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Self-gating in semiconductor electrocatalysis
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The semiconductor-electrolyte interface dominates the behaviours of semiconductor electrocatalysis, which has been
modelled as a Schottky-analogue junction according to classical electron transfer theories. However, this model cannot be used
to explain the extremely high carrier accumulations in ultrathin semiconductor catalysis observed in our work. Inspired by
the recently developed ion-controlled electronics, we revisit the semiconductor-electrolyte interface and unravel a univer-
sal self-gating phenomenon through microcell-based in situ electronic/electrochemical measurements to clarify the elec-
tronic-conduction modulation of semiconductors during the electrocatalytic reaction. We then demonstrate that the type of
semiconductor catalyst strongly correlates with their electrocatalysis; that is, n-type semiconductor catalysts favour cathodic
reactions such as the hydrogen evolution reaction, p-type ones prefer anodic reactions such as the oxygen evolution reaction
and bipolar ones tend to perform both anodic and cathodic reactions. Our study provides new insight into the electronic origin
of the semiconductor-electrolyte interface during electrocatalysis, paving the way for designing high-performance semicon-

ductor catalysts.

ductor electrocatalytic behaviour'™. In fundamental electro-

chemistry, the Schottky-analogue junction is used to model
charge transfer kinetics across the interface during electrochemical
reactions’”’, with classical electron transfer theories (for example,
Marcus theory® and the Gerischer model’). In such a case, the
charge transfer process is determined by the band alignment
between the semiconductor and the redox species, and the inter-
face is considered fully active for this process. Meanwhile, from an
electronics point of view, a metal-insulator-semiconductor (MIS)
junction is used to describe the semiconductor-electrolyte inter-
face, especially for charge-transport modulation, in the emerging
field of ion-controlled electronics (ionic gating or electrochemical
gating)'**. In this case, the interface is considered fully inert
without the charge transfer process, and is thus capable of accu-
mulating an extremely high surface charge concentration (exceed-
ing 10™ecm™) with an ultrahigh electric field (on the order of
10MV cm™), making the semiconductor highly conductive'®'' or
even superconductive'>'°.

Recent works suggest that the semiconductor electrocatalytic
surface can be considered as a mixture of ‘active’ and ‘inert’ regions,
and the charge transfer process mainly occurs at certain active
crystal planes in bulk materials'’~"” or at atomically active sites (for
example, defects or edges) in ultrathin materials®-**. Unfortunately,
such a mixed interface cannot be well described by the Schottky-
analogue junction or the MIS junction.

| he semiconductor-electrolyte interface governs semicon-

Here, by using microcell-based in situ electronic/electrochemi-
cal measurements, we find that the electrocatalytic reaction itself
can strongly modulate the surface conductance of semiconductor
electrocatalysts in a process defined as self-gating. As a consequence,
the surface can be modulated to be highly conductive (‘on’) or
insulating (‘off’), strongly correlating with the electrocatalytic
reactions. The self-gating phenomenon can explain why ultrathin
semiconductors can be used as highly efficient electrocatalysts,
although semiconductors have been predicted to be non-ideal
catalysts due to their low intrinsic carrier concentration®.
Importantly, our experiments suggest that the self-gating phenom-
enon could universally exist in various semiconductors, including
two-dimensional (2D) transition metal dichalcogenides (TMDs)
and 1D Si nanowires.

