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1 Materials and methods 

 

Figure S1. Four types of micro-cells fabricated in this work. 

There are four types of micro-cells developed in our work, as shown in Figure S1, i.e., Type 1: micro-

cell for in-situ electronic/electrochemical measurement, which can simultaneously collect the 

electronic and electrochemical signals of semiconductor electrocatalysts at a large potential window; 

Type 2: micro-cell for thickness-dependent electrocatalytic measurement, which can examine the HER 

performance of MoS2 with various thicknesses (1-101 nm) to obtain the penetration depth of the 

surface conductance (in this micro-cell, the electrochemical current transports vertically through the 

semiconductor to the bottom electrode); Type 3: micro-cell for top and bottom electrode measurement, 

which can investigate the surface and bulk conductance of the semiconductor flake; and Type 4: micro-

cell for photoelectrochemical measurement, which can measure not only the photo-conductance and 

photo-electrochemical current simultaneously, but also the photo-response time at various 

electrochemical potentials. 
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Figure S2. Device fabrication procedures for the micro-cells. 

The typical fabrication procedure is shown in Figure S2. First, a 16 mm×16 mm SiO2 (285 nm)/Si 
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chip with pre-patterned 32 Au contact pads was fabricated using the conventional photolithography. 

Then, the CVD-grown single-layer WS2 (left panels in Figure S2) or mechanically exfoliated TMDs 

(MoS2, WSe2, WSe1.8Te0.2,1 ReSe2, PtSe2 and MoTe2) nanosheets (right panels in Figure S2) were 

transferred onto the chips. The mechanically exfoliated TMD nanosheets were treated by the Ar plasma 

(3 W at 6.5×10-3 Torr for 15 s) to create S, Se, or Te vacancies (2-4%) to provide more active sites2. 

After that, the e-beam lithography, followed by thermal or electron-beam evaporation, were used to 

fabricate metal contacts used for the drain and source, which contact the Au pads on the chip (metal 

contacts: Cr (5 nm)/Au (60 nm) for MoS2, ReS2, and single-layer WS2; Pd (5 nm)/Au (60 nm) for 

WSe1.8Te0.2; Ti (5 nm)/Au (60 nm) for WSe2, PtSe2, and MoTe2). Finally, the device chip was 

passivated with 1-μm-thick poly(methylmethacrylate) (PMMA) film, followed by the e-beam 

lithography process to open a window through PMMA to expose the region of interest on the nanosheet.  
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Figure S3. Identification of the electrocatalytic reaction occurred at the exposed area of MoS2 in 
micro-cell. 
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Figure S4. Calibration of the micro-cell on Pt microelectrode. (a) Optical image of Pt 
microelectrode with thickness of 40 nm. (b) Polarization curves of Pt microelectrode and (c) the 
corresponding Tafel plot.  
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Figure S5. The typical in-situ electronic/electrochemical measurements in micro-cells with the 
electrochemical potential scanned through zero → cathodic (HER) → zero → anodic (OER) → zero 
(marked as (1)-(4) in the plot). The electronic signal (Ids, red curve) and the electrochemical signal (Ic, 
green curve) were collected simultaneously on n-type MoS2 (a) and bipolar WSe2 (b) nanosheets. Inset 
in (a): the background currents of Ic (typically <10-9 A, green curve) and Ids (≈10-10 A, red curve), 
measured in micro-cell passivated with PMMA without opening window are negligible, indicating no 
electrochemical reaction and no conductance modulation during the measurement. 
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2 Electrical circuit diagram of four-electrode micro-cell 

The equivalent circuit diagram used in the four-electrode micro-cell consisting two source 

measurement units (SMU), i.e., SMU 1 (Keithley 2400) and SMU 2 (Keithley 2450), are shown 

in Figure S6. SMU1 is used for the electronic measurement, where the “High Force (Force HI)” 

and “Low Force (Force LO)” are connected to the source and drain electrodes on semiconductor 

catalyst, respectively. The corresponding current (Ids) is collected during the electrocatalytic 

reaction. SMU2 is used for the three-electrode electrochemical measurement, where both “Low 

Force (Force LO)” and “Low Sense (Sense LO)” terminals are connected with the working 

electrode. The “High Force (Force HI)” and “High Sense (Sense HI)” terminals were connected 

to the counter electrode and reference electrode, respectively. The corresponding electrochemical 

current (Ic) is collected on SMU2. These two measurements are synchronized by the general 

purpose interface bus (GPIB) and the Labview script, allowing simultaneous recording of the 

electronic and the electrochemical signals. 

 

Figure S6. The equivalent circuit diagram illustrating the in-situ electronic/electrochemical 
measurement. SMU1 is used for the electronic measurement, and SMU2 is used for the three-
electrode electrochemical measurement. 
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3 Demonstration of the self-gating 

In the electronic measurement in micro-cell, Ids is about 10-1000 times greater than Ic, which is 

dependent on the conductance of the nanosheets and the bias voltage (Vds) used in the experiment. 

As shown in Figure S7a-b, Ic is about 20 nA while Ids is about 600-700 nA at Vds = 50 mV in the 

single-layer WS2 device. In order to further prove the validity of Ids, we have varied Vds from 0 to 

50 mv. Ids clearly follows the change of Vds while showing no obvious effect on Ic (Figure S7c), 

which is confirmed by the Tafel plots at various bias voltage (Vds: 0, 5, 10, 20 and 50 mV) in the 

Figure S7d. In the electrochemical measurement, the single-layer WS2 nanosheet shows an onset 

potential of ≈ -208 mV and Tafel slope of ≈ 108 mV dec-1 (Figure S7d), which are comparable 

with previously reports3,4. The slight difference in Tafel plots suggests that the bias potentials (0-

50 mV) applied in the electronic measurement did not alter the electrochemical signals.  
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Figure S7. Electrochemical measurement on single-layer WS2 nanosheet during HER. (a) Optical 
image of single-layer WS2 micro-cell with reaction window in the PMMA film. (b) Absolute 
electrochemical current (y axis in black) and electronic current (y axis in red) of single-layer WS2 
during hydrogen evolution reaction (HER) at varied bias potentials (Vds: 0, 2, 5, 10, 20 and 50 mV). 
(c) The zoom-in electrochemical current of black curves in (b) at varied bias potentials. (d) The 
corresponding Tafel plots of the single-layer WS2 in HER at various bias potentials (Vds: 0, 5, 10, 20 
and 50 mV) obtained from Figure 1c in the main text (polarization curves, black y axis).  

  



13 

Supplementary Note 1: Theoretical calculation of the change of electrostatic potential (𝜟𝜟𝜟𝜟) 

The electrostatic potential in the gate modulation is given by, 

𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑒𝑒2𝑛𝑛
𝐶𝐶𝐺𝐺

                                  (1) 

where n is the majority carrier concentration, e is the elementary charge, 𝑒𝑒𝑒𝑒  is the change of 

electrostatic potential, and CG is the geometric capacitance of the electrolyte (0.5 M H2SO4 in our 

experiment). CG equals to 𝜀𝜀𝑟𝑟𝜀𝜀0
𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒

