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Figure S1. The 2D X-ray diffraction spectra and the corresponding pattern. The orange spectrum is the

XRD results of the VSe, sample after mechanical exfoliation. The gray spectrum is measured from bulk

VSe; (single crystal). The data of exfoliated VVSe, sample is col

is used for exfoliation.
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Figure S2. High-resolution XPS spectra of V (a) and Se (b).
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Figure S3. Fabrication process of the individual VSe, nanosheet based HER device. (a) The schematic

of the fabrication process. (b) The optical micrograph of the fabrication process.

This process includes the following steps. Step 1, preparing a clean silicon wafer (with 300 nm SiOy)
with pre-patterned outer microelectrodes and positioning marks (Au/Cr, 50 nm/5 nm). Step 2,
transferring VVSe, nanosheets onto the silicon wafer with the assistant of tape. Step 3, MMA (methyl
methacrylate, EL9, Microchem corp.) and PMMA (polymethyl methacrylate, A4, Microchem corp.)
photoresists are spin-coated on the wafers (4000 rpm, bake at 180 °C, 5 min). Step 4, patterning the metal
contacts pad (inner microelectrodes) by e-beam lithography (EBL) on silicon wafers. Step 5, developing
(mixed solution of methyl isobutyl ketone and isopropanol) and rinsing to remove the photoresists on

the specific sites. Then, depositing 5 nm Cr (0.4 A s) and 150 nm Au (4 A s™) on the wafers with



thermal evaporation under high vacuum condition and then lift off the extra gold on photoresists within
N, N-Dimethylformamide. Step 6, spin-coating PMMA (3000 rpm, 2 layers, bake at 180 °C, 5 min) on
silicon wafers. Step 7, patterning with EBL to open a confined window which exposures the VSe,
nanosheet and ensure the insulation of micro electrodes. Step 8, injecting 0.5 M H,SO, on the surface of

silicon wafer (keeps nanosheet immersed in electrolyte) and measuring data in probe station.

Figure S4. The atomic force microscopy image (a) and the corresponding SEM image (b) of an

individual VVSe, nanosheet which connects to three Cr/Au microelectrodes.
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Figure S5. I-V plots of different samples. (a) PMMA (the black curve is in vacuum and the red one is in
0.5 M H,SQO,), (b) VSe, nanosheet, (c) Au and (d) Pt. These measurements were conducted in vacuum

by probe station combined with semiconductor device analyzer.

Figure S6. Optical micrograph of typical device fabrication process for the HER measurement of Pt. The
fabrication process includes the following steps. Step 1, opening windows by EBL after coating PMMA
on Si/SiO, wafer and then develop and rinse. Step 2, spurting Pt onto the wafer by Auto-fine Coater

(JFC-1600). Step 3, patterning the metal contact pads with EBL on silicon wafers and then depositing 5



nm Cr and 150 nm Au on the wafer with thermal evaporation after developing and rinsing. Step 4, lift-
off. Step 5, patterning with EBL to open a window which exposures the Pt after coating PMMA on
silicon wafers. (a) Optical micrograph of the sample wafer after spurting Pt (~30 nm). (b) Optical
micrograph of a silicon wafer after patterning the inner microelectrodes which connect the Pt to outer

gold contact pads.

Conversion of potential from SCE to RHE
Erne=Esce + 0.241 V + 0.059 V * pH. The electrolyte is 0.5 M H,SO, and pH is 0. When measuring

in0.5M H,SOy4, Erpe=Esce + 0.241 V (298 K)

Current density calculation

Due to the convenience of individual nanosheet devices, we can calculate the exposed area of
nanosheets. The exposure area is decided by the windows opened in PMMA insulator layer by EBL. In
our devices, the area of individual nanosheet ranges from ~10 to ~40 pm?. Meanwhile, the catalytic
current can reaches 107 A. And such calculation will caused much higher current density than normal
literature'. The polarization curve and Tafel plot before correction is shown in Figure S7a and b.
Although this method of calculation is reliable, we use exchanges current density to correct the current
density. Firstly, the same devices of gold (Au) and platinum (Pt) is fabricated. Details is shown in Figure
S6, and the Au devices are fabricated the same way as Pt. The polarization curves are shown in Figure
2a and Tafel plot is shown in Figure S7c. The exchange current density (jo) is calculated by the
extrapolation of Tafel plots and the intercept of current density at overpotential () = 0 V is used as jo.
Based on the curves before correction, the jo of Au and Pt are 10" and 10%%® mA cm™, respectively.