In our experiment, a four-electrode microcell (Fig. la and
Supplementary Figs. 1 and 2)*>* was used to simultaneously col-
lect the electronic and electrochemical signals of semiconductor
electrocatalysts (that is, in situ electronic/electrochemical measure-
ments) and ultrathin TMD nanosheets*>*> were used as semicon-
ductor electrocatalysts. Figure 1b presents an optical image of the
fabricated microcell. The overall set-up is shown in Fig. 1b(i), and
the micro-electrochemical environment and the device are shown
in Fig. 1b(ii) and (iii), respectively. Spatial control of the electrocata-
Iytic reaction was achieved by carving a small window in a passive
poly(methylmethacrylate) (PMMA) layer, ensuring that the reac-
tion only occurred on the region of interest (Supplementary Fig. 3).
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Fig. 1| Demonstration of the self-gating phenomenon by insitu electronic/electrochemical measurements. a, Schematic of the microcell-based in situ
electronic/electrochemical measurements. Both the electronic signal (I4, conductance current) and electrochemical signal (I, reaction current) of the
TMD nanosheet can be collected simultaneously. Before the in situ electronic/electrochemical measurements, the type of majority charge carrier for
each device is pre-identified by a back-gated measurement (V) on the SiO, (285 nm)/Si substrate. b, Optical image of the microcell: overall set-up
with four electrodes (i), enlarged view of the electrolyte (0.5M H,SO,) droplet in which the reaction occurs (ii) and the mechanically exfoliated TMD
device with a micro-sized reaction window in the PMMA passivation (iii). ¢, Typical electrochemical (y axis in black) and electronic (y axis in red) signals
of single-layer WS, during the HER at different bias potentials (V,.: 0, 2, 5,10, 20 and 50 mV), showing the self-gating phenomenon. Inset, back-gated
measurements on the same device. Note that /. is normally 10-1,000 times /.. d-f, In situ electronic/electrochemical measurements of three types of
semiconductor electrocatalyst, including n-type MoS, (d), p-type WSe, s Te,, (e) and bipolar WSe, (f). Red curves in the top panels are obtained from
the electronic measurements, and green curves in the bottom panels are obtained from the electrochemical measurements. Arrows indicate the scan
directions of the electrochemical potential (see scans 1and 3 in Supplementary Fig. 5 for details). Note, given that a large bias voltage would compromise
the electrochemical potential, the bias voltage in our experiments was kept at 50 mV to collect electronic signals and ensure minimal interference with
the electrochemical signals. In d, n-type MoS, is turned on at a negative electrochemical potential and only delivers the HER. In e, p-type WSe, s Te,, is
turned on at a positive electrochemical potential and only delivers the OER. In f, bipolar WSe, is turned on at both negative and positive electrochemical
potentials and can deliver the HER and OER, respectively. Accordingly, the Fermi level is tuned to the band edges of the conduction band and the valence

band, respectively, experimentally identifying the bandgap.

Detailed information about the calibration and measurements of
the microcell is provided in Supplementary Figs. 4-6.