, where ε0 is the vacuum dielectric constant, εr is the relative dielectric 

constant of the solvent, and dedl is the thickness of EDL. The dedl approximately equals to 1.5 k-1,5 in 

which k-1 is the Debye-Hückel length given by 

𝑘𝑘−1 = �
𝐾𝐾𝐾𝐾ε𝑟𝑟ε0

2𝐶𝐶𝑍𝑍2𝑒𝑒2                                (2) 

where K is the Boltzmann constant, T is the temperature, ε0 is the vacuum dielectric constant, εr is the 

relative dielectric constant of the solvent, C is the concentration of the electrolyte, e is the elementary 

charge, and Z is the charge of the ions. In 0.5 M H2SO4, the thicknesses of EDL under positive and 

negative gatings are estimated to be 0.34 and 0.45 nm, respectively. Hence, CG is estimated to be 200 

and 160 μF cm-2 under the positive gating and the negative gating, respectively. Finally, 𝑒𝑒𝑒𝑒  is 

caculated to be 𝑒𝑒 = 𝑒𝑒𝑛𝑛
𝐶𝐶G

= 9.06 × 10
-16
𝑛𝑛  under the positive gating, and 𝑒𝑒 = 𝑒𝑒𝑛𝑛

𝐶𝐶G
= 7.25 × 10

-16
𝑛𝑛  under 

negative gating. 
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Prior to the in-situ electronic/electrochemical measurements in micro-cell, the back-gated 

measurement was first carried out. As schematic illustration in Figure S8a, the MoS2 nanosheet 

(thickness of <10 nm) with Cr/Au contact (5/60 nm) shows the n-type characteristic (Figure S8b), the 

WSe1.8Te0.2 nanosheet with Pd/Au (5/60 nm) contact exhibits the p-type characteristic (Figure S8c), 

and the WSe2 nanosheet with Ti/Au (5/60 nm) contact gives the typical bipolar characteristic (Figure 

S8d). Based on our experiment, the exposed areas of the n-type MoS2, p-type WSe1.8Te0.2, and bipolar 

WSe2 nanosheets are measured to be 41, 43, and 69 μm2, respectively. The thicknesses of the n-type 

MoS2, p-type WSe1.8Te0.2, and bipolar WSe2 nanosheets are measured to be 4, 2, and 14 nm, 

respectively.  
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Figure S8. Back-gated measurements of TMD nanosheets on SiO2 (285 nm)/Si substrates. (a) 
Schematic illustration of TMD micro-cell. (b) Transfer curves of n-type MoS2 nanosheet (left panel) 
and the corresponding optical image of micro-cell (right panel). (c) Transfer curves of p-type 
WSe1.8Te0.2 nanosheet (left panel) and the corresponding optical image of micro-cell (right panel). (d) 
Transfer curves of bipolar WSe2 nanosheet (left panel) and the corresponding optical image of micro-
cell (right panel). 

  



16 

Supplementary Note 2. Experimental data for the effecient tuning of the Fermi level by self-
gating 

The bipolar WSe2 is turned on at negative and positive electrochemical potentials (top panel of Figure 

1f in the main text, which is also list below), and the corresponding Fermi level is tuned close to the 

band edges of the conduction band and the valence band, respectively. When applying the equation 

∆𝑉𝑉G = ∆𝐸𝐸f/𝑒𝑒 + ∆𝑒𝑒 to the 𝑒𝑒𝑉𝑉G interval (OFF-state: 𝑒𝑒𝑉𝑉GAP), we can get:  

𝑒𝑒𝑒𝑒𝑉𝑉GAP = 𝑒𝑒(𝑒𝑒𝑉𝑉𝑡𝑡ℎ𝑒𝑒 − 𝑒𝑒𝑉𝑉𝑡𝑡ℎ𝑛𝑛 ) = 𝑒𝑒𝐸𝐸f                        (3) 

where 𝑒𝑒𝐸𝐸f is the bandgap, 𝑒𝑒𝑉𝑉𝑡𝑡ℎ𝑒𝑒  is the threshold voltage of electrons, 𝑒𝑒𝑉𝑉𝑡𝑡ℎ𝑛𝑛  is the threshold voltage 

of holes, and e is the elementary charge. According to the equation (3), the bandgap of WSe2, i.e., 

𝑒𝑒𝐸𝐸f(WSe2) ≈ 1.13 eV, can be exacted from the self-gating characteristics in Figure 1f shown below.  

 

Figure 1f. In-situ electronic/electrochemical measurements of bipolar WSe2. The red curves in top 
panels are obtained from the electronic measurements, and the green curves in bottom panels are 
obtained from the electrochemical measurements. The bipolar WSe2 is turned on both negative and 
positive electrochemical potentials, and then delivers the HER and OER, respectively. Accordingly, 
its Fermi level is tuned to the band edges of the conduction band and the valence band, respectively, 
experimentally identifying the bandgap. 
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Figure S9. Transfer curve of bipolar WSe2 nanosheet at the positive electrochemical potential 
under self-gating from the in-situ electronic measurement in the top panel in Figure 1f. It shows a 
subthreshold swing of 68 mV dec-1 for holes under positive gating. 

The subthreshold swing (SS) is given by 

𝑆𝑆𝑆𝑆 = 𝑙𝑙𝑛𝑛 (10) 𝐾𝐾𝐾𝐾
𝑒𝑒

(1 + 𝐶𝐶𝑆𝑆
𝐶𝐶𝐺𝐺

)                           (4) 

where e is the electron charge, CS is the capacitance of semiconductor (as for the ultrathin 

semiconductor, it is considered as the quantum capacitance, i.e., Cq), and CG is the geometric 

capacitance. CG is much greater than Cq when the ultrathin semiconductor is at the off state, resulting 

in an ideal SS of 60 mV dec-1 at room temperature.  

From the in-situ electronic measurement in Figure 1f, the SS for the electron accumulation of bipolar 

WSe2 under the positive electrochemical potential can be extracted from the transfer curve based on 

the following equation, 

𝑆𝑆𝑆𝑆 = 𝜕𝜕𝑉𝑉𝑔𝑔
𝜕𝜕(𝑙𝑙𝑙𝑙𝑙𝑙10𝐼𝐼)

                                  (5) 

where Vg is the electrochemical potential in self-gating, and I is the Ids current. As shown in Figure S9, 

the SS is calculated to be 68 mV dec-1, which is close to the ideal value (60 mV dec-1), further 

confirming a highly efficient modulation of the Fermi level by self-gating during the electrocatalysis.   
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ReS2 electrocatalyst: Figure S10a shows the Raman spectrum of ReS2 nanosheet, which is consistent 

with reported work6. The optical image of the ReS2 micro-cell is shown in the inset of Figure S10a. 

Figure S10c shows the in-situ electronic/electrochemical measurement in the ReS2 micro-cell. In the 

electronic measurement, ReS2 shows an n-type characteristic with an on/off ratio of 5×103 under self-

gating during the electrocatalytic reaction (Figure S10c, red curve), agreeing with the back-gated 

measurement on the same device on SiO2 (285 nm)/Si substrate (Figure S10b) and recently reported 

work.6 In the electrochemical measurement, n-type ReS2 is turned on by the negative potential, while 

it is turned off by the positive potential under self-gating, only exhibiting the HER activity (Figure 

S10c, black curve). Its corresponding Tafel plot is shown in Figure S10d, showing an onset potential 

of ≈ -156 mV (vs. RHE) and Tafel slope of ≈ 122 mV dec-1
.  
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Figure S10. Self-gating on ReS2 nanosheet. (a) Raman spectrum of ReS2 nanosheet. Inset: optical 
image of the ReS2 micro-cell with reaction window in the PMMA passivated film. (b) Back-gated 
measurement of the ReS2 nanosheet, showing an n-type semiconducting behavior. (c) In-situ 
electronic/electrochemical measurement of ReS2 nanosheet, in which the red curve shows the 
electronic signal and the black curve shows the electrochemical signal. (d) The corresponding Tafel 
plot of the ReS2 nanosheet in HER. 
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PtSe2 electrocatalyst: Figure S11a shows the Raman spectrum of PtSe2 nanosheet , which is consistent 

with reported work7. The optical image of the PtSe2 micro-cell is shown in the inset of Figure S11a. 

