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Field Effect Enhanced Hydrogen Evolution Reaction of
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H, has been considered as a promising energy carrier for
future energy technologies due to its high energy density and
being environmentally friendly.'# In view of this, the produc-
tion of hydrogen needs a highly-efficient and economical way
to meet the increasing demand of clean energy. Water splitting,
as a well-known way for H, production, has attracted attention
for the advantages of non-pollutants and abundant sources.>®
Water splitting includes the hydrogen evolution reaction (HER)
and the oxygen evolution reaction, and both of them need cata-
lysts to reduce the electrochemical overpotential.”'" Generally
speaking, the HER process consists of multiple reaction steps.
In the acid electrolyte, the main steps can be described suc-
cinctly as a hydronium cation (H;0%) absorbed on a catalytic
active site and coupled with an electron to form a hydrogen
atom. There are two probable mechanisms to gain and even-
tually release a hydrogen molecule (H,) from the active sites:
(1) two hydrogen atoms combine directly; (2) a hydrogen atom
captures an electron and a H;O" ion simultaneously.’'213 So a
high-performance HER electrocatalyst should exhibit fast elec-
tron transfer, large density of catalytic active sites, and appro-
priate Gibbs free energy of adsorbed atomic hydrogen. Pt-group
metals, which can meet the above requirements, are an excel-
lent catalyst for HER, while their practical applications are lim-
ited by the rare reserve on the earth.'"*'%] Thus, it is imperative
to investigate high-performance HER electrocatalyst with low
costs.

Among those, theoretical calculation has proven that molyb-
denum disulfide (MoS,) possesses an adequate Gibbs free
energy of adsorbed atomic hydrogen, and it has the merit of
element abundance; thus MoS, is regarded as a promising
alternative of Pt.'*™l However, it is reported that the MoS,
catalytic activity is hindered by the less number of thermo-
dynamically unstable Mo edges (act as the active sites) and
poor conductivity of the catalyst.?0-?2 Many means have been
developed and utilized to improve the catalytic performance
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of MoS,,2*?Y such as morphology and structure control to
expose more active sites,2>28 constructing defects as active
sites?32 and compositing with other materials to accelerate
electron transport speed.}31 Recent work by Chhowalla
and co-workers*¥ has reported that reducing contact resist-
ance between the Au electrode and the catalyst can activate
the intrinsic catalytic properties of basal plane of 2H MoS, by
facilitating electron injection to the active sites. From previous
research of MoS, transistor, it has been found that the electric
field effect can simultaneously reduce the contact resistance
and sheet resistance of MoS, materials to gain a faster electron
transfer speed.**2l Thus a better catalysis of MoS, for HER
can be expected with the application of field effect.

Herein, we have successfully fabricated a field-tuned HER
device with an individual MoS, nanosheet to explore the impact
of field effect on catalysis. The catalytic property of MoS,
nanosheet is clearly and dramatically improved with the addi-
tion of an electric field. The lowest overpotential of current
density 100 mA um could reach 38 mV and the value of Tafel
slope at the back gate voltage of 5 V has fallen to half to that
of no electric field. The inspirational result demonstrates that
the field effect is a promising strategy to enhance the catalytic
performance of MoS, for HER with lower channel resistance
and faster charge transfer.