Although the values of j, differs a lot in different literature, the order of magnitude is usually the same.



Based on the data from literature, the joau is ~10° mA cm? and jopr is ~1 mA cm™. The difference
between calculated values and standard values is both ~10%® mA cm™ for Au and Pt. Based on this

results, an exact methods for correction is shown as,

S S
J J
0,Pt + 0,Au

i i * Jort  Joau
c— 0 !

2
where i; and ip are the current density after correction and before, respectively, j3 is the standard
exchange current density, j, is the calculated exchange current density before correction. The Tafel plot

after correction is shown in Figure S7d. Here, the iR correction is not calculated as the reference
electrode is closed to the working electrode and the R (solution resistance) is low (~4.5 kQ, calculated

form EIS results). The iR-drop is negligible when the catalytic current is smaller than 10 7 A.
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Figure S7. The HER performance of VSe, nanosheet and Tafel plots of Pt and Au. (a, b) The
polarization curve and the corresponding Tafel plot of VVSe, nanosheet. The current density is calculated

from the real area. (c, d) The Tafel plots of Au and Pt and the calculated exchange current density before

and after correction.
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Figure S8. The HER performance of Au. (a, b) The polarization curve and Tafel plot of Au samples. (c)

Gate-dependent open circuit potential of Au in 0.5 M H,SO,. Each step is -0.1 V and it holds for 10 s.

Turnover frequency (TOF) calculation
The turnover frequency value is calculated according to this equation?.

_ Total number of H, atoms per second _ ]
Total number of active sites per unitarea  2gN

Where j is current density (A cm™), number 2 means 2 electrons per H, molecule, q is the elementary
charge which is 1.6x10%° C and N is active site density (cm™). To calculate the TOF value, it is
necessary to identify the active site density (N). In this work, we assumed that all the surface V atoms

are the active sites because it is very difficult to identify the concentration of the Se vacancies. When we



calculate the TOF value by the area of the surface, we can obtain a limit value which is accurate to some
degree®. Assuming a lattice constant of 3.36 A, the surface of the unit cell will be 9.78x10™® cm? N =

1.33/ (9.78x107%°) = 1.36x10" cm™
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Figure S9. Turnover frequency per surface V atom calculated from corresponding polarization curves in

Figure 2b.

Electrochemical impedance spectroscopy (EIS)

In this work, EIS was applied to investigate the electrochemical process at the interface between
electrode and electrolyte. In a typical measurement, the frequency ranges from 10 kHz to 1 Hz. We
didn’t retain the data from 1 to 0.01 Hz because it is unwound and will cause much error when fitting

the curves. The DC potential is set at -0.4 V vs. RHE.

When fitting the Nyquist plot, we use a typical two-time constant model®. The equivalent circuit is
shown in Figure S10a. The CPE; and R; belong to the high frequency region and CPE; and R, belong to
the low frequency region. The constant phase element (CPE) is described by:

ZCPE = #
Q(iw)”



where Q is the capacity parameter, i = V-1, w is the angular frequency of the AC voltage and ¢ (0 < ¢ <
1) is a dimensionless parameter related to the constant phase angle.

In this circuit, Ry is the resistance attributed to the uncompensated solution resistance, the high
frequency time constant is related to the charge transfer process, R; (Faradaic resistance for the
electrosorption, R.), CPE; (double layer capacitance, Cq) and the low frequency time constant is related
to the electrodesorption and/or recombination process, R, (Faradaic resistance for the electrodesorption

and/or recombination reactions, R,), CPE; (adsorption pseudocapacitance, Cp)s.

The time constant (1) value is calculated by:

1
7, = —==RQ
(4]
where w is characteristic angular frequency.
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Figure S10. Nyquist plots from different negative back gate voltage. (a) Vg = 0 V, inset is the fitting
circuit. (b) Vg =-0.2 V, (C) Vg =-0.5V, (d) Vg = -0.8 V, (&) Vg = -1 V and (f) the percentage change

of relevant parameter. (The dots are the experiment data and the line represents the fitting result.)