Figure S11c shows the in-situ electronic/electrochemical measurement of the PtSe2 micro-cell. In the 

electronic measurement, PtSe2 delivers a bipolar characteristic under self-gating (Figure S11c, red 

curve), which is also confirmed by the back-gated measurement on the same device (Figure S11b). In 

the electrochemical measurement, PtSe2 can be turned on by both the negative and positive potentials, 

showing a remarkable HER activity (Figure S11c, black curve). Its corresponding Tafel plot gives an 

onset potential of ≈ -100 mV (vs. RHE) and Tafel slope of ≈ 106 mV dec-1 (Figure S11d).  

In our experiment, dozens of PtSe2 devices have been tested. They can be turned on at both positive 

and negative electrochemical potentials. However, only HER activity was observed, and no ORE 

activity happened. These results confirm that the high conductance is not the only factor to determine 

the electrocatalytic activity. This indicates that the conductance of the semiconductor catalyst (“on” 

and “off”) is necessary for the electrocatalysis to happen. A high conductance does not guarantee a 

high catalytic performance, because the “intrinsic catalytic activity” of the semiconductor is another 

important factor8, which is related to the adsorption/desorption kinetics (charge transfer) of the 

reactants on the catalyst surface. In the other word, the self-gating makes the charge transport from 

electrode to the surface of semiconductor, while the “intrinsic catalytic activity” dominates the charge 

transfer process at the interface. Both of them contribute to the semiconductor electrocatalysis. 
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Figure S11. Self-gating on PtSe2 nanosheet. (a) Raman spectrum of PtSe2 nanosheet. Inset: optical 
image of PtSe2 micro-cell with reaction window in the PMMA passivated film. (b) Back-gated 
measurement of PtSe2 nanosheet on the SiO2 (285 nm)/Si substrate, showing a bipolar characteristic. 
(c) In-situ electronic/electrochemical measurement of PtSe2 nanosheet, in which the red curve shows 
the electronic signal and the black curve shows the electrochemical signal. (d) The corresponding Tafel 
plot of the PtSe2 nanosheet in HER. 
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MoTe2 electrocatalyst: Figure S12a shows the Raman spectrum of MoTe2 nanosheet with 2H phase, 

which is consistent with reported work9. The optical image of the MoTe2 micro-cell is shown in the 

inset of Figure S12a. Figure S12c shows the in-situ electronic/electrochemical measurement of the 

MoTe2 micro-cell. In the electronic measurement, 2H MoTe2 shows an n-type semiconducting 

characteristic with an on/off ratio 6×103 under self-gating (Figure S12c, red curve), which was further 

confirmed by back-gated measurement on the same device (Figure S12b). In the electrochemical 

measurement, the 2H MoTe2 is turned on by the negative potential during the electrocatalytic reaction, 

and thus shows the HER activity (Figure S12c, black curve). Its corresponding Tafel plot gives an 

onset potential of ≈ -256 mV (vs. RHE) and Tafel slope of ≈ 86 mV dec-1 (Figure S12d).  
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Figure S12. Self-gating on 2H MoTe2 nanosheet. (a) Raman spectrum of 2H MoTe2 nanosheet. Inset: 
optical image of 2H MoTe2 device with reaction window in the PMMA passivated film. (b) Back-gated 
measurement of 2H MoTe2 nanosheet on the SiO2 (285 nm)/Si substrate, showing an n-type 
characteristic. (c) In-situ electronic/electrochemical measurement of 2H MoTe2 nanosheet, in which 
the red curve shows the electronic measurement and the black curve shows electrochemical 
measurement. (d) The corresponding Tafel plot of the 2H MoTe2 nanosheet in HER. 
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We first introduced different KCl into 0.5 M H2SO4 electrolyte to investigate the effect of salt ions on 

the electrocatalytic reaction and self-gating. As shown in Figure S13a-c, a significant decrease of 

electrochemical current without obvious change of Ids was observed, indicating the self-gating is stable. 

Furthermore, we did the self-gating experiments in pure KCl solution, PBS buffer, and phosphate 

buffer, showing similar phenomenon with very small electrochemical current (Figure S13e-g).  

 

Figure S13 Self-gating in different types of solutions. In-situ electronic/electrochemical 
measurement of a MoS2 device in 0.5 M H2SO4 solution (a), mixed H2SO4/KCl solutions: 0.5 M 
H2SO4/0.1 M KCl solution in (b) and 0.5 M H2SO4/0.5 M KCl solution in (c), 1 M KCl solution (e), 
PBS buffer (f), and phosphate buffer (g).  
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The n-type MoS2 only shows HER activity with an onset potential of ≈ -165 mV (vs. RHE) and Tafel 

slope of ≈ 116 mV dec-1 (Figures 1d and Figure S14a). These values are comparable to recently 

reported values of CVD-grown MoS2
2,10-13. The p-type WSe1.8Te0.2 only shows OER activity with an 

onset potential of ≈ 1.31 V (vs. RHE) and Tafel slope of ≈ 118 mV dec-1 (Figures 1e and Figure S14b). 

The bipolar WSe2 shows both HER activity (Figures 1f and Figure S14c, onset potential of ≈ -295 mV 

vs. RHE and Tafel slope of ≈ 128 mV dec-1) and OER activity (Figures 1f and Figure S14d, onset 

potential of ≈ 1.33V vs. RHE and Tafel slope of ≈ 101 mV dec-1). It is worth mentioning that the OER 

performances of p-type WSe1.8Te0.2 and bipolar WSe2 in our experiment are comparable to recently 

reported values of the N and P co-doped porous carbon used as an electrocatalyst14.  

 

Figure S14. The corresponding Tafel plots of n-type MoS2 (a), p-type WSe1.8Te0.2 (b), and bipolar 
WSe2 (c-d) in Figures 1d-f in the main text.  
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4 Identification of the self-gating by the electrochemical impedance 
spectroscopy measurement in micro-cell 
A modified transmission line (TL) model15 is used to explain the electrochemical impedance 

spectroscopy (EIS) measurement (Figure S15) and compare the results from in-situ 

electronic/electrochemical measurement. The TL model is often considered in the EIS analysis 

when the intermediate charge transport cannot be neglected in conducting polymers and porous 

film electrodes. As shown in the bottom panel in Figure S15, a TL model on a 1D line electrode 

is used by repeating the unit of charge transport process (rctt and rq) in series with faradic charge 

transfer process (rctr and qedl), in which 

rctt = Rctt/L                                 (6) 

cq = Cq/L                                  (7) 

rctr = Rctr/L                                 (8) 

qedl = Qedl/L                                 (9) 

where Rctt is the charge transport resistance of the line electrode, rctt is the charge transport 

resistance per unit length, Rctr is the charge transfer resistance of the line electrode, rctr is the charge 

transfer resistance per unit length, Cq is the quantum capacitance of the line electrode, cq is the 

quantum capacitance per unit length, Qedl is the constant phase element of the line electrode, qedl 

is the constant phase element per unit length, and L is the length of the 1D line electrode. It is 

worth mentioning that the TL model is based on the assumption of homogenous distribution of 

the position-independent elements along the 1D line electrode. This assumption can simplify the 

equivalent circuit in order to interpret the experimental data. We exclude the contribution of both 

the electrical circuit and the solution resistance (Rs) because they are several orders of magnitude 
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smaller than the charge transport resistance (Rctt) and the charge transfer resistance (Rctr). As shown 

in Figure S15, the measurements between the terminals A and B, and terminals A and C represent 

the electronic and electrochemical measurements, respectively. Therefore, the equivalent charge 

transport resistance (Rctt) calculated from the in-situ electronic measurement can be expressed by: 

𝑅𝑅ctt =
� 𝑥𝑥𝑅𝑅𝐿𝐿

𝐿𝐿

𝑥𝑥=0
𝐿𝐿+1

=  𝑅𝑅
2
                               (10) 

where R is the total resistance of the electrode obtained from the in-situ electronic measurement, 

in which R = dVds/dIds. 