Using the fabricated microcell, we first conducted in situ
electronic/electrochemical measurements on a single-layer WS,
nanosheet with a thickness of 6.5 A. Figure 1c presents the electro-
chemical (polarization curves, black y axis) and electronic (con-
ductance curves, red y axis) measurements during the hydrogen
evolution reaction (HER) at various drain-source voltages (V;,
0-50mV). In the electrochemical measurements, the HER perfor-
mance (onset potential of approximately —208 mV versus the revers-
ible hydrogen electrode (RHE) and a Tafel slope of ~108 mV dec™;
see Supplementary Fig. 7) is comparable with that of the previously
reported single-layer WS, (refs. *»*°). In the electronic measure-
ments, the drain-source current (I;) shows an on/off ratio of 10*
(V4=50mV) and a very small saturation potential (approximately
—0.4V versus RHE), indicating an efficient conductance modula-
tion of single-layer WS, during the HER. These electronic transport
resultscloselyresembleatypicalionic-gatingtransistor'»* withn-type
semiconducting characteristics, as demonstrated by back-gated
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measurements on the same device (inset, Fig. 1c). In a classic
field-effect transistor (FET), the conductance modulation is real-
ized through the gate electrode'*”**. However, in our experiment,
the conductance modulation relies on the electrochemical poten-
tial itself, without any additional gate electrode. Therefore, we term
this phenomenon self-gating. The gating strength is expressed as
AVy=AEj/e+ A¢p (refs. **°), where AVj; is the change in gate volt-
age (that is, the inverse value of the electrochemical potential), AE;
is the change in chemical potential (Fermi level), e is the elementary
charge and A¢ is the change in electrostatic potential. In an aqueous
electrolyte (0.5M H,SO,), eAV;~ AE; is obtained (see detailed cal-
culation in Supplementary Note 1), suggesting an effective tuning of
the semiconductor’s Fermi level during electrocatalysis.
Importantly, the self-gating phenomenon is valid for a variety of
ultrathin semiconductor catalysts. Figure 1d-f shows the electronic
signals (upper panels, red curves) and electrochemical signals (lower
panels, green curves) of three types of semiconducting TMD with
different majority charge carriers (electrons, holes and both). In the
electronic measurements, MoS,, an n-type semiconductor, shows a
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threshold voltage of —50mV (versus RHE) and an on/off ratio of
5x10* (Fig. 1d). As a p-type semiconductor, WSe, ;Te,, shows a
threshold voltage of 960mV (versus RHE) and an on/off ratio of
over 1x10* (Fig. 1e). Clearly, the bipolar WSe, shows two threshold
voltages, at each polarity (Fig. 1f). Back-gated measurements on the
same devices further proved their semiconducting characteristics
(n-type for MoS,, p-type for WSe, ;Te,, and bipolar for WSe,), as
shown in Supplementary Fig. 8. Interestingly, in our experiment, the
bandgap of bipolar WSe, (~1.13 eV, Supplementary Note 2) can be
directly extracted from the electronic characteristics in Fig. 1f, and
it aligns well with reported values (1.10-1.30eV)*, experimentally
confirming effective tuning of the Fermi level (eAV;~ AE;)—that
is, self-gating. This is also confirmed by the observed low sub-
threshold swing, 68 mV dec™ (Supplementary Fig. 9), which is close
to the ideal value (60mV dec™" at room temperature) in electronic
measurements***'. Moreover, we also observed this kind of gating
phenomenon in other semiconducting TMD catalysts, such as ReS,
(Supplementary Fig. 10), PtSe, (Supplementary Fig. 11) and MoTe,
(Supplementary Fig. 12), and also in different electrolyte condi-
tions, such as salt and buffer solutions (Supplementary Fig. 13).
The lower panels of Fig. 1d-f show the electrochemical mea-
surements of n-type MoS,, p-type WSe,  Te,, and bipolar WSe,,
and their corresponding Tafel plots are shown in Supplementary
Fig. 14. The n-type MoS, is turned on by self-gating at a negative
potential of —0.05V (versus RHE) and delivers a high conductance,
for example, 2.60Q2mm at —0.19V (versus RHE) and 0.61 Q mm
at —0.48V (versus RHE), thus showing HER activity (Fig. 1d and
Supplementary Fig. 14a). At a positive potential, MoS, is turned off
with a low conductance (~2,975.6Q2mm) and shows no electro-
chemical activity. In comparison, p-type WSe, Te,, is turned on
at a positive potential of 0.96V (versus RHE) and turned off at a
negative potential, thus only exhibiting OER activity (Fig. le and
Supplementary Fig. 14b). Meanwhile, bipolar WSe, can be turned
on at both negative (-0.28V versus RHE) and positive (0.85V
versus RHE) potentials, performing both HER and OER activities
(Fig. 1f and Supplementary Fig. 14c,d). These results suggest that
the electrochemical reactions can only occur when the ultrathin
semiconductor catalysts are turned on by self-gating. Otherwise,
they behave like an insulator, without any electrochemical reactions
when turned off by self-gating. Under self-gating, the strong corre-
lation between the semiconducting types and the suitable catalytic
reactions can be applied to other semiconducting TMD catalysts,
such as ReS,, PtSe, and MoTe, (Supplementary Figs. 10 and 12).
For electrochemistry analysis we carried out electrochemi-
cal impedance spectroscopy (EIS) measurements in our microcell
(Fig. 1a and Supplementary Fig. 15) to identify self-gating on MoS,
during the HER. As a control experiment, Au was also assessed
(Supplementary Fig. 16). This showed a HER performance compa-
rable to that of MoS, (Supplementary Fig. 17), representing a metal—
electrolyte interface. Nyquist plots of Au and MoS, nanosheet
microelectrodes at various electrochemical potentials in the HER
are shown in Fig. 2a,d, respectively. Their corresponding Bode angle
plots are shown in Fig. 2b,e, respectively. The EIS data for the Au
electrode can fit an equivalent circuit containing parallel R../Q.q
elements (Fig. 2c), which can be interpreted as a Faradaic charge
transfer process. Interestingly, the EIS data obtained from the MoS,
nanosheet can fit two series equivalent circuits (Fig. 2f). The low-
frequency element is similar to that of Au (Fig. 2c), while the high-
frequency one can be fit into a parallel R/C equivalent circuit (blue
circuit, Fig. 2f), indicating charge transport to the electrocatalytic
interface. This step could be associated with the charge-transport
resistance (R ) and quantum capacitance (C,) for an ultrathin MoS,
nanosheet”**. Both R , and C, exhibit strong electrochemical poten-
tial dependence, as shown in Fig. 2g,h, respectively. R, increases
with the electrochemical potential, which aligns well with the self-
gating induced conductance decrease in the MoS, nanosheet, which
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is an n-type semiconductor (Fig. 1d). Notably, R, directly extracted
from the EIS (green, Fig. 2g) is comparable to the resistance (R)
obtained from in situ electronic measurements (red in Fig. 2g and
Supplementary Fig. 17b), indicating that our in situ electronic/
electrochemical measurement is valid. C, increases with negative
electrochemical potential (Fig. 2h), indicating that the Fermi level
is tuned deeper inside the conduction band of MoS, by self-gating,
similar to the observations in top-gated FETs*>*. In addition, there
is no obvious change in the total capacitance (C,,,;, series-connected
capacitors of C, and C,y) across the whole semiconductor-electro-
lyte interface in the electrochemical potential range (Fig. 2i), sug-
gesting quasi-stable self-gating during the electrocatalytic reaction.

