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Experimental section
1.1 Chemicals and materials

All chemicals used were analytical reagent grade and used without further 

purification. Sodium methoxide, thiourea, HCl, KOH, H2SO4 were purchased from 

Aladdin–Holdings Group. Nafion (5wt%) and multiple carbon nanotubes were 

purchased from Sigma-Aldrich and Nanjing XFNANO Materials Tech Co., Ltd ( 

XFNANO), respectively. 
1.2 Synthesis of MoS2 electrocatalyst under different parameters

The s-MoS2 was synthesized from microwave and ultrasound-assisted method. 7 

mmol sodium molybdate and 35 mmol thiourea were poured into 40 ml de-ionized 

(DI) water under stirring vigorously to form a mixed solution. Meanwhile, 2.0 M HCl 

were added to make the solution pH lower than 1 under stirring. Then the mixed 

solution was transferred into a 250 ml microwave-ultrasound synergistic reactor under 

the parameters that the reaction temperature was 200℃. The microwave power was 

600 W and the ultrasonic power was 1000 W. These parameters were constant and the 

reaction time was set as 3, 6, 9 and 12 h. After the reaction, the samples were 

centrifuged, washed with DI water and alcohol, and dried at 60℃ for 12 hours to 

obtain a MoS2 electrocatalysts. The electrochemical performance was compared and a 

set of parameters with the best hydrogen evolution performance were selected with 

the reaction time was 12 h.

The m-MoS2 and s-MoS2 sample was prepared with taking reaction time and 

ultrasonic power as invariants and microwave power as variables. The prepared 

solution was reacted under the parameters of microwave power of 0, 200, 400, 600, 
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and 1000 W. After the reaction, the samples were centrifuged, washed with DI water 

and alcohol, dried at 60℃ for 12 h to obtain m-MoS2 electrocatalyst. The 

electrochemical performances were compared and a set of parameters with the best 

hydrogen evolution performance were selected which are microwave power of 800 W.

Similarly, the optimal ultrasonic power was selected as the ultrasonic power of 1000 

W.
1.3 Characterizations

X-ray diffraction (XRD) patterns were collected on a powder X-ray 

diffractometer at 40 kV and 15 mA using Cu-K radiation (λ=1.54056 Å, PANalytical 

X'Pert Powder diffractimeter). Transmission electron microscopy (TEM) and high 

resolution TEM (HRTEM) images were obtained on a JEOL JEM-2100F microscope 

at 200 kV. Scanning electron microscopy (SEM) images were recorded on the FEI 

Quanta 450 at high vacuum with an accelerating voltage of 10 kV. The field emission 

scanning electron microscopy (FESEM) were observed under a SUPRA-55 electron 

microscopy. Ex situ X-ray absorption near-edge spectra (XANES) of MoS2 was 

obtained recorded with a grazing incidence angle of 0.3° at the Soft X-ray 

Microanalysis Beamline (SXRMB) of the Canadian Light Source (CLS; Saskatoon, 

SK, Canada), using a Si(111) double crystal monochromator, as shown in Figure 2c 

and d. The XANES spectra were normalized to incident photon flux and to unity at 

the maximum intensity of each spectrum.
1.4 Electrochemical characterization

The HER performance test of the MoS2 electrocatalyst was carried out using a 

three-electrode system. The catalytic performance of the prepared samples for 

hydrogen evaluation reaction was measured with a three-electrode cell by linear 

sweep voltammetry (LSV) method on a computer controlled CHI 660E 

electrochemical workstation (CH Instruments, Inc., USA). The reference electrode 

was Ag/AgCl (4 mol/L) in saturated KCl solution, and the counter electrode was a 

graphite rod, and the working electrode was a glassy carbon (3 mm in diameter) 

supporting the measured materials. The measured materials (4 mg) were predispersed 

in the mixture solution of 100 μL 5 wt% nafion solution and 1000 μL dehydrated 



ethanol by ultrasonication for 30 min. A 10 μL portion of the as-prepared ink was 

dropped on the surface of the glassy carbon, yielding a working electrode with a 

loading of 0.51 mg cm−2 after air-drying. For comparison, the commercial 20 wt % 

Pt/C was supported on the glassy carbon with the same loading. The LSV curves of 

different samples were recorded without solution agitation at a scan rate of 10 mV s−1 

in 0.5 M H2SO4 or 1 M KOH solution that was purged with N2 flow. According to the 