 

Figure S15. Equivalent circuit based on the transmission line (TL) model to compare the in-situ 
electronic measurement on terminals (A-B) and the EIS measurement on terminals (A-C). Top: 
Schematic illustration of in-situ electronic/electrochemical measurement; Bottom: Equivalent circuit 
of in-situ electronic/electrochemical measurement in micro-cell.  
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Au microelectrode: Figure S16a shows the optical image of Au microelectrode. Figure S16b gives its 

HER performance with an onset potential of ≈ -154 mV (vs. RHE), Tafel slope of ≈ 114 mV dec-1, and 

current density of about 100 mA cm-2 at 0.4 V (vs. RHE) The Tafel slope of Au microelectrode is 

comparable to that of the mechanical exfoliated MoS2 (Figure S14a), suggesting a similar charge 

transfer process at the HER electrocatalytic interface. Figure S16c-e show the Rctr, Cedl, and Bode 

magnitude (|Z|) of Au microelectrode at various HER potentials from the EIS measurement, 

respectively. The Au microelectrode delivers a Cedl of about 300-400 μF cm-2 during the HER process 

(Figure S16d). It is worth mentioning that the slight fluctuation of Cedl at the HER potentials (-0.16 to 

-0.36 V, vs. RHE), indicates the quasi-stable nature of the EDL with minimal interference from the 

charge transfer process in electrocatalytic reaction.  
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Figure S16. HER and EIS measurements of Au microelectrode in the micro-cell. (a) Optical image 
of Au microelectrode with an open window of 100 μm2. (b) The polarization curve of Au 
microelectrode. Inset: the corresponding Tafel plot. (c)-(d) Variations of Rctr (c) and Cedl (d) of Au 
microelectrode collected from the fitting data of the equivalent circuit at various HER potentials in 
Table S1. (e) Representative Bode magnitude (|Z|) of Au microelectrode at various HER potentials 
from 100 kHz to 100 Hz with an amplitude of 10 mV.  
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For Au microelectrode, Qedl is related to the EDL capacitance at the metal-electrolyte interface, and 

Rctr is the charge transfer resistance. 

In Table S1, Cedl can be obtained from the Hsu and Mansfeld’s equation16,17, 

𝐶𝐶 = 𝑄𝑄
1
𝑁𝑁 × 𝑅𝑅

1−𝑁𝑁
𝑁𝑁                                  (11) 

where Q is a constant phase element, and R is parallel resistance from the equivalent circuit. When N 

= 1, Q behaves as a pure capacitor. When N = -1, Q behaves as a pure inductance. In addition, we 

observed that the internal resistance (Rs) in micro-cell is significantly smaller (from 10 to several-

hundred Ω) comparable to Rctr (from 10 kΩ to several MΩ) in Au microelectrode. Similarly, Rs is also 

much smaller than Rctt and Rctr in MoS2 nanosheet microelectrode, which will be discussed later. 

Therefore, Rs is ignored in our experiment. It is worth mentioning that such ultra-small Rs has been 

also frequently observed in the high impedance measurement of the corrosion electrochemical 

behavior in the paint coating systems by EIS18,19. 

  



31 

Table S1. The optimum fitting parameters of equivalent Randles circuit elements (Rs + Qedl/Rctr) 
with one time constant (CPEedl) for Au microelectrode measured at the various HER potentials from 
100 kHz to 100 Hz with an amplitude of 10 mV.  

η Rctr Qedl Nedl X2 Cedl 

(V, vs. RHE) (kΩ) (pMho*s^N)  (fitting deviation) (μF cm-2) 

-0.16 4670  234 0.979 0.0118 365.6761 

-0.18 2690  213 0.988 0.0117 272.1157 

-0.20 2470  212 0.985 0.0106 287.8147 

-0.22 1500  241 0.98 0.0113 360.3067 

-0.24 1440  234 0.98 0.0097 349.3398 

-0.26 1010  214 0.98 0.0116 316.5996 

-0.28 867  239 0.981 0.0095 346.3141 

-0.30 591  226 0.98 0.0101 331.0846 

-0.32 246  242 0.978 0.0118 361.9991 

-0.34 202  246 0.976 0.0101 380.3541 

-0.36 179  248 0.975 0.0098 389.526 

Abbreviations: η: the electrochemical overpotential; Rctr: the charge transport resistance; Qedl: the 
constant phase element related to the electrical double layer capacitance at the metal-electrolyte 
interface; X2: the fitting deviation; Cedl: the electrical double layer capacitance. 
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MoS2 nanosheet microelectrode: Figure S17a-b show the optical image and the in-situ 

electronic/electrochemical measurement of the MoS2 nanosheet, respectively. Figure S17c-e show Rctr, 

Cedl, and Bode magnitude |Z|) of MoS2 nanosheet microelectrode at various HER potentials from the 

EIS measurement, respectively. The Cedl of MoS2 nanosheet microelectrode (Figure S17d) is 

comparable to that of Au microelectrode, indicating similar Faradic charge transfer process and EDL 

characteristic during HER. A quasi-stable Ctotal of 50-60 μF cm-2 in HER is obtained for the MoS2 

nanosheet microelectrode (Figure S17d), indicating a stable self-gating with minimal influence from 

the electrocatalytic reaction.  

It is worth mentioning that Ctotal of MoS2 in our EIS measurement is greater than those reported in 

MoS2-based electric double-layer transistors (EDLTs)20-23, such as MoS2/ion-gel interfaces (e.g., 5.78 

μF cm-2 at 15 Hz22 and 10.7 μF cm-2 at 0.1 Hz20). This difference could be attributed to the following 

three factors: (i) Aqueous electrolyte. Cedl is much greater in the aqueous electrolyte due to a larger 

dielectric constant of water as compared to the ion-gel electrolyte. (ii) Greater Cq. In our work, EIS 

measurements are conducted at electrochemical potentials from -0.131 to -0.381 V (vs. RHE), in which 

MoS2 is turned on with Fermi level inside the conduction band. This is different from the reported 

measurements of EDLTs which are typically conducted at the gate voltage close to 0 V, i.e., MoS2 is 

at the off state. As a result, those measurements of MoS2-based EDLTs20-23 lead to a much smaller Cq, 

because the Fermi level is located in the bandgap. As a contrast, in our EIS measurements, the Fermi 

level is already turned inside the conduction band, resulting in a much greater Cq. (iii) Different 

measurement systems. There are usually extra interface capacitors involved in the reported 

measurements of EDLTs, leading to an inaccurate estimation of the total specific capacitance. For 

example, the applied two-electrode system without the reference electrode contains an extra solid-
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liquid interface on the counter electrode, and the exposed drain and source metal electrodes without 

passivation contain extra metal-liquid interfaces. However, we are able to exclude these extra interface 

capacitors by using a reference electrode and the selective exposure of MoS2 nanosheet to the 

electrolyte (with the PMMA passivation). 
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Figure S17. EIS and in-situ electronic/electrochemical measurements of MoS2 nanosheet micro-
electrode. (a) Optical image of 8-nm-thick MoS2 nanosheet microelectrode with an open window of 
650 μm2. (b) The in-situ electronic/electrochemical measurement of 8-nm-thick MoS2 nanosheet 
microelectrode in (a). Inset: the corresponding Tafel plot showing an onset potential of ≈ -146 mV, 
Tafel slope of ≈ 110 mV dec-1, and current density of about 88 mA cm-2 at 0.4 V (vs. RHE). (c)-(d): 
Rctr (c) and Cedl (d) of MoS2 nanosheet microelectrode collected from the fitting data of the equivalent 
circuit at various HER potentials in Table S2. (e) Representative Bode magnitude (|Z|) of MoS2 
nanosheet microelectrode at various HER potentials from 100 kHz to 100 Hz with an amplitude of 10 
mV.  
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As shown in Table S2, the time constant (RctrQedl) is associated with the charge transfer at the MoS2-

electrolyte electrocatalytic interface (the faradic process), and the additional time constant (RcttQq) is 

associated with the charge transport in MoS2 nanosheet microelectrode, as compared to Au 

microelectrode. Specifically, both Rctt and Qq are strongly dependent on the electrochemical potentials 

due to the self-gating.  