The observed self-gating phenomenon is distinct from classic
electron transfer theories. Current electron transfer theories'™,
including Marcus theory and the Gerischer model, assume a fully
active semiconductor-electrolyte interface that works as a Schottky-
analogue junction, in which the majority carriers can be accumu-
lated under the electrochemical potential. However, similar to
junction field-effect transistors’, it is difficult for such a junction
to accumulate a high carrier concentration or achieve high con-
ductivity—the Fermi level is deep inside the conduction or valence
band—because the Schottky-analogue junction approaches ohmic
characteristics once the charge transfer process (the electrochemi-
cal reaction) starts. On the other hand, the recently developed ion-
controlled electronics assume a fully inert interface, which works
as an ionic gating or MIS junction®®”. Such ionic gating is capable
of accumulating an extremely high charge concentration (exceed-
ing 1x10"ecm™ in 2D semiconductors) to make the semicon-
ductor conductive'®'! or even superconductive'>'®. However, as
current electron transfer theories mainly focus on the active region
and overlook the inert region, they cannot be used to explain the
exceptionally high carrier accumulation observed in the present
experiment. Based on our experiments on different types of semi-
conductor, we propose that, in terms of the carrier modulation,
a practical semiconductor—electrolyte interface containing both
active and inert regions can be modelled as a leakage MIS (LMIS)
junction, that is, leakage ionic gating (see Supplementary Table 3
and Supplementary Figs. 18-20 for details). In this model, the leak-
age refers to the charge transfer process from the active region to
the reactant, and MIS refers to the self-gating modulated surface
conductance, which will be further discussed in the following.

The middle panel of Fig. 3a schematically illustrates a device
comprising a 35-nm-thick MoS, flake with top and bottom elec-
trodes (for device fabrication see Supplementary Fig. 21), where
both surface and bulk conductance can be measured during the
HER. A strong self-gating phenomenon is observed on the top-
electrode device (left, Fig. 3a). However, weak conductance mod-
ulation is observed on the bottom-electrode device (right panel,
Fig. 3a). That is, a high surface conductance is only observed at the
top surface of the MoS,, resulting in higher HER activity compared
to bulk MoS,, with its low conductance.

We next examined the penetration depth of the surface conduc-
tance in the device with a bottom electrode configuration (inset
of Fig. 3b and Supplementary Fig. 22), where the electrochemical
current transports vertically through the MoS, flake to the bottom
electrode. Figure 3b shows the MoS,-thickness-dependent HER
current density at —0.4V versus RHE (for the polarization curves
see Supplementary Fig. 23b). Obviously, 1nm single-layer MoS,
(see first image in Supplementary Fig. 22) shows the highest HER
activity (j.~ 150 mA cm™?). The current decays rapidly with MoS,
thickness (j/j,,.,=50% and 10% at 5 and 16 nm MoS,, respectively).
When the MoS, thickness exceeds 40 nm, it does not show obvious
HER activity. Here, we define the penetration depth at 1% of the
max current (for example, j/j,..=1%), which is ~25nm for MoS,
in the HER. From the aspect of semiconducting electronics, the
penetration depth of the surface conductance is determined by the
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Fig. 2 | Demonstration of the self-gating phenomenon with EIS. a,b, Nyquist impedances (a) and Bode angle plot (b) of the Au microelectrode at various
electrochemical potentials (20 mV per step) in the HER. ¢, Equivalent Randles circuits (Q.q/R,) of the Au microelectrode (see Supplementary Table 1and
Supplementary Fig. 15 for details), in which R, and Q. are the charge transfer resistance and the constant-phase element related to the electrical double-
layer (EDL) capacitance (C.4), respectively. d,e, Nyquist impedances (d) and Bode angle plot (e) of the 8-nm-thick MoS, nanosheet microelectrode at
various electrochemical potentials (20 mV per step) in the HER. f, Equivalent Randles circuits (Q,/R.«+ Q.s/Ry) of the MoS, nanosheet microelectrode
(see Supplementary Table 2 and Supplementary Fig. 16 for details), in which R, and C, are the charge-transport resistance and quantum capacitance,
respectively. This Q,/R. circuit shows that the semiconductor electrode undergoes an additional step of charge transport to the electrocatalytic interface,
compared to the metallic electrode. Dashed lines in a, b, d, e are the fitting results according to the respective Randles equivalent circuit. g, Consistency of
the charge transport resistances of the MoS, nanosheet microelectrode measured in both in situ electronic measurements (R, red) and EIS measurements
(R green). h, Electrochemical potential-dependent C, measured in the HER. i, Total capacitance (C,,) of the MoS, nanosheet microelectrode calculated
based on the equation (1/C,,=1/C.y+1/C,), suggesting quasi-stable self-gating at the semiconductor-electrolyte interface.

