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Figure S1 Optical image of the CVD-grown MoS2 on 300 nm SiO2/Si substrate. Continuous 
monolayer film is in the center of the substrate and the monolayer single crystal is on the edge of 
the continuous film. 
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Figure S2 AFM image and height profile of the CVD grown monolayer MoS2 single crystal on 
300 nm SiO2/Si substrate. (scale bar: 1 μm) 
  



 
 

4 
 

 

Figure S3 (a) Raman and (b) photoluminescence spectra of the CVD grown (a) pristine MoS2 
and (b) defective MoS2. 
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XPS characterization:  

The CVD grown pristine MoS2 and mild argon plasma treated MoS2 were characterized by XPS. 

The size of the XPS sampling window is 50 um X 50 um, which is around the size of a single 

crystal. The Mo3d spectra shows negligible change after plasma treatment, however, the S2p spectra 

was weaken. The ratio of Mo and S can be extracted from the XPS data by fitting the curves. 

Multiple samples were characterized to confirm the density of defect. The Mo and S ratio of 

pristine MoS2 is 1:1.98 (±0.02), and the ratio of the sulfur vacancies samples is 1:1.75 (±0.05), 

indicating a density of vacancies around 12.5%. 

 

Figure S4 XPS spectra of the CVD grown (a) pristine MoS2 and (b) defective MoS2. 
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Electrical transfer curve of MoS2 transistor: 
 
To investigate the electron transport properties of pristine and defective MoS2, we fabricated EDL 

transistors with the same length and width channel.  The electrical characterization was performed 

at room temperature using a semiconductor parameter analyzer and a shielded probe station with 

voltage sources connected in the configuration depicted in Supplementary Fig. S5A. A constant 

voltage of 2 V was applied between source and drain electrodes. The bottom ionic gate voltage 

was swept from -1 V to 3 V with a 10 mV/s steps while the drain current was measured. The gating 

responses of pristine and defective MoS2 channel are presented in Supplementary Fig. S5B. 

Repeated sweeps on the same device did not show significant variation and the leakage was lower 

than 20 nA. The pristine MoS2 device demonstrates a typical n-type channel with on/off ratio over 

104. The current approaches saturation when the gate voltage approaches to 3V. The mobility of 

~13.5 cm2/(V s) can be estimated by μ = [dId/dVg] × [L/(WCiVd)], where the EDL capacitance 

C ≈ 4 μF/cm2 1, channel length L = 20 μm, and channel width W= 10 μm was used. A higher 

threshold voltage was observed for the channel with sulfur vacancies. The reduced mobility of 

defective MoS2 is ~12.4 cm2/(V s), which could be caused by the enhanced scattering.  

 
Figure S5 Electrical characterization of the EDL transistor with pristine and defective MoS2 

channel. (a) The schematic diagram and connection configuration of the MoS2 transistor. (b) 

Transfer curve of the MoS2 transistor. The left axis is drawn in logarithmic scale, and the right axis 

is in linear scale. The channel length and width were etched to be 20 μm and 10 μm respectively. 

(scale bar: 10 μm) 
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In-suit gate-dependent Raman characterization of defective MoS2. 

To confirm the phase of defective MoS2 at high gate voltage, we conducted in-situ gate-dependent 

Raman characterization. With increasing the gate voltage, the A1g phonon is soften and broaden 

and the E2g phonon is relatively inert to the electron doping, which is consistent with previous 

reports.2 The characteristic J1, J2, J3 and suppression of E2g peaks for 1T-MoS2 are not observed. 

Therefore, there is no 2H to 1T phase transition of the defective MoS2 at high gate bias.  

 
 

Figure S6 The gate-dependent Raman spectra of defective MoS2 at an excitation wavelength of 

532 nm. 
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Electrochemical measurement setup 

A bipotentiostat was used to perform the gated MoS2 HER. The first working electrode (WE1) of 

the bipotentiostat was connect to the MoS2 as a working electrode; a Ag/AgCl wire was used as a 

reference electrodes (REF); a sharp carbon rod was used as a counter electrode (CE). The second 

working electrode (WE1) of the bipotentiostat was connect to the bottom Cr/Au to apply gate 

voltage. The voltage difference between WE1 and WE2 can be controlled by the bipotentiostat as 

the gate voltage. 