It is worth mentioning that in a conventional electrochemical cell, similar equivalent Randles circuit 

(Q1/R1+Qedl/Rctr) with two time constants have been observed in semiconductor electrocatalysis17,24-29, 

in which the Qedl/Rctr at low frequency is attributed to the faradic process (the charge transfer process) 

in the reaction and the Q1/R1 at high frequency corresponds to the electronic capacitance and resistivity 

of the film electrode17. However, the Q1/R1 is often considered potential-independent.17,24-29 This is 

because the measurement of R1 would be not accurate in the conventional electrochemical cell17,25 due 

to many factors, such as extra electrocatalytic interfaces rising from the exposed conductive substrate 

(current collector) to electrolyte, the conductive additive (graphene or carbon black) in the electrode, 

or the contact between the conductive substrate and the catalysts.27,29 However, in our micro-cell, all 

electrodes are effectively passivated by the PMMA, and only MoS2 nanosheet is exposed for the HER 

test. Therefore, our EIS measurement can clearly identify the charge transport resistance and the 

quantum capacitance.  
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Table S2. The optimum fitting parameters of equivalent Randles circuit elements 
(Rs+Qq/Rctt+Qedl/Rctr) with two time constants (CPEq and CPEedl) for MoS2 nanosheet 
microelectrode measured at various HER potentials from 100 kHz to 100 Hz with an amplitude of 10 
mV.  

η Rctt Rctr Qedl Nedl Qq Nq X2 Cedl 

(V, vs. RHE) (kΩ) (kΩ) (pMho*s^N)  (pMho*s^N)  (fitting deviation) (μF cm-2) 

0.14 34.6 1180 833 0.925 379 1 0.0116 686.83980 

0.16 34.3 840 784 0.922 369 1 0.0062 672.11624 

0.18 32.5 665 783 0.923 371 1 0.0047 642.71337 

0.20 29.5 494 767 0.924 377 1 0.0042 599.06611 

0.22 29.2 385 731 0.937 368 1 0.0117 416.01138 

0.24 25.4 312 724 0.931 373 1 0.0027 463.40897 

0.26 23.5 252 761 0.925 384 1 0.0105 549.60222 

0.28 24.6 182 720 0.931 371 1 0.0101 442.62021 

0.30 23.3 152 709 0.93 393 1 0.0012 438.86291 

0.32 21.6 128 704 0.928 404 1 0.0013 448.58083 

0.34 20.4 116 707 0.925 418 1 0.0014 476.61948 

0.36 17 104 710 0.928 474 1 0.0008 445.46737 

0.38 16 77.3 717 0.927 477 1 0.0010 449.17091 

Abbreviations: η: the electrochemical overpotential, Rctt: the charge transfer resistance; Rctr: the 
charge transport resistance; Qedl: the constant phase element related to the electrical double layer 
capacitance at the semiconductor-electrolyte interface; Qq: the constant phase element related to the 
quantum capacitance of the semiconductor; X2: the fitting deviation; Cedl: the electrical double layer 
capacitance.  
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5 Carrier modulation differences between self-gating and current electron 
transfer theories at the semiconductor-electrolyte interface 

Table S3 shows the comparison of the carrier modulation in the electron transfer theories, ion-

controlled electronics (MIS junction), and the self-gating (LMIS junction). In detail, we compare 

the semiconductor surface, energy band structures at equilibrium and accumulation, reaction 

current/conductance current, and the Fermi level tuning. 

Current electron transfer theories including Marcus theory and the Gerischer Model 30-35, assume 

a fully active semiconductor-electrolyte interface with 100% active region that works as a 

Schottky-analog junction36,37. Similar to the junction field-effect transistors38,39, it will be difficult 

for such junction to accumulate a high carrier concentration or achieve a high conductivity i.e., 

the Fermi level deep inside the conduction or valence band, as shown in Table S3 (the first row). 

On the other hand, the recently developed ion-controlled electronics assume a fully inert interface, 

which works as a ionic gating or metal-insulator-semiconductor (MIS)37,40 (Table S3, the second 

row). Such gating is capable of accumulating an extremely high charge concentration (exceeding 

1014 e cm-2 in 2D semiconductors) to make semiconductor conductive, or even 

superconductive41,42, which is widely studied in iontronics.43  

Based on our hundreds of devices for different types of semiconductors, we propose that, in terms 

of the carrier modulation, a practical semiconductor-electrolyte interface containing both 

active and inert regions can be modeled as LMIS junction (Table S3, the third row). In this 

proposed model, the leakage refers to the charge transfer process at active regions (the electron 

transfer theories, Schottky-analog junction), and the MIS refers to the self-gating at the inert 

regions that dominates the carrier modulation, i.e., a semiconductor is turned “on” or “off”.   
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Table S3. Comparison of the carrier modulation in the electron transfer theories, ion-controlled electronics (MIS junction), and our self-
gating. The semiconductor surface, energy band structures at equilibrium and accumulation, reaction current (RC)/conductance current (CC), and 
the Fermi level tuning, are compared. 

 

Note: Semiconductor-electrolyte interface is modeled as an analog of Schottky junction in classic electron transfer theories, referred as Schottky-
analog junction in this work.
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Supplementary Note 3. Comparison of Schottky-analog junction and LMIS junction 

1. Observation of a strong photo-gating during HER process 

The photogenerated excitons (electron–hole pairs) are very sensitive to the electrostatic field, 

because such electrostatic field can easily trap electrons or holes, and thus significantly affect the 

photoresponse. Here, we design a photoelectrochemical micro-cell to investigate the 

photoresponse of semiconductor catalysts during the HER process. Both the photo-conductance 

and photo-electrochemical currents can be simultaneously measured in this micro-cell. Figure 

S18a shows the photoelectrochemical micro-cell setup (top) and the device (bottom). A 532-nm 

green laser with an intensity 200±2 mW cm-2 is used as an excitation source. ReS2, a direct band-

gap TMD material, is used as a semiconductor catalyst (the device performance is shown in Figure 

S10).  

Figure S18b shows the in-situ electronic/electrochemical measurement of ReS2 in dark (black 

curves) and illumination (red curves). First, a conduction modulation with an on/off ratio over 103 

was observed in ReS2 in dark, agreeing with the self-gating phenomenon (black curve in Figure 

S18b). Second, an enhanced photoconductivity of ReS2 under light illumination was also observed 

(red curve in Figure S18b). Figure S18c (black curve) shows the photocurrent Iph, which is defined 

as the difference between the conductance current under light and dark conditions, given by44,45:  

𝐼𝐼ph = 𝐼𝐼𝐷𝐷,𝑖𝑖𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖 − 𝐼𝐼𝐷𝐷,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                          (12) 

where ID,illum is the conduction current of ReS2 under light illumination, and ID,dark is the conduction 

current of ReS2 in dark. Two possible mechanisms can give rise to the enhanced 

photoconductivity46,47. One is the traditional photoconductive effect, i.e., once semiconductor 

absorbs the photons with energy larger than the bandgap (1.5 eV), electron–hole pairs will be 
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generated, which can be separated by the applied bias voltage and thus a photocurrent is generated. 