carrier density in the accumulation regime under self-gating. Our
theoretical calculations (Supplementary Note 4 and Supplementary
Fig. 24) show that this depth is estimated to be on the scale of tens
of nanometres beneath the semiconductor surface (Fig. 3c), in line
with our experimental results.

To the best of our knowledge, the aforementioned surface con-
ductance has not been investigated in semiconductor electroca-
talysis. In our experiment, we found that self-gating could induce
a charge transport pathway that renders the surface of semicon-
ductors highly conductive (Fig. 3d). As a result, charge carriers
can transport within the surface of the semiconductor instead of
its bulk, which is different from a metallic electrocatalyst, where
charge carriers transport through its highly conductive bulk (for
a detailed discussion see Supplementary Note 5). Importantly, the
concept of surface conductance can explain the high electrocata-
Iytic activities of nanostructured semiconductor catalysts such as
metal oxide**™"" and 2D metal dichalcogenides®**>*, because they
can be effectively modulated into a highly conductive state once
their thickness is within the accumulation regime. It can also
explain the high activities of previously reported semiconductor
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catalysts, even without conductive additives>*>*!. Therefore, the
surface conductance strongly correlates with the electrocatalytic
activity of a semiconductor catalyst.

Asshown in Fig. 4a, when the semiconductor catalyst is turned on
under self-gating, its surface becomes conductive and the cathodic
reaction takes place. Otherwise, its surface is insulated without elec-
trocatalytic reactions (Fig. 4b). As a result, n-type semiconductor
catalysts can be turned on by a negative electrochemical potential
(positive gating), making them suitable for cathodic reactions, such
as the HER and CO, reduction (Fig. 4c). Meanwhile, p-type semi-
conductor catalysts can be turned on by a positive electrochemical
potential (negative gating), resulting in anodic reactions, such as the
OER and oxygen reduction reaction (ORR). Bipolar semiconduc-
tor catalysts can be turned on by both positive and negative poten-
tials, leading to anodic and cathodic reactions, respectively. This
principle has been proved by our experiments on various materi-
als, including 2D materials such as WS, (Fig. 1c), MoS, (Fig. 1d
and Supplementary Fig. 17b), WSe, (Fig. 1f), ReS, (Supplementary
Fig. 10), PtSe, (Supplementary Fig. 11), MoTe, (Supplementary
Fig. 12) and WSe, ;Te, (Fig. le), conventional semiconductors such

1101


http://www.nature.com/naturematerials

ARTICLES NATURE MATERIALS

a c
I Electrolyte 2.5 o
0 PMMA = 0000000 5
+ Top Top / 10
—20 4 F 2.0 %
3,
Q
—40 <]
@ . F1.5 g 102
trong & S E
i =60 1 modulation = 5] E
£ F1.0 = o -
> 80 - 3
= 2 E-10*
S E
—1001 r 0.5 ® 3
Weak modulation E
~120 4 - - 10°
_140 T T T T T T T T
—04-02 0 02 04 -04-02 0 02 04 (nm)
Potential (V versus RHE) Potential (V versus RHE) d
b 250 d
Electrolyte
12 Electrolyte Reactant
' ~
200 | ! PMMA
IE i
© |
T 150 { ! Charge transfer
g *Charge transport
@ within the surface Z
g 100 | 5
€ Semiconductor # Co
e catalyst ,'
3 50
04 Conductive suBEon

0O 10 20 30 40 50 60 70 80 90
Thickness, d (nm)

Fig. 3 | Self-gating modulated surface conductance of a semiconductor catalyst. a, In situ electronic/electrochemical measurements performed on
a 35-nm-thick MoS, flake in a microcell with top (left panel) and bottom (right panel) electrodes. Middle panel, schematic of the microcell (top) and
a corresponding optical microscopy image (bottom). b, The HER activity (current density) of the MoS, drops quickly as its thickness increases. Inset,
schematic of the microcell with bottom electrode (top) and the corresponding optical microscopy image (bottom). ¢, Calculated carrier density as a
function of the thickness of the semiconductor catalyst at the semiconductor-electrolyte interface under an electric field on the order of 10 MV cm™.
A high carrier density is realized on the surface of the semiconductor electrode. d, Schematic of the surface conductance of the semiconductor
electrocatalyst. A surface conductive pathway is formed when the surface of the semiconductor electrocatalyst is turned on by the electrochemical
potential under self-gating, allowing charge transfer via the semiconductor-electrolyte interface—that is, the electrocatalytic reaction takes place.