Nernst equation, it was converted into a relatively reversible hydrogen electrode with 

respect to the potential of the Ag/AgCl electrode, that is, ERHE =EAg/AgCl 

+0.059*pH+0.197. Meanwhile, Scanning rate was 2 mV/s to record polarization 

curve. The working electrode had been scanned multiple times until the signal was 

stable. Definitively, we collected the polarization curve data and corrected it. In the 

Tafel diagram, the starting potential was determined according to the starting point of 

the linear region. Electrochemical AC Impedance (EIS) was used PARSTAT3000 

electrochemical workstation to test under normal temperature and pressure and the 

measurement conditions were under the potential of corresponding overpotential at 10 

mA cm-2, in the frequency range of 0.1~100000HZ, with the sweep rate and 

amplitude of 10 mV/s and 0.01 V, respectively. The electrochemical active area was 

adopted CHI660E electrochemical workstation and the test was carried out under 

normal temperature and pressure. The test condition was to test the cyclic 

voltammetry curve at different scanning speeds (20, 40, 60, 80, 100, 120, and 

140mV/s) in the Faraday zone. The middle current density was obtained by the 

potential to plot and finally the electric double layer capacitance was obtained by 

fitting. The stability test was used the CHI660E electrochemical workstation to test 

under normal temperature and pressure and obtained the i-t curve under the same bias 

voltage. At the same time, we took the bias voltage corresponding to the 

electrocatalyst at a current density of 10mA/cm2 for chronopotentiometric test. The 

durability test was adopted the CHI660E electrochemical workstation to test under 

normal temperature and pressure and it was characterized by the deviation between 

the HER curve and the original curve of the catalyst after several thousand cycles of 

cyclic voltammetry.



Greatly different from that of h-MoS2, the m-MoS2 exhibits micro-spherical shape 

with larger diameters of ~650 nm, which are comprised of obvious nanoflakes 

structure with the thickness of ~20.5 nm, indicating that its product consisted of large-

scale uniform nanosheets (Figure S1b). The results suggest that the “internal heating” 

manner with microwave heating could effectively enhance the reaction rates and the 

resulting MoS2 has larger diameter. Nevertheless, the u-MoS2 exhibits an obvious 

smashing morphology as shown in Figure S1c, indicating that the ultrasound could 

effectively provide the mechanical agitation.

Figure S1 SEM images of a) h-MoS2, b) m-MoS2, and c) u-MoS2, respectively.
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Figure S2 SEM images of u-MoS2prepared with the ultrasonic power of a) 250, b) 500, c) 750, d) 
1000, e) 1250, and f) 1500 W, respectively.

Figure S3 SEM images of m-MoS2prepared with the microwave power of a) 200, b) 400, c) 600, d) 
800, and f) 1000 W, respectively.
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Figure S4 SEM images of s-MoS2 prepared from different time, a) 3h, b) 6 h, c) 9h, and d) 12 h, 
with the microwave power of 800 W and ultrasonic power of 1000 W.

Figure S5 TEM images of a,b) m-MoS2 and c,d) u-MoS2.
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Figure S6 Survey XPS of s-MoS2 sample.

Figure S7 Mo L3-edge XANES results of MoCl5 and MoO3.



Figure S8 Cyclic voltammetry curves in 0.5M H2SO4 for (a) s-MoS2, (b) u-MoS2, (c) m-MoS2, 
and (d) h-MoS2, respectively.



Figure S9 Cyclic voltammetry curves in 1.0 M KOH for (a) s-MoS2, (b) u-MoS2, (c) m-MoS2, and 
(d) h-MoS2, respectively.

Figure S10 TEM image of s-MoS2 after 20 h continuous measurement in acidic condition.
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