 

TEM (AC-TEM) images. Fig. 3b shows a typical bundle of platelets from top layer of the film, the size 

of which is consistent with what is measured from low magnification SEM images (average size, 2 ~ 4 

μm). Vertically standing layers with interlayer spacing of 6.43 Å are recorded as in Fig. 3c and atomic 

configuration S-Mo-S is resolved in Fig. 3d. The vertically standing nanoplatelet structure can have edge 

dislocations present, as shown in Fig. 3e, which is beneficial for HER activity. Fig. 3f shows the lattice 

structure of horizontally orientated 4-layer (4L) MoS2 with good crystallinity and 2H stacking order. The 

atomic resolved AC-TEM imaging of the edges of the MoS2 nanoplatelets shows they have dominant 

zigzag termination that is relatively clean and smooth, as shown in Fig. 3g. Selected area electron 

diffraction (SAED) patterns were recorded from the flat regions of the horizontally aligned MoS2 and 

confirmed the single crystal layered structure with 2H stacking. As discussed above, the edge-rich features 

revealed in the AC-TEM images share consistency for all the samples in the present study as seen in detail 

in Fig. S5.  

The two factors to improve HER performance of a catalyst: number of surface active sites (grain size) and 

reaction kinetics (charge transfer and diffusion within the film controlled by film thickness; contact 

between catalyst and substrate) are coupled due to the multi-stack growth nature of this particular high-

porosity network. In order to optimize the device-oriented HER activity, the two areas should be improved 

at the same time; or one enhanced without sacrificing too much of the other, which can be tuned by growth 

time, precursor quantity and temperature. 
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Figure 4. (a) Dependence of CVD film thickness and average growth rate on growth time (15 mins, 60 mins and 

120 mins) and temperature (830 °C, 866 °C and  900 °C). (b) Raman spectra of MoS2 samples grown for 15 mins, 

60 mins, 120 mins, respectively. The spectrum for MoS2 monolayer is obtained from a sample grown using methods 

reported in reference.42 Inset: schematics of two characteristic Raman vibration modes in MoS2: in-plane vibration 

of molybdenum and sulfur atoms E1
2g and out-of-plane vibration of sulfur atoms A1g; information on peak intensity 

ratio of A1g/E1
2g of samples synthesized for different growth time. (c) Cathodic polarization curves at scan rate of 1 

mV/s with corresponding (d) Tafel plots and (e and f) electrochemical impedance spectroscopy (EIS) of CVD-
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grown MoS2 film on glassy carbon (values normalized by geometric area; Ageo: geometric area of the substrate; A: 

real surface area of the substrate). 

Raman spectroscopy was used to confirm the CVD edge-exposed nanoplatelet thin films synthesized by 

aforementioned growth conditions are MoS2. As seen in Fig. 4b, two characteristic peaks are revealed, 

corresponding to the two vibration modes for MoS2: in-plane vibration of molybdenum and sulfur atoms 

E1
2g and out-of-plane vibration of sulfur atoms A1g, respectively. The result is consistent with what has 

been commonly reported in the literature for bulk MoS2 materials.56, 57 Here, the spectrum of a MoS2 

monolayer grown using different synthesis conditions as previously reported is presented as a reference.42 

Compared to monolayer MoS2, all the samples studied in the present work show a trend of decreased 

frequency of E1
2g and increased frequency of A1g, which is due to increased thickness (layer numbers) 

based on the model of van der Waals interaction and long-range coulombic interaction,56 respectively. 

Apart from positions of these two characteristic peaks, E1
2g and A1g, the intensity ratio A1g/E1

2g also 

provides information on the texture of as-grown MoS2 thin films due to the fact that E1
2g corresponding 

to in-plane Mo-S phonon is preferentially excited for terrace-oriented thin films, whereas A1g 

corresponding to out-of-plane Mo-S phonon is preferential for edge-oriented thin films.47 As depicted in 

the inset table of Fig. 4b, the intensity ratio A1g/E1
2g increases significantly from 0.79 of the terrace surface 

from monolayer MoS2 to ~ 2, clearly indicating increased vertical orientation of the CVD grown thin films, 

matching well with the observations from SEM images.  

HER electrocatalytic performance of CVD-grown high-porosity network of edge enhanced MoS2 

nanoplatelets were investigated by linear sweep voltammetry (LSV). The HER for water splitting 

generally involves three basic steps:11 1) adsorption of H+ on the catalyst active sites (Volmer step), 2) the 

formation of an intermediate Had (Tafel step) and 3) the desorption of hydrogen from the active sites 

(Heyrovsky step).58 In acidic solutions, the three reaction steps have been proposed for the conversion of 

H+ to H2. Tafel slopes of 120, 40 and 30 mV/dec are referred as the Volmer, Heyrovsky, and Tafel steps, 

respectively which suggests the rate-determining step in the HER mechanism. MoS2 catalysts were 

deposited by the aforementioned CVD method directly onto 3 mm thick glassy carbon plates, which are 

used as the working electrode in a typical three-electrode electrochemical cell with 0.5 M H2SO4 solution. 