a Cathodic reaction <
Reactant n-type-and-bipolat -type-and-bipelar
-« -
R Self-gating ‘Active’
g ‘Active’ 00/,00/0
0.00.2.00.2 000 g
ww <€= Conductive <
S BN I GV LV ERAL S DRERPESAG L et surface 5
= c(i,ﬂef{')r n-t&lpe semiconductor catalyst (on) 'é
Q
b o
Anodic reaction S | fom TF LT
<}
Reactant - I Y '\ \ A
. 8
hd é X Self-gating w
; ‘Inert’ \T
©.000000O0
T —————— - nsulated ) 0 )
- surface

= Curren
collector ~ n-type semiconductor catalyst (off)

Electrochemical potentials (V)

Fig. 4 | Correlation of the charge carrier type and the reaction in a semiconductor catalyst. a,b, Schematic of the effect of surface conductance on an
n-type semiconductor catalyst for a cathodic reaction (a) and an anodic reaction (b). The self-gating turns on the surface of the n-type semiconductor
(surface conductive) in a cathodic potential, facilitating electron transport and making the surface ‘active’ (a). In contrast, its surface is turned ‘off' (surface
insulated) at an anodic potential under self-gating (b), making the surface ‘inert’. ¢, Schematic of the correlation between the types of semiconductor

and their preferred electrocatalytic activities. The n-type and bipolar semiconductors can be turned on by the negative electrochemical potential, making
them suitable for cathodic reactions, while the p-type and bipolar semiconductors can be turned on by the positive electrochemical potential, and are thus
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Table 1| Correlation between the charge carrier types of
previously studied semiconductor catalysts and their preferred
electrocatalytic reactions

Electronic properties

Preferred electrocatalytic

reactions
Charge carrier Self-gating Semiconductor Electrocatalytic
modulation catalyst reaction
n-type (electron) ‘On’ for negative MoS, HER and CO,
electrochemical reduction
potentials MoSe, HER
WS, HER
WSe, HER and CO,
reduction
ZnO CO, reduction
SnO, CO, reduction
SnS, HER
ReS, HER
MoTe, HER
CoMosS, HER
p-type (hole) ‘On'’ for positive  NiO ORR and OER
electrochemical Ni(OH), OER
potentials CoO and Co,0, ORR and OER
Co(OH), OER
Cu,0and CuO  ORRand OER
Cu,S OER
Mn;O, ORR and OER
PtO, OER
NiCo,0, ORR and OER
CuCo,0, ORR and OER
MnCo,0, ORR and OER
P-doped MoS,  ORR
WSe, ORR
WSe, sTe,, OER
Bipolar (electron  ‘On’ for both Ta- or Nb-doped HER and ORR
and hole) MoS,
Ta- or Nb-doped HER and ORR
WS,
WSe, HER and OER

The corresponding literature is listed in Supplementary Table 4. Note: some metallic group VIA

compounds, such as metal chalcogenides (for example, CoS,, CoSe,, NiS,, NiCo,S,, VS,, VTe, and
PtTe,) and metallic metal oxides (for example, RuO,, RhO,, IrO,, PtCoO, and PdXO, [X=Co, Cr or
Rh1) are not listed. For a detailed discussion see Supplementary Note 6.

both the HER and ORR (for detailed discussions see Supplementary
Note 6). Our work provides a clear and comprehensive understand-
ing of the semiconductor—-electrolyte interface by bridging electro-
chemical activities with electronic states, and can further guide the
rational design of semiconductor catalysts for various promising
catalytic applications. Beyond electrocatalysis, the demonstration
of self-gating can improve our understanding of a large variety
of semiconductor-electrolyte interfaces in photoelectrochemical
catalysis, photocatalysis, supercapacitors and batteries.
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Methods

Growth of single-layer WS,. Chemical vapour deposition (CVD) was used to grow
single-layer WS, with halide-assisted atmospheric pressure growth®. A mixture
of WO, and NaCl (referred to as WO,/NaCl) and S powders as precursors were
placed in the centre and upstream of the tube furnace, respectively. Excess S was
supplied so that the vapour was sufficient for large-area growth of WS,. High-
purity Ar served as the carrier gas and a clean SiO, (285 nm)/Si wafer was used as
the growth substrate, which was placed face down on top of the WO,/NaCl (8:1
mass ratio). Before the growth process, the tube furnace was thoroughly purged
with Ar (500s.c.c.m.) for 10 min to remove the trace amounts of air. The growth
temperature was kept at 750-820 °C under 50s.c.c.m. Ar flow at atmospheric
pressure, while the S powder was kept at ~160°C. After growth for 10-15min, the
furnace was naturally cooled to room temperature.

