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Supplementary Methods

MOCVD growth and transfer of monolayer and bilayer MoS2 films. As illustrated in Fig 1a, 

the synthesis of monolayer or bilayer MoS2 was carried out in a computer controllable 

chemical vapor deposition system from Graphene Square Inc. (Model TCVD-100CA), where a 

furnace with 4-inch quartz tube were connected with high purity (99.999 %) argon, hydrogen 

gas and hydrogen sulphide (H2S) gas (diluted in 5 % in argon). The system is equipped with 

one bubblers for liquid precursor which is carried by argon gas at controllable gas flow rate. 

The growth substrate (2-inch in size, 300 nm thick SiO2 on Si wafer or sapphire) was firstly 

cleaned with hot piranaha solution composed of 50 % H2SO4 and 50 % H2O2 in order to 

remove impurity. Then, it is loaded at the center of the quartz tube vertically with a quartz 

wafer supporting piller. Liquid precursor was prepared by dissolving molybdenum 

hexacarbonyl (Sigma Aldrich, > 99.9 %) in toluene solvent (Sigma Aldrich, > 99.9 %) with a 

concentration of 0.07 mg/mL. After loaded into the bubbler, the bubbler was firstly pumped 

to 100 torrs and purged with argon gas, then repeatedly pumped and purged 2 times to 

remove residual air in the bubbler. Prior to growth, the system was pumped to a based 

vacuum of 10-3 torr using rotary pump. The optimum growth parameters were set up and 

operated using 100 sccm argon and 10 sccm hydrogen gas. The quartz tube was rapidly 

heated up to 600 ℃ for 15 min then, 30 sccm of H2S gas was switched on and waiting for 1 

min to stabilize pressure at controlled pressure of 20 torrs before starting liquid precursor 

supply. During growth, the temperature was maintained at 600 ℃ and 3 sccm argon was 

bubbled via liquid for the duration time. (60 min for monolayer or 120 min for bilayer MoS2 

synthesis).After growth, the quartz tube was rapidly cooled down to room temperature by 

fast moving furnace aside while argon and hydrogen gas flow continuously. The synthesized 

sample was loaded lout of the chamber after venting to atmospheric pressure with argon 

gas.

 The TEM and electrochemical samples were prepared through a PMMA-assisted transfer 

method. The MoS2/SiO2/Si substrate was first spin-coated by a PMMA thin film. Then, 1 M 

KOH solution at 90 ℃ was used as the etchant to etch away the SiO2 layer. After that, the 
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MoS2 on the PMMA was rinsed with DI water and then transferred the target substrate. 

Finally, the sample was baked 70 ℃ in 1 hour and then the PMMA was washed off with 

acetone and iso-propanol. In case of UV-ozone treatment samples, the UV-ozone irradiated 

to the samples after all transfer processes. 

Fig. S1. A photograpph and SEM image of MOCVD-grown monolayer MoS2 on a sapphire 
substrate. Not only SiO2/Si wafer but also sapphire could be also used as a growth substrate. 
Triangular crystal shape, which size is below 250 nm, is confirmed at 60 min growth time.

Fig. S2. TEM image and EDS spectrum of the pristine bilayer MoS2 films. (a) TEM image of 
the bilayer MoS2 on a conventional lacey copper grid. (b) EDS spectrum of the bilayer MoS2 
films at white square in (a).
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Fig. S3. XPS spectra for MoS2 bilayer grown by our method. (a) Mo 3d 5/2, 3/2 and S 2s 
state. (b) S 2p 3/2 and 1/2, which mean that our synthesis method shows similar peak 
pososition compared with previously reports.1

Fig. S4. A photograph and PL measurement of the pristine bilayer MoS2 on SiO2/Si wafer. 
(a) Optical microscope image of the bilayer MoS2 synthesized by our MOCVD on SiO2/Si 
wafer. (b) PL spectrum of the bilayer MoS2 obtained at (a) compared with a bare SiO2/Si 
wafer. (c) PL mapping of the bilayer MoS2 obtained at (a). 
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Fig. S5. CS-TEM analysis after UV-ozone treatement on the bilayer MoS2. (a,c,f) CS-STEM 
HADDF images after UV-ozone treatment at various locations . (b,d,f)  EELS spectrum at line 
profile in (a), (c) and (e), respectively.
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Fig. S6. XPS spectra of pristine bilayer MoS2 and UV-ozone treated bilayer MoS2 for 
O1s. 

Fig. S7. (a) The reproducibility of electrochemical HER activity for UV-ozone treated 
MoS2. (b) The overpotentials at current density of 5 mA/cm2 and 10mA/cm2 for each 
samples in Fig S7a.
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Table S1. Exciton life-time values depending on UV-ozone exposure time. Computational 
DFT theory and exfoliation expeirmental values are studied in previously report.2,3

Pristine Less 
exposure

Optimization 
exposure (5 sec)

Over 
exposure

Exciton Life 
-Time (ns)

1.34
(DFT theory : 1.3

Exfoliated MoS2 : 0.71)2

1.83 2.36 0.35

Table S2. HER performance comparison. References were focused on pure film types  
excluding chemically exfoliated MoS2 combined with other materials and functional groups.
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