600 500
400 400+ o 0.1V
o 0.2V
= 200+ =
< —-ov| S 300 i
= 0. —EV = v 1.0V
c —1V c
) o 200
= -200- ——0V =
S ——1V 3
-400- 5V 100
——10V
'600 T T T T T o T T T T T
1.0 -05 0.0 0.5 1.0 -4 -2 0 2 4
Voltage (V) ng (V)

Figure S11. Plot of electrical properties measured from a typical VVSe, nanosheet. (a) lgs-Vgs plot of VSe;

at different Vy,q due to the metallic properties of VSe, nanosheet, these curves is coincident. (b) lgs- Vig

plot of VVSe; at different Vs.

Continuum simulation

Here the continuum simulation was carried out using the COMSOL Multiphysics software to calculate
the ion concentration in electrolyte under different additional back voltages. According to experimental
system design, the micro-device structure could be simplified as a combination of 2D model with silicon
dioxide (SiO;), PMMA, active materials (VVSe, nanosheet) and electrolyte (H,SO,). The dimension of
structures of each component in the model was shown in Figure S12. The thickness of silicon dioxide,

PMMA, and electrolyte were 300, 200, 400 nm respectively. One VSe; nanosheet (40 x 20 nm) was

placed above the SiO; layer.
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Based on the proposed 2D model, the biased electric potential difference (A® =0, -0.1V, -0.2V, -0.3V, -
0.8V) was applied on the left (I';) and right (I'y) end boundaries. This is to investigate the relation
between the ions distribution and additional back gate voltage. Different material permittivity was
employed for silicon dioxide (3.9)°, VSe, nanosheets (10*°), PMMA (3.49)" and electrolyte (100)®
respectively. The VSe, is the metal and its permittivity should be infinite. Here we choose 10° as the
value of its permittivity and we find that this value is valid since when increasing the value furthermore
(to 10%), negligible difference showed in results between 10*° and 10%. On the boundary of (I'y), the
constant H,SO,4 concentration (0.5 M) was maintained to mimic the bulk electrolyte reservoir in the
experiment. For the rest boundaries (I's, I's, I's, I's, I'7, I's), the impermeable boundaries for both electric

potential and concentration field were used.

The evolution of the 2D model was governed by the classic Poisson-Nernst-Planck (PNP) equation,
which has been widely employed to describe the electrical double layer and nanofluidics devices. For
the implemental detail, see our previous work for ion transport in graphene membrane®. The diffusion
coefficient of H" ions was 9.31x10™ cm?%s and the figure for SO, was 1.06 x10° cm?s™ and the

electric mobility of ion was derived from the Nernst-Einstein relation.
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Figure S12. The schematic of COMSOL model. The brown, grey, and blue region represented the SiO,,

VSe, nanosheet and electrolyte, respectively. Note that 'y was added as an assistant line for the post-

analysis.

Q
(o2
(2]

11.0 v
5 1.254 'S s —~
'?E £ —-01V £ 102
= 5 105 3
E E £
c c = P B
92 1.00+ 2 10.01 .S 100
s ® 5 ® ? —ov
£ £ £ —01V
& | ek 8 9.5 g —0.2V
g L e e g 3 5 981 1 —-03V
8 0754 L. —osv| & gl . . ‘ S ; ' ' '—-o.sv
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Distance (nm) Distance (nm) Distance (nm)
d i e
& 161 -m1mol m™
E -@-10 mol m3
;\?115- ® g 124 ~4—-100 mol m™3
5 o= -3
= 1000 mol m
% 110 55 8 v
S ]
€ - ®
S 105 2E 4
= 1 o
e \. g 0.
100 . o E— .
1 10 100 1000 08 -06 -04 -02 0.0
Concentration (mol m?) Ve (V)

Figure S13. The computed concentration distribution of positive and negative charge (line represent H”
and dots represent SO4>, respectively) under different back gate voltages. (a-c) are concentration
distributions of different initial concentration (1, 10, 100 mol m™®). (d) The ratio of maximum
concentration (Vpg = -0.8 V) and initial concentration of H*. (e) The maximum net charge concentration

at different back gate voltages. The net charge concentration is the difference value between negative

and positive charge.
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