The other mechanism is the photo-gating effect, which rises from the defects, surface states or 

the electrostatic field that traps the photogenerated holes or electrons. It can be described as the 

change of threshold voltage in the dark and under light illumination, i.e., ΔVT. As a result of 

threshold shift, Iph from the photo-gating effect can also be expressed as44-46: 

𝐼𝐼𝑝𝑝ℎ = 𝜕𝜕𝐼𝐼𝐷𝐷
𝜕𝜕𝑉𝑉𝑔𝑔

.∆𝑉𝑉𝐾𝐾 = 𝑔𝑔𝑖𝑖.∆𝑉𝑉𝐾𝐾                        (13) 

where gm is the transconductance, and ∆𝑉𝑉𝐾𝐾 is the gate voltage (i.e., the electrochemical potential 

in this work). As shown in Figure S18c (the right axis), an increasing gm with the electrochemical 

potentials (∆𝑉𝑉𝑙𝑙) was observed before reaching the saturation region, suggesting a photo-gating 

effect at the semiconductor-electrolyte interface. This photo-gating effect originates from the 

electrostatic field across the semiconductor-electrolyte interface during HER process, which can 

trap photo-generated hole. Note that the photoconductive effect is not dependent on the gate 

voltage (∆𝑉𝑉𝑙𝑙)46. 

Importantly, we further observed an enhanced photo-gating with the electrochemical potential 

during HER process in our experiments, which is supported by the following experimental  

results, i.e., (i) the 𝑰𝑰𝐩𝐩𝐩𝐩 in the Tafel liner region increasing with the negative electrochemical 

potential (the inset of Figure S18c), showing an increasing photoresponse during the HER process, 

and (ii) the response time prolonged with the electrochemical potential, as shown in Figure S18d 

and e (see the rising time in Figure S18e). Both (i) and (ii) indicate an increasing electrostatic 

field across the semiconductor-electrolyte interface during HER process, and such electrostatic 

field increases the trap time constant and the photocurrent, leading to a strong photo-gating.  
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The observed enhanced photo-gating fits our LMIS model, which predicts an increasing 

electrostatic field across the semiconductor-electrolyte interface as the charge transfer process 

happens. The local electrostatic field is proportional to the electrochemical potential (or Vg), and 

it results in an enhanced photo-gating during HER process. On the contrary, a Schottky-

analog junction model predicts a decreasing electrostatic field across the semiconductor-

electrolyte interface because the Schottky-analog junction approaches Ohmic characteristic once 

the charge transfer process starts. The decreasing electrostatic field leads to a weak photo-gating 

during HER process, which is similar to metal-semiconductor field-effect transistors at saturation 

region.48,49 

Based on the aforementioned discussion, it is believed that the enhanced photo-gating provides a 

strong evidence for LMIS junction at the semiconductor-electrolyte interface.  
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Figure S18. Strong photo-gating on ReS2 nanosheet in photoelectrochemical micro-cell. (a) 
Digital images of the photoelectrochemical micro-cell setup (top) and the device (bottom). (b) In-situ 
electronic/electrochemical measurement of ReS2 nanosheet in dark (black curve) and under 
illumination (red curves). (c) Electrochemical potential-dependent photogenerated current (Iph, left y 
axis) and transconductance (gm, right y axis) of ReS2 nanosheet. Inset: Iph at the Tafel liner region (the 
HER process). (d)-(e) Time-resolved photoresponse in 30 cycles (d) and 1 rising cycle (e) at different 
electrochemical potentials.  
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2. The position of Fermi level during electrocatalytic reaction:  

Our in-situ electronic/electrochemical measurement can identify the Fermi level position of 

conduction or/and valence band across all potential windows. The difference between the 

conductance onset potential (𝑉𝑉𝑐𝑐𝑙𝑙𝑛𝑛𝑑𝑑𝑖𝑖𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡 , the edge of conduction or valence band) and the 

reaction onset potential (𝑉𝑉𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡) is given by: 

∆𝑉𝑉 = |𝑉𝑉𝑐𝑐𝑙𝑙𝑛𝑛𝑑𝑑𝑖𝑖𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡 − 𝑉𝑉𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡|                      (14) 

As shown in Figure S19, 𝑉𝑉𝑐𝑐𝑙𝑙𝑛𝑛𝑑𝑑𝑖𝑖𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡  is usually 0.3-0.7 V smaller than 𝑉𝑉𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡 , 

indicating that the Fermi level is already deep inside conduction or valence bands as the HER or 

OER start. The Fermi level further moves deeper into conduction or valence band, as these 

electrocatalytic reactions continue.  

Unfortunately, such deep state of the Fermi level cannot be explained by the Schottky-analog 

junction in the electron transfer theories. This is because the Schottky-analog junction could be 

broken (Ohmic characteristic) once the Fermi level is tuned into the bands. As a result, it cannot 

be further tuned deep in bands (see the book of “Semiconductor Physics and Devices Fourth 

edition” by Donald A. Neamen37). On the other hand, the surface of semiconductor catalyst is not 

considered to be fully active for charge transfer process. Instead, it should be considered as a 

mixture of active and inert regions, and the carrier modulation (conductance) mainly 

happens at the inert regions. In term of the carrier accumulation, our proposed LMIS junction 

can explain the high conductivity (the Fermi level deep in band) of semiconductors during the 

electrocatalysis.  



44 

 

Figure S19. The potential difference between the conductance onset potential (Vconduct-onset) and 
the reaction onset potential (Vreact-onset) of various TMD semiconductor catalysts.  

 
 

3. Carrier accumulation:  

As the electrocatalytic reaction starts, the accumulated carrier concentration (𝑛𝑛𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡) of TMD 

semiconductor catalysts is given by: 

𝑛𝑛𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡 = 𝑛𝑛𝑒𝑒𝑑𝑑𝑙𝑙𝑒𝑒 𝑙𝑙𝑜𝑜 𝑏𝑏𝑑𝑑𝑛𝑛𝑑𝑑 + ∆𝑛𝑛                     (15) 

∆𝑛𝑛 = 𝐶𝐶total × ∆𝑉𝑉                            (16) 

where 𝑛𝑛𝑒𝑒𝑑𝑑𝑙𝑙𝑒𝑒 𝑙𝑙𝑜𝑜 𝑏𝑏𝑑𝑑𝑛𝑛𝑑𝑑 is the carrier concentration at the edge of conduction or valence band whose 

value is roughly expected to be ≈1013 e cm-2 obtained in 2D TMD-based transistors23,40, ∆V is the 

potential difference between the conductance onset potential ( 𝑉𝑉𝑐𝑐𝑙𝑙𝑛𝑛𝑑𝑑𝑖𝑖𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡 , the edge of 

conduction or valence band) and the reaction onset potential (𝑉𝑉𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑡𝑡−𝑙𝑙𝑛𝑛𝑜𝑜𝑒𝑒𝑡𝑡 ), 𝐶𝐶𝑡𝑡𝑙𝑙𝑡𝑡𝑑𝑑𝑙𝑙  is the total 

capacitance of the TMD semiconductors with a range of 50-70 μF cm-2 which can be extracted from 

the EIS measurement (Figure 2i).  