 
Figure S7 The equivalent circuit of the gated MoS2 for the three-electrode system. 
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Sulfuric acid gated MoS2 transistor 

To confirm that the electrical double layer of 0.5 M sulfuric acid (H2SO4) solvent and MoS2 cannot 

dramatically affect the electron concentration of MoS2, we used the 0.5 M H2SO4 as a top gate of 

the MoS2 transistor. A 1 V constant source-drain voltage is applied and the gate voltage was swept 

from -3 V to 3 V. The drain current was measured and shown in Figure S8. As a comparison, we 

also put the bottom LaF3 gate response in the figure. It can be seen that the current shows negligible 

changes when the top gate voltage is smaller than 2.5 V, while as the top gate voltage is large 

enough for water splitting, the current increases because of the HER or OER reaction. No gate 

effect was observed. By contrast, the bottom LaF3 gate shows typical gate effect of the n-type 

semiconductor.  

 
Figure S8 Comparison between LaF3 bottom gate and H2SO4 top gate effect. 
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Figure S9 (a) Polarization curve of a pristine MoS2 device at different gate voltages and (b) 

defective MoS2. 
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DFT calculation 

Density functional theory (DFT) calculations of reaction energetics were carried out with a 

periodic plane-wave implementation and ultrasoft pseudopotentials using QUANTUM 

ESPRESSO version 6.1 3 interfaced with the Atomistic Simulation Environment (ASE) 4. We 

applied ultra-soft pseudopotentials and the BEEF-vdW functional, which provides a reasonable 

description of van der Waals forces while maintaining an accurate prediction of chemisorption 

energies.5 Spin-unpolarized calculations were performed using plane-wave and density cutoffs of 

500 and 5000 eV, respectively, as well as a Fermi-level smearing width of 0.1 eV. The lattice 

parameters of MoS2 were determined to be a = 3.20 Å and c = 13.04 Å, in close agreement with 

experimentally measured values of a = 3.162 Å and c = 12.29 Å.6 Adsorption energies were 

evaluated using a 3x3 orthorhombic supercell composed of a single layer of MoS2 isolated by 30 

Å from the periodic images in z-direction, and 4x4x1 Monkhorst-Pack k-point grids.7 The SCCS 

implicit solvation model as implemented in the Environ QUANTUM ESPRESSO module was 

used to model the presence of dielectric LaF3. For the effective solvation parameters, we used the 

"fitg03'' parameter set which was optimized for neutral molecule hydration energies 8. We set the 

bulk isotropic dielectric permittivity to 𝜀𝜀r = 37.8 which corresponds to the value that was measured 

experimentally for LaF3.9 The surface charge density was modulated in order to simulate the effect 

of the gate voltage. A planar counter charge with a slab separation of 5 Å was applied below the 

slab to neutralize the simulation cell and represent the capacitor created by the gate voltage. We 

found that using a planar counter charge both above and below the slab did not change the surface 

charge density dependence of the *H adsorption energy and therefore only put a plane below the 

slab. A parabolic correction was applied in the Environ calculations to decouple the electrostatic 

interaction between the periodically repeated slabs. All structures were fully relaxed using the 
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QUANTUM ESPRESSO internal BFGS algorithm until force components were less than 1.9·10-

3 Ry/Bohr. A 0.24 eV energy correction was added per adsorbed *H to represent the zero-point 

energy and finite temperature corrections in the harmonic oscillator approximation.10, 11 
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Figure S10 The hydrogen adsorption energy (ΔGads) on MoS2 with a varying S-vacancy density 

under an *H coverage of 8.3% (a), 16.7% (b), and 25% (c). It can be seen that the electrons in 

MoS2 stabilize the hydrogen in general, and at high *H coverage, the gate-induced electrons drive 

the ΔGads to zero. 
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