The fabrication process of a field-tuned individual MoS,
nanosheet based HER device is schematically illustrated in
Figure 1 and Figure S1 in the Supporting Information.*3*4
A suitable size silicon wafer (with 300 nm dielectric layer) is
cleaned and spined with LOL2000 and S1805 photoresists, then
patterned by ultraviolet lithography, and deposited with Cr and
Au through physical vapor deposition. The photoresist is lifted
off, and the pattern of Cr/Au (5 nm/50 nm) on the silicon wafer
is regarded as the outer electrode (Figure 1a,e). The silicon
wafer with outer electrode is affixed with a tiny MoS, nanosheet
by mechanical exfoliation (Figure 1b,f)."**] The methylmeth-
acrylate (MMA) and polymethylmethacrylate (PMMA) photore-
sists are spined on the silicon wafer subsequently, which are
patterned by electron-beam lithography and further deposited
with Cr and Au. After lifting off the photoresist, the pattern
of Cr/Au (5 nm/150 nm), which is used to contact the outer
electrode and the individual MoS, nanosheet, is regarded as
the inner electrode (Figure 1c,g). A layer of PMMA is spined
on the silicon wafer as the passivation layer, then a window
is etched by electron-beam lithography to expose the MoS,
nanosheet (Figure 1d,h). The optical (Figure le-h) and scan-
ning electron microscope (SEM) images (Figure 2a) show that
the MoS, nanosheet is connected with the Cr/Au electrodes,
which are fully covered by the PMMA passivation layer to avoid
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Figure 1. The 3D schematic of the field-tuned individual MoS, nanosheet based HER device fabrication process. a) Si substrate (blue) with 300 nm SiO,
on the surface (pink) and showing an as-prepared 5 nm/50 nm Cr/Au (gold) outer electrode. b) An individual MoS, nanosheet (purple) obtained
by mechanical exfoliation is transferred on the SiO, surface. c) The MoS, nanosheet is immobilized by electron-beam lithography followed by
Cr/Au (5 nm/150 nm) contact deposition in a thermal evaporator. d) The photoresist (PMMA) (green) is patterned to cover over the silicon wafer
with exposed MoS, sheets by using electron-beam lithography. The exposed high conduct silicon (<0.005 Q cm™) substrate is used to add back gate
voltage. e-h) The optical image of individual MoS, nanosheet based HER device under different fabrication phase, corresponding to the 3D view of
(a—d) respectively.
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Figure 2. a) The FESEM images of an individual MoS, nanosheet based HER device. b) The atomic force microscopy image of the MoS, nanosheet.
c) The schematic diagram of three electrodes for HER catalytic measurement. d) The physical connection diagram of the catalytic measurement.
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the leakage current between Cr/Au electrodes and counter elec-
trode. The atomic force microscope (AFM) images of the device
(Figure 2b) show that the thickness of MoS, nanosheet is aver-
agely 25 nm.

Catalytic performance of the individual MoS, nanosheet
based HER device was measured by three electrodes system,
which is in accordance with typical HER catalysis meas-
urement.*#* Figure 2c is the schematic diagram of three
electrodes: an MoS, nanosheet acts as the working electrode,
a saturated calomel electrode (SCE) is used as reference elec-
trode, and a Pt filament with the diameter of 0.5 mm is used as
the counter electrode. The connection diagram has been shown
in the Figure 2d that all the three electrodes are immersed in
0.5 M H,S0O, electrolyte and a probe connected with an exposed
high conduct silicon (£0.005 Q cm™) substrate as the source
of gate voltages. Linear sweep voltammetry with a scan rate of
5 mV s7! is used to test the polarization curve of HER.

The catalytic performance of individual MoS, nanosheet
based HER device has been investigated under different electric
field intensities. In order to ensure the accuracy of the experi-
ment, the blank control group of the same HER device without
MoS, nanosheet (SEM image as Figure S2 in the Supporting
Information) has also been fabricated and measured. Besides,
the catalytic performance of Au and Pt filament (replace MoS,
nanosheet as the working electrode) under the same condi-
tion have also been researched to compare with that of MoS,
nanosheet (without gate voltage; Figure 3a). No obvious cata-
lytic phenomenon is observed in the blank control group, and
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the overpotentials of Pt, Au, and MoS, are 25, 500, and 240 mV,
respectively. At the same time, the conductances of blank
sample, PMMA, MoS, nanosheet, and Au are also measured
(Figure S3, Supporting Information). Blank sample and PMMA
are insulated, and the current in I-V curve of Au is almost
four orders of magnitude larger than that of MoS,. Results of
catalysis and conductance sufficiently certify that the Au elec-
trode passivated with PMMA does not partake in catalysis and
the polarization current fully considered as catalytic current
of MoS, is reasonable. The Raman peaks of MoS, and silicon
can be found in the Raman spectra (Figure 3b).5%>2 After
catalytic test, no obvious Raman peak shift can be observed.
The reduction of Raman peak intensity indicates that a slight
degradation of MoS, crystal structure existed in the catalytic
reaction. Energy dispersive spectrometry (EDS) element map-
ping images (Figure S4, Supporting Information) demonstrate
that the morphology and element component of individual
MoS, nanosheet remains unchanged after the HER catalysis
measurement.