In our experiment, ∆𝑛𝑛 of 1-3×1014 e cm-2 can be achieved (Figure S20) when the Fermi level is 

tuned from the band edge to the reaction onset potentials. Therefore, an order of 1014 e cm-2 of the 



45 

carrier concentration is accumulated during HER process. As comparison, it is impossible to obtain 

this value from Schottky-analog junction49.  

 

 

 

Figure S20. The carrier concentration (△n) accumulated from the conductance onset potential 
to the reaction onset potential. 
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6 Surface conductance of semiconductor catalysts 

 

Figure S21. The fabrication procedure of MoS2 flake-based micro-cell with top and bottom 
electrodes.  
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Figure S22. Optical images of micro-cells based on MoS2 with thickness of 1-101 nm.   
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In order to examine the penetration depth of surface conductance, we fabricated a micro-cell, which 

can realize the vertical electron transport from the reaction interface to the bottom current collector 

(Au). The following issues are carefully controlled to ensure the vertical electron transport. 

1. The reaction window is only opened at the MoS2 basal plane. We only expose the basal plane 

region of MoS2 nanosheet. Therefore, the carriers (electrons) are forced to transport vertically from 

the bottom Au contact to the catalyst surface. This is different from the conventional 

electrochemical cell with more charge transport pathways including the semiconductor edges and 

conductive additives. 

2. The active site density is controlled. In order to enhance the electrochemical signal, we introduce 

the sulphur vacancy by Ar plasma, which can be identified from the attenuation of Raman signal2, 

as shown in Figure S23a. In our experiment, such sulphur vacancy serves as active sites on the 

MoS2 surface to improve the HER activity2. The resulting catalytic surface can be considered as a 

mixture of active sites (mostly S vacancies) and inert regions, which resembles the practical 

semiconductor catalyst surface according to our LMIS model (Table S3). 

3. Background current of each device is calibrated. As shown in Figure S23b, the electrochemical 

current of MoS2 decays rapidly with its thickness, giving a very weak electrochemical signal for the 

thick MoS2. For example, the electrochemical current for 20-30 nm MoS2 is only several nA. The 

background current of all devices is less than 0.1 nA (within the instrumental limit), which can be 

negligible during the electrochemical measurement (the inset of Figure S23b).  
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Figure S23. The HER measurement of micro-cells based on MoS2 with different thickness. (a) 
Raman spectra of single-layer MoS2 treated with Ar plasma for 0, 15, 30, 45, 60, and 70 s. The peaks 
at 386 and 404 cm-1 are assigned to the E1

2g and A1g modes, respectively. (b) Typical polarization 
curves of micro-cells based on MoS2 with different thickness. Inset: Background current without the 
reaction window in the PMMA film.  
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Supplementary Note 4. Calculation of carrier density at the accumulation regime under self-
gating 

 

Figure S24. Distribution of carrier density in semiconductor catalyst under self-gating at anodic 

potential. 

As shown in Figure S24, the effect of the self-gating on the carrier density in semiconductor catalyst 

can be considered as a triangular well with a constant electric field and an infinite barrier, given by, 

𝑉𝑉(𝑑𝑑) = 𝑞𝑞𝜀𝜀𝑑𝑑 ( 𝑑𝑑 > 0)                            (17) 

or 𝑉𝑉(𝑑𝑑) = ∞ (𝑑𝑑 ≤ 0)                            (18) 

where V is the potential energy, d is the depth beneath semiconductor surface, ε is the electric field 

strength, and q is a unit charge.  

Time-independent Schrodinger’s equation for the potential in equation (17) becomes: 

�− ℏ2

2𝑖𝑖
𝜕𝜕2

𝜕𝜕𝑑𝑑2
+ 𝑞𝑞𝜀𝜀𝑑𝑑�𝜓𝜓(𝑑𝑑) = 𝐸𝐸𝜓𝜓(𝑑𝑑)                       (19) 

where m is the mass of electron, V is the potential energy, d is the depth beneath semiconductor surface, 

ε is the electric field strength, q is a unit charge, 𝜓𝜓 is the wave function, and E is the total energy of 

the system. 
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The Airy function is a solution to 𝑑𝑑
2𝜓𝜓
𝑑𝑑𝑜𝑜2

− 𝑠𝑠𝜓𝜓 = 0, and approaches zero as d approaches infinity, in 

which s is given by � 2𝑖𝑖
ℎ2𝑞𝑞2𝜀𝜀2

�
1
3� (𝑞𝑞𝜀𝜀𝑑𝑑 − 𝐸𝐸𝑛𝑛). As a result, the solution to the Schrödinger equation can 

be rewritten as:  

𝜓𝜓𝑛𝑛(𝑑𝑑) = 𝐴𝐴 ∙ 𝐴𝐴𝐴𝐴(𝑠𝑠𝑛𝑛) = 𝐴𝐴𝐴𝐴 �� 2𝑖𝑖
ℎ2𝑞𝑞2𝜀𝜀2

�
1
3� (𝑞𝑞𝜀𝜀𝑑𝑑 − 𝐸𝐸𝑛𝑛)�                (20) 

where A is a proportionality constant which can be determined by normalization. Since 𝜓𝜓(𝑑𝑑 = 0) has 

to be zero at the infinite barrier. According to equation,  

𝜓𝜓𝑛𝑛(0) = 𝐴𝐴 ∙ 𝐴𝐴𝐴𝐴(𝑠𝑠0) = 𝐴𝐴𝐴𝐴 �� 2𝑖𝑖
ℎ2𝑞𝑞2𝜀𝜀2

�
1
3� (−𝐸𝐸𝑛𝑛)�                     (21) 

 the energy eigenvalues, 𝐸𝐸𝑛𝑛, are obtained from: 

𝐸𝐸𝑛𝑛 = −(ℎ
2𝑞𝑞2𝜀𝜀2

2𝑖𝑖
)1 3�  𝑠𝑠𝑛𝑛                             (22) 

where 𝑠𝑠𝑛𝑛 is the 𝑛𝑛𝑡𝑡ℎ zero of the Airy function, i.e., �3𝜋𝜋(4𝑛𝑛−1)
8

�
2
3� . Therefore, the energy values can 

be finally rewritten as: 

𝐸𝐸𝑛𝑛 ≈ −(ℎ
2𝑞𝑞2𝜀𝜀2

2𝑖𝑖
)1 3� �3𝜋𝜋(4𝑛𝑛−1)

8
�
2
3�                         (23) 

where for n= 1, the first energy level can be obtained, i.e., 𝐸𝐸1 = (ℎ
2

2𝑖𝑖
)1 3� �9𝜋𝜋𝑞𝑞𝜀𝜀

8
�
2
3� .  

Finally, the distribution of density of states (|𝜓𝜓|2) at first energy level can be given by, 

|𝜓𝜓1(𝑑𝑑)|2 = �𝐴𝐴 ∙ 𝐴𝐴𝐴𝐴 �� 2𝑖𝑖
ℎ2𝑞𝑞2𝜀𝜀2

�
1
3� �𝑞𝑞𝜀𝜀𝑑𝑑 − (ℎ

2

2𝑖𝑖
)1 3� �9𝜋𝜋𝑞𝑞𝜀𝜀

8
�
2
3� ���

2

          (24) 

Based on the Supplementary Note 1, dedl ≈ 0.34 nm under positive electrochemical potential in 0.5 M 

H2SO4, the electrostatic field strength (ε) during the HER process is estimated to be about 1×10 MV 

cm-1. According to the equation (24), we can plot the distribution of carrier density (|𝜓𝜓|2) along the 

thickness (d) of semiconductor catalyst in HER, as shown in Figure 3c.  
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Supplementary Note 5. Effect of the surface conductance on semiconductor catalysts 

Semiconductors are commonly considered as non-ideal electrocatalysts due to their low conductance. 