Introduction of four types of microcell. Four types of microcell were developed in
our work, as shown in Supplementary Fig. 1: type 1, a microcell for in situ electronic/
electrochemical measurements, which can simultaneously collect the electronic

and electrochemical signals of semiconductor electrocatalysts in a large potential
window; type 2, a microcell for thickness-dependent electrocatalytic measurements,
which can examine the HER performance of MoS, of various thicknesses (1-101 nm)
to obtain the penetration depth of the surface conductance (in this microcell, the
electrochemical current transports vertically through the semiconductor to the
bottom electrode); type 3, a microcell for top and bottom electrode measurements,
which can investigate the surface and bulk conductance of the semiconductor flake;
type 4, a microcell for photoelectrochemical measurements, which can measure not
only the photoconductance and photoelectrochemical current simultaneously, but
also the photoresponse time at various electrochemical potentials.

Fabrication of microcells for in situ electronic/electrochemical measurements.
A typical fabrication procedure is shown in Supplementary Fig. 2. First, a
16 X 16 mm? SiO, (285nm)/Si chip with 32 prepatterned Au contact pads was
fabricated using conventional photolithography. CVD-grown single-layer WS,
(left, Supplementary Fig. 2) or mechanically exfoliated TMDs (MoS,, WSe,, WSe, ;Te, ,
(ref. /), ReSe,, PtSe, and MoTe,) nanosheets (right, Supplementary Fig. 2) were
transferred onto the chips. The mechanically exfoliated TMD nanosheets were
treated with Ar plasma (3 W at 6.5 10~*torr for 15s) to create S, Se or Te vacancies
(2-4%) to provide more active sites’'. Electron-beam lithography, followed by
thermal or electron-beam evaporation, were then used to fabricate metal contacts
for the drain and source, which contacted the Au pads on the chip (metal contacts:
Cr (5nm)/Au (60 nm) for MoS,, ReS, and single-layer WS,; Pd (5nm)/Au (60 nm)
for WSe, 4Te,,; Ti (5nm)/Au (60 nm) for WSe,, PtSe, and MoTe,). Finally, the
device chip was passivated with 1-pm-thick PMMA film, followed by the electron-
beam lithography process to open a window through the PMMA to expose the
region of interest on the nanosheet.

As a control experiment, a Pt microelectrode was fabricated onto the chip
by laser writing followed by electron-beam evaporation of 40 nm Pt. Subsequent
processes were similar to those used for fabrication of the microcells.

Fabrication of microcells for top and bottom electrode measurements. A typical
fabrication procedure for a microcell with top and bottom electrodes is shown in
Supplementary Fig. 21. Two bottom electrodes (Cr/Au, 2nm/15nm) were first
fabricated to contact the Au contact pads by electron-beam lithography, followed
by thermal evaporation. Second, a MoS, nanosheet with thickness of 20-40 nm

was mechanically exfoliated onto PDMS and then dry transferred onto the targeted
bottom electrode. Third, two top electrodes (Ti/Au, 2nm/80 nm) were fabricated on
the MoS, nanosheet, which were vertically aligned to the bottom electrode (without
direct contact) by electron-beam lithography followed by thermal evaporation.
Fourth, S vacancies (~10%) were introduced in MoS, by Ar plasma (3W for 455

at 6.5X 10~ torr) to increase the number of active sites. The devices were then
passivated with 1-pm-thick PMMA film, followed by electron-beam lithography

to open a reaction window on the basal plane of the MoS, while avoiding the
exposure of edges and electrodes. Devices with in-plane top and bottom electrodes
(Supplementary Figs. 21-24b) were also tested in our experiment, and were found
to behave in a similar manner to the vertically aligned ones.