The cathodic polarization curves at the scan rate of 1 mV/s were recorded and shown in Fig. 4c. Tafel 

plots are shown in Fig. 4d. Exchange current density was determined, by fitting the linear portion of the 

Tafel plot at low cathodic current to the Tafel equation (η = b log|j| + a, where j is the current density and 
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b is the Tafel slope).43, 47 Electrochemical impedance spectroscopy (EIS) was performed to investigate the 

electrode kinetics and interface reactions during HER process and shown in Fig. 4e and f. 

In order to measure the real surface area of the thin films, the following method59 has been used based on 

Cottrell’s equation as discussed as following. Given homogeneous current distribution, the current, which 

is associated with the diffusion controlled charge transfer to a reactant, is written by i = nFADc/δ, where 

D is the diffusion coefficient, c the bulk concentration and δ the thickness of the diffusion layer. Under 

the proviso that c = c at t = 0 and c = 0 at the electrode surface at t > 0, 𝛿 at time t is given by δ = √(πDt). 

Then by potentiostatically recording the current as a function of time: A = i/nFc/√(D/πt), the surface area 

of the catalyst can be determined via the reaction of K3Fe(CN)6  K4Fe(CN)6. The surface area of all the 

tested samples is summarized in Table S2, with their geometrical area of either 0.8 or 0.52 cm2. 

As the growth time increases, the grain size of MoS2 nanoplatelets also increases and measurements of 

the real surface area show a concomitant reduction (i.e A/Ageo decreased from 131 to 116, see Figure 4c). 

This is attributed to a reduced density of edges with larger platelet size. With increasing growth time the 

impedance of the catalyst film decreased in Fig. 4e and f, which gives improved electrode reaction kinetics. 

Comparison of corresponding polarization curves of 15mins, 60mins and 120mins growth times for MoS2 

(Fig. 4c) reveals three samples exhibit similar Tafel slopes of ~ 100 mV/dec (Fig. 4d), with the sample 

grown for 60 min performing the best in terms of cathodic current density, which is related to the 

production of hydrogen and is likely a compromise between accessible active sites and efficient electron 

transport.  
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Figure 5. Influence of  MoO3 evaporation temperature on morphology and HER activity of MoS2 thin films at 50 

s.c.c.m of Ar gas for 120 mins. (a) Schematic illustration of temperature profile for the high temperature furnace 

chamber with set temperatures at 866 °C. (b) SEM images of the as-deposited thin films with MoO3 positioning at 

362 °C, 386 °C and 419 °C. (c) Cathodic polarization curves at scan rate of 1 mV/s with (d) corresponding Tafel 

plots and (e) EIS of CVD-grown edge-rich MoS2 film on glassy carbon (values normalized by geometric area; Ageo: 

geometric area of the substrate; A: real surface area of the substrate). Electrochemical stability test of the optimum 

CVD-synthesized edge-exposed MoS2 thin film on glassy carbon: (f) polarization curves and SEM images of the 

catalyst (g) before and (h) after 1,000 cycles, respectively. 

To increase the density of catalytic active sites, more material can be deposited per geometric area (i.e 

area of substrate) while preserving the edge rich structure. Change the mass amount of precursor used for 

growth is considered effective to increase the evaporation rate, which will be reflected in the concentration 

of precursor in the vapor phase and thus the quantity of product. As shown in Fig. S7, impedance Z’ values 
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corresponding to 500 mg, 800 mg and 1000 mg MoO3 are ~ 3 kΩ, ~ 88 kΩ and ~ 300 kΩ, which is in 

accord with the film thicknesses of ~ 10 µm, ~ 50 µm and ~ 100 µm. 500 mg of MoO3 for CVD-growth 

is more favorable to deliver a higher performed catalytic water splitting device by providing adequate 

electrical conductivity. 

Apart from direct adjustment of MoO3 amount, control of MoO3 evaporation temperature and growth 

temperature also enable product morphology tunable for optimum catalytic activity towards water splitting. 

According to the temperature profile of the reaction chamber as depicted in Fig. 5a (actual temperature of 

high-temperature furnace at different set values can be seen in Fig. S8), the actual temperature that MoO3 

undergoes can be controlled by adjusting the positioning of the MoO3 powders. A set of experiments with 

positioning MoO3 powder at 362 °C, 386 °C and 419 °C (distance off the left start point of high 

temperature furnace) were conducted, with the other experimental parameters remaining constant. The 

SEM images (Fig. 5b) of the thin films show clearly: when MoO3 powder moves closer to the furnace 

center (leading to higher evaporation temperature), the nanoplatelet morphology is retained with larger 

crystals (average size from <100 nm to ~4 µm and then to ~ 20 µm) and film thickness (from <100 nm to 

~4 µm and then to ~ 50 µm). 