For example, in a book titled “Electrocatalysis on Non-metallic Surfaces” authored by Alan D. 

Franklin”33, the following two sentences are mentioned, i.e., No generalizing prediction can at present 

be made for the usefulness of non-metallic electrodes, and To some extent the conductivity problem 

can perhaps be overcome by using very thin layers on highly conductive substrates. 

In the electrocatalytic applications of semiconductors, additional conductive supports (e.g., carbon 

additives)50 are usually required to form composite electrodes. Therefore, for metallic electrocatalyst51, 

the charge carrier can transport through its high conductive bulk. However, for semiconductor 

electrocatalyst51, due to the low conductivity, the charge transfer process mainly occurs at the contact 

with its conductive support. However, this picture is difficult to explain the high activities of some 

recently reported semiconductor catalysts without conductive additives3,52,53. In our experiment, we 

found that self-gating could induce a charge transport pathway which renders the surface of 

semiconductors highly conductive. Such surface conductance can explain the high electrocatalytic 

activities of nanostructured semiconductor catalysts, e.g., metal oxide54-56 or 2D transition metal 

dichalcogenide3,57,58 and previously reported semiconductor catalysts without conductive additives. 

Similar surface-conductance phenomenon was also observed in Li-air battery, in which the surface of 

insulating Li2O2 became metallic during its operation59,60.  

It is worth mentioning that the surface conductance plays an increasing important role as the 

dimensions of semiconductor catalysts are reduced from bulk to the nanometer scale. Such surface 

conductance can dominate the overall conductance of semiconductor catalysts under the self-gating, 

once their dimensions are reduced within the penetration depth of surface conductance (the 
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accumulation regime). In the last decade, shrinking of the dimensions from thin films to nanometer 

scale (or even to an atomic layer) has significantly improved the electrocatalytic performance, which 

is commonly explained by the increased surface area. Differently, we proved that the self-gating-

induced surface conductance is a dominant factor for the increasing electrocatalytic performance of 

nanostructured semiconductors.   
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7 Correlation of the semiconductor types and the catalytic reactions 

Figure S25a-c show the Si nanowires, fabricated via chemically etching the light-doped Si wafers 

with doping concentration of 1013 e cm-3. The micro-cell fabrication is described in the Materials 

and Methods Section. Figure S25d, f, and g show the micro-cells of n-type, bipolar, and p-type Si 

nanowires, respectively. The similar self-gating phenomena with those observed in the 

aforementioned TMD micro-cells were also observed, i.e., n-type Si nanowire exhibits HER 

activity as it is tuned on by the negative electrochemical potential under self-gating (Figure S25e), 

p-type one shows OER activity as it is tuned on by the positive electrochemical potential under 

self-gating (Figure S25g), and bipolar one shows both HER and OER activities as it is turned on 

by both negative and positive potentials under self-gating (Figure S25i).  

Note that additional peaks before OER are observed, which may be related to the redox process 

of SiOx. These peaks appear only after the p-type or bipolar Si nanowires are tuned on by the 

positive electrochemical potential, which is consistent with our aforementioned proposed principle. 

Finally, due to a small bandgap of Si (1.0-1.1 eV), the weak bipolar characteristics for both n-type 

and p-type Si nanowires under self-gating are observed (Figure S25e and i, red curves).  



55 

 

Figure S25. Self-gating on n-type, p-type and bipolar Si nanowires. (a)-(c) SEM images of the 
fabricated Si nanowires. (d)-(h) Optical images of n-type Si nanowire micro-cell (d), bipolar Si 
nanowire micro-cell (f), and p-type Si nanowire micro-cell (h). (e)-(i) In-situ 
electronic/electrochemical measurements of n-type Si nanowire (e), bipolar Si nanowire (g), and p-
type Si nanowire (i). 
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Table S4. Correlation between the charge carrier types of previously studied semiconductors and 
their preferred electrocatalytic reactions (HER, OER, CO2 reduction, and ORR).  

Charge carrier  Semiconductor catalyst Electrocatalytic reaction 

n-type 

MoS2
61,62* HER2,57,63-66* and CO2 reduction67 

MoSe2
68 HER65,69 

WS2
70 HER4,71-73 

WSe2
74 HER75 and CO2 reduction76 

ZnO77 CO2 reduction78 
SnO2

77 CO2 reduction79 
SnS2

80 HER81 
ReS2

6 HER82,83 
MoTe2

* HER* 
CoMoSx

84 HER85 

p-type 

NiO86,87 ORR88 and OER89 
Ni(OH)2

90,91 OER92,93 
CoO94 and Co3O4

87,95
 ORR55,96-101 and OER55,97-100 

Co(OH)2
102 OER103,104 

Cu2O105 and CuO105,106 ORR107,108 and OER109,110 
Cu2S111 OER112 
Mn3O4

113 ORR114 and OER115 
PtO2

116 OER117 
NiCo2O4

87 ORR118,119 and OER96,120 
CuCo2O4

121 ORR122 and OER122 
MnCo2O4

123 ORR124,125 and OER124,125 
Phosphorus-doped MoS2

126 ORR127 
WSe2

128 

WSe1.8Te0.2
1* 

ORR129 
OER* 

bipolar 
Ta or Nb-doped MoS2

126,130-132 HER133 and ORR133 
Ta or Nb-doped WS2

131,132,134 HER133 and ORR133 
WSe2

135* HER* and OER* 
*Data collected in our experiments.  

Note that some of VIA compound catalysts with high electrocatalytic performances are excluded in 
the table due to their metallic characteristics, such as metal chalcogenides (CoS2

136,137, CoSe2
138, 

NiS2
136,139, NiCo2S4

140,141, VS2
142,VTe2

143, and PtTe2
144), and metal oxides87 (RuO2, RhO2, IrO2, 

PtCoO2, and PdXO2 (X=Co, Cr, or Rh)). 
  

http://dict.youdao.com/w/compound/#keyfrom=E2Ctranslation
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Supplementary Note 6. Discussions about Table S4 

1. Metallic catalysts 

Some of compound catalysts with high HER, OER, or CO2 reduction performances are excluded 

in the Table S4 due to their metallic characteristics, such as metal chalcogenides (CoS2
136,137, 

CoSe2
138, NiS2

136,139, NiCo2S4
140,141, VS2

142, VTe2
143, and PtTe2

144), and metal oxides87 (RuO2 and 

IrO2). Note that some of them can also deliver a bifunctional electrocatalytic performances in both 

cathodic and anodic reactions (both HER and OER), such as NiS2
139,145, NiCo2S4

140,141, CoSe2
146,147, 

and Co2P148,149. This is consistent with their metallic characteristics and the self-gating cannot 

affect their conductance. Interestingly, owing to the zero-gap band structure, graphene behaves like 

metal and remains highly conductive in all electrochemical windows, resulting in potentials for the 

electrocatalytic reactions in both positive and negative electrochemical windows.150 

2. Weak self-gating at low electrochemical potentials 

Some electrocatalytic reactions, such as HER, ORR, and CO2 reduction, occur at a smaller 

electrochemical potential compared to OER. As a result, the strength of the self-gating in these 

electrocatalysis is relatively weak. Furthermore, other factors, such as synthetic methods, 

nanostructure varieties, defects, doping, etc., will also affect the conductance of semiconductor 

catalysts. As a result, some n-type semiconductors, such as MoS2
151,152 and MoSe2

129
 also deliver 

moderate ORR performance.  

  

http://dict.youdao.com/w/compound/#keyfrom=E2Ctranslation
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