Fabrication of microcells for thickness-dependent electrocatalytic
measurements. A typical fabrication procedure for microcells with different
thicknesses (1-100nm) of MoS, nanosheets is shown in Supplementary Fig. 22.
Briefly, both CVD-grown single-layer MoS, and mechanically exfoliated multilayer
MoS, nanosheets were transferred onto Au contacts on SiO,/Si chips. S vacancies
(~10 %) were then introduced into the MoS, by Ar plasma (3 W, 455) to increase
the number of active sites. Atomic force microscopy (AFM) was used to confirm
the thickness of the MoS, nanosheets. Finally, all devices were passivated with
1-pm-thick PMMA film, followed by electron-beam lithography to open reaction
windows on the basal planes of the MoS,.

Fabrication of Si nanowire-based microcell devices. Si nanowires were fabricated

by chemical etching of light-doped Si wafers* (doping concentration ~10"*ecm=>).
The as-fabricated Si nanowires could be easily removed from the wafer surface,
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resulting in a homogeneous suspension in isopropyl alcohol through low-power
sonication. The Si nanowires were then dropcast onto pre-patterned chips with Au
contact pads, which showed a broad distribution of diameters (50-300 nm) and
lengths (10-20 pm). By using transmission electron microscopy, porous structures
were observed on the surface of the Si nanowires. Their edge-rich characteristic
may provide active sites for the electrocatalysis. The device fabrication procedure is
similar to that used for TMD microcells, except for the thicker metal electrode
(Cr/Au, 5nm/200 nm).

In situ electronic/electrochemical measurements in microcells. A microcell
was appropriately set up to study the surface charge injection® and charge
transfer processes™ in a more controlled manner. Here, the in situ electronic/
electrochemical measurements were conducted in a droplet of 0.5 M H,SO,
electrolyte in a microcell.

There are four electrodes in the microcell. Two are connected to a graphite
and a Ag/AgCl micro reference electrode (Harvard Apparatus), used as the
counter and references, respectively. The other two electrodes are connected
to the TMD nanosheet as drain and source contacts to collect their electronic
signals during electrocatalysis. In all experiments, only the exposed region of
the nanosheet contributes to the electrocatalytic performance, and the rest of the
area in contact with the electrolyte is passivated with PMMA. During the HER
(—0.4V versus RHE), a H, microbubble was only observed on top of the exposed
MosS, surface, indicating that the electrochemical reaction only occurs in the
reaction window (Supplementary Fig. 3). Before the electrocatalytic measurements
on the TMD nanosheets, the fabricated Pt microelectrode in the reaction window
(Supplementary Fig. 4a) was tested. The Pt microelectrode shows a Tafel slope
of 37.2mV dec™ and onset potential less than 10mV (Supplementary Fig. 4b,c),
consistent with reported results”, proving that our microcell set-up is suitable
for the electrocatalytic reaction.

Representative data on n-type MoS, and bipolar WSe, nanosheets
were collected during the in situ electronic/electrochemical measurements
(Supplementary Fig. 5). The scan rate of the electrochemical potential is 5mV per
step, and the scan direction is as follows: zero — cathodic (HER) — zero — anodic
(OER) — zero. The electronic (I,) and electrochemical (I.) signals were recorded
simultaneously. Normally, I, is ~10-1,000 times I, in our experiment, which is
dependent on the conductance of the semiconductor catalyst and the bias voltage
(V4)- The electrochemical current density was calculated by normalizing the
current to the open area of PMMA on the TMD nanosheets. In this work,
we express the electrochemical reference voltage with respect to RHE:

Epp = Exgagar + 0219 V

EIS measurement in microcells. The EIS measurements were performed on the
MoS, nanosheet and Au microelectrodes in the respective microcells at various
electrochemical potentials from —0.14 to —0.38 V (versus RHE), during HER, by
using an Autolab PGSTAT204 in the frequency range 10>-10° Hz with an amplitude
of 10mV. Data fitting was conducted on the basis of a Randles equivalent circuit
model, employing constant phase element (Q element, CPE) using Nova 2.1.2
software. Because I, is very low in the micro-electrochemical set-up (on the

order of 1071077 A), no gas bubble was observed during EIS measurements.

For each MoS, nanosheet microelectrode, the in situ electronic/electrochemical
measurement was conducted on the same device to compare the charge transport
resistance with the value extracted from EIS measurements.

Material characterizations. The TMDs were characterized by optical microscopy,
AFM (Bruker 8 AFM microscope system in ScanAsyst mode), scanning electron
microscopy (FEI 4200) and Raman spectroscopy (WITec alpha300 R) performed
with a 532 nm laser (with a spot size ~500 nm in diameter) at room temperature.
The in situ electronic/electrochemical measurements were performed by
combining two source meters (Keithley 2400 and 2450).

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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