Three samples with MoO3 powder set at 362 °C, 386 °C and 419 °C during CVD growth were tested for 

hydrogen generation performance. From Fig. 5c, it can be seen that 386 °C MoS2 performs best among 

the three in terms of cathodic current density. In accordance with the SEM results, low precursor 

temperature leads to insufficient evaporation of reactant species in the vapor phase and reaction rate and 

thus reduced the material coverage on the substrate (A/Ageo = 231). When the temperature was too high, 

the excessive precursor flux to the sample results in increased grain size, which will in turn decreases the 

total number of accessible active edge sites participating in the HER reaction (A/Ageo = 127). On the other 

hand, higher precursor temperature delivers a thicker film with higher impedance, (Fig. 5e). So, an 

intermediate temperature (in this case, 386 °C) is optimal for the growth of the MoS2 HER catalyst to 

maximize real surface area (A/Ageo = 343) of the film without sacrificing charge transfer to the electrode. 

The optimum 386 °C grown MoS2 exhibits excellent hydrogen production activity (60 mA/cmgeo
2 at an 

over-potential of 0.64 V vs. RHE) and exchange current density (23 µA/cmgeo
2) for given geometric area. 

The exchange current density is amongst the highest values reported for MoS2 catalysts (0.25 ~ 18.2 

µA/cm2).3, Error! Bookmark not defined., 60-62 A Tafel slope of 98 mV/dec lies in the lower side of the range: 40 ~ 
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212 mV/dec,2, 3, 7, 47, 53 which indicates the rate determining step of the HER is the Volmer reaction, a 

process to convert protons to adsorbed atoms on the highly-porous MoS2 surface. Summary of HER 

activity performances of literature and present pure MoS2 catalysts are recorded in Table S4. When 

normalized by the real surface area, the exchange current density (1.58 µA/cm2, see details in Fig. S9-10) 

is not as superior as that over the geometric area. Further attempts for improving intrinsic activity could 

potentially be by doping and intercalation. Combined with the high surface area structure, the HER 

performance can be largely enhanced. The influence of synthesis temperature on surface morphology, 

film thickness and HER activity follows a similar trend as the growth temperature (Fig. S11-12). 

The real and geometric surface areas of all samples tested for electrochemical performance towards HER 

are examined in Table S2. It is found that the edge-exposed nano-platelet network has a high real surface 

area to geometric area ratio (A/Ageo) up to 343. The relatively low Tafel slope and high exchange current 

density of present catalyst suggests the high-efficiency of such designed morphology and structure. 

Long term durability testing is also an important concern for electrocatalysts, which demonstrates its 

thermodynamic stability. The optimum 386 °C grown MoS2 catalyst was subjected to cycling-treatment 

in an acidic environment using cyclic voltammetry with a fast scan rate of 100 mV/s in order to simulate 

the practical working conditions of water splitting devices. The polarization curves and SEM images 

before and after the cycling treatment were recorded in Fig. 5f-h. Negligible change of the cathodic current 

and surface morphology was observed, which indicate durability of the as-grown catalyst. 

Conclusion 

We have directly engineered an edge-rich MoS2 thin film by CVD, which has high porosity and large real 

surface area. This is achieved by controlling the growth conditions to promote a secondary growth stage 

that allows smaller MoS2 flakes to grow perpendicular from the main preexisting flakes attached to the 

substrate and leads to an increase in the total number of edge sites. By systematically controlling the 

growth condition, tunable film thickness and surface morphology were achieved, enabling optimized 

combination of active site quantity, inter-planar charge transport and sufficient binding with the substrate 

as well as fast removal of gas bubbles via a superaerophobic surface. The observed HER catalytic 

performance over a given geometric area with long term durability is amongst the best reported to date. 

The moderate HER activity per real surface area is compensated by the vastly enhanced high surface area 
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porous structure. Further attempts could be made to improve the intrinsic catalyst activity of MoS2 by 

doping and intercalation. 

Experimental 

Synthesis. The edge-exposed MoS2 thin film was synthesized by chemical vapor deposition (CVD) 

method as illustrated in Fig. 1. Various precursor masses, substrates, reaction times, growth temperatures 

and carrier gas flow rates for CVD synthesis were investigated in order to obtain the optimum edge-

terminated surface structure. Two-furnace double-quartz tube system was applied to control the 

temperature of MoO3 and S separately. Growth was carried out on different substrates: silicon wafer 

(SiO2/Si-Si with 285 nm of SiO2), glassy carbon, graphite and single wall nanotube. After cleaning with 

acetone, substrates were then placed vertically into the center of inner quartz tube. 500 ~ 1000 mg of 

molybdenum (VI) oxide (MoO3) powder (≥ 99.5% Sigma-Aldrich) powder was scattered 2 ~ 3.5 cm off 

the start point of the high-temperature zone; 600 mg sulfur powder (≥ 99.5%, Sigma-Aldrich) was put 

upstream in the outer 1-inch quartz tube, right in the center of the low-temperature zone. Argon was used 

to protect the system from oxygen and carry sulfur vapor from the upstream of the low-temperature tube 

for reaction. The CVD system was first flushed with 500 s.c.c.m. of Ar gas for 30 mins, with both furnaces 

kept at room temperature. Then the flow rate was adjusted to 150 s.c.c.m. of Ar gas, while the low-

temperature furnace was heated up at first 15 °C/min to 180 °C then 1 °C/min to 200 °C; the high-

temperature furnace to 830 ~ 900 °C at 40 °C/min, dwell after reaching set temperature, the total duration 

is 50 mins. Afterwards the flow rate was set 50 s.c.c.m. of Ar gas at growth temperature at 830 ~ 900 °C 

for 15 ~ 120 mins. After growth the residue sulfur power was flushed with 500 s.c.c.m of Ar gas for 15 

mins by setting the low-temperature furnace at 420 °C (40 °C/min) while the temperature of high-

temperature furnace remained at 700 °C, followed by fast cooling of the system with 500 s.c.c.m of Ar 

gas. 

Characterization. Surface morphology and microstructure were analyzed by scanning electron 

microscopy (SEM) and (aberration-corrected) transmission electron microscope ((AC-)TEM) techniques, 

respectively. SEM characterization was carried out on Hitachi S-4300 with an accelerating voltage of 3.0 

kV. TEM samples were prepared by gently rubbing the TEM grid across the face of the MoS2 thin film 

to detach flakes and promote their adhesion to the lacey carbon TEM grid. Low magnification TEM was 

performed using a JEOL JEM-2100 with an accelerating voltage of 200 kV and AC-TEM was performed 
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using Oxford’s JEOL JEM-2200MCO FEGTEM with a CEOS image corrector and operated at an 

accelerating voltage of 80 kV. Raman spectroscopy was measured using a JY Horiba Labram Aramis 

imaging con-focal Raman microscope with excitation wavelength of 532 nm. 

Electrochemical studies. Electrochemical testing was performed in 0.5 M H2SO4 Ar-purged solution using 

a three-electrode setup for measurement of electrocatalytic activities towards HER, with Ag/AgCl/KCl 

(3M) as reference electrode (E (RHE) = E (Ag/AgCl / KCl (3M)) + 0.21 – 0.059·pH), and an activated 

carbon counter electrode. A 3 mm thick glassy carbon plate (Sigma-Aldrich Company Ltd.) containing 

the CVD grown edge-exposed MoS2 films was used as the working electrode. The effective area (1 cm × 

0.8 cm) of the working electrode was defined by applying electrochemically inert hydrophobic wax and 

pure polytetrafluoroethylene (PTFE) tape. A metal clip was used to connect the working electrode with 

an external circuit. Linear sweep voltammetry (abbrev. LSV, scan rate of 1 mV/s) under quasi-equilibrium 

conditions were recorded by a Biologic VMP3 potentiostat. Cyclic voltammetry (abbrev. CV) was 

conducted at 100 mV/s to investigate the cycling stability. The Electrochemical Impedance Spectroscopy 

(abbrev. EIS) was carried out from 200000 to 1 Hz with an amplitude of 10 mV. 

Supporting Information. Fig. S1: Influence of carrier gas flow rate on CVD growth of MoS2; Fig. S2-3: 

SEM images for verification of edge enrichment mechanism; Fig. S4: Measurement method of film 

thickness; Fig. S5a-h: TEM images and diffraction patterns of all the thin films in the present study; Fig. 

S6-7: Influence of mass amount of precursor MoO3 on surface morphology and HER activity of the as-

deposited MoS2 thin films; Fig. S8: Temperature gradient of high-temperature furnace at different set 

values; Fig. S9: Comparison of cathodic polarization curves of 386 °C MoS2 normalized by geometric 

and real surface area; Fig. S10: Tafel plot of 386 °CMoS2, normalized by real surface area; Fig. S11-12: 

Influence of synthesis temperature on surface morphology and HER activity of the as-deposited MoS2 

thin films; Table S1: Sample list in this work; Table S2: The real surface area of edge-exposed MoS2 thin 

films; Table S3: Electrochemical analysis of edge-exposed MoS2 thin films; Table S4: Summary of 

catalytic parameters of pure MoS2 catalysts in literature and this study; Fig. S13: EIS spectroscopy of 

MoS2 thin film at different overpotentials. 
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