The polarization curves of the individual MoS, nanosheet
based HER device at different gate voltages are shown in
Figure 3c; the catalytic property has been largely boosted with
the increasing of gate voltage. The overpotential of different
gate voltages has been calculated at the catalytic current den-
sity of 100 mA cm™? and shown in Table S1 in the Supporting
Information. A relative low overpotential (38 mV) is achieved
with the current density of 100 mA cm™ at the gate voltage
of 5V, which is much lower than that without gate voltage
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Figure 3. a) The HER polarization curves of blank sample, Au electrode, MoS, nanosheet, and Pt. b) Raman spectra of the primary MoS, nanosheet,
MoS, nanosheet after electrolyte dipping, and the individual MoS, nanosheet after electrochemical measurement. c) The polarization curves of HER
at different back gate voltages. The best catalytic performance appears at the gate voltage of 5 V. d) The corresponding Tafel curves at different gate

voltages.
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Figure 4. a) -V curves of an individual MoS, nanosheet based HER device at different gate voltages, the range from 0 to 10 V. b) The channel conduct-
ance variation trend chat of the individual MoS, nanosheet based HER device. The energy band of the individual MoS, nanosheet based HER device
changes with different gate voltages bias. c) The normal state of device under closed circuit without any gate voltage. d) The energy band of the device

with the positive gate voltage bias, e) with the negative gate voltage bias.

(240 mV). The Figure 3e and Table S2 in the Supporting Infor-
mation show the Tafel curves and the corresponding value at
different gate voltages, respectively. With the gate voltages
increasing from 0 to 5 V, the Tafel slope decreases from 200
to 110 mV dec’!. The theory from Butler-Volmer has dem-
onstrated that the limiting Tafel slope of slow discharge reac-
tion should be 116 mV dec™.'2°354 The mediocre value of the
Tafel slope implies that charge transport is the control step of
the total HER catalysis reaction. Thus, the variation of electrical
transport induced by field effect may be the origin of the greatly
enhanced catalytic performance of MoS,.

In order to verify our supposition, the I-V curves of the indi-
vidual MoS, nanosheet device at different gate voltages with or
without electrolyte have been tested (Figure 4a and Figure S5
in the Supporting Information). It is found that the channel
conductance of individual MoS, nanosheet device keeps rising
from 0.0073 to 0.1776 S m~! when increasing the gate voltage
from -5 to 5 V (Figure 4b and Table S3, Supporting Informa-
tion). And the sharper ascent tendency of the channel conduct-
ance between 0 and 5 V is more beneficial to the catalysis.
The current in [-V curve and overall catalytic current of the
constant bias voltage of —0.5 V are also compared in Figure S6
in the Supporting Information. The same orders of magnitude
and the same variation trends demonstrate that the enhanced
channel conductance is significant enough to improve the cata-
lytic performance. Furtherly, the Iy — V, curves of both the back
gate and the solution gate have been measured and shown in
Figure S7 in the Supporting Information. The I3 — V, curve
of the solution gate changes little with the increasing of gate
voltage, while the Iq — V, curve variation of back gate is obvi-
ously higher than that of solution gate. So, the solution gate
from the counter electrode will hardly influence the whole elec-
trochemical catalytic reaction.

wileyonlinelibrary.com
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Here, the energy band diagram of the device is introduced
to understand the variety of channel conductance. In the indi-
vidual MoS, nanosheet based HER device, SiO, layer between
the Si layer and MoS, is used as the dielectric layer, and the
gate voltage probe is connected with Si layer to provide a ver-
tical electric field where the MoS, nanosheet is immersed in
and can be tuned. Similar with the MoS, transistor, Fermi
level of n-type MoS; nanosheet close to the bottom of con-
duction band with the addition of positive electric field, and
that facilitates the electron transfer.>>>%! The Fermi level can
be considered locating at a moderate position without gate
voltage, shown in the Figure 4c, that means a high energy
barrier of electron transport exists between Au and MoS,
nanosheet. The position of Fermi level will be closer to the
bottom of conduction band by adding a positive gate voltage
to reduce energy barrier and then the electrical conductance
increase (Figure 4d). In the opposite side, the energy barrier
will be higher with a negative gate voltage (Figure 4e). The
above theory analytics of energy band is agreed with the actual
evolution of channel conductance with different gate voltage.
The faster electron transport is achieved with the positive gate
voltage, which results in a great drop of overpotential and
decreased Tafel slope.

We have successfully fabricated the individual MoS,
nanosheet based HER device, and furthermore an electric field
has been applied to explore the influence of field effect on the
catalytic performance of individual MoS, nanosheet. It is dem-
onstrated that HER performance of individual MoS, nanosheet
can be further improved by adding a positive electric field. With
adding a gate voltage of 5V, the catalytic overpotential of MoS,
decreases from 240 to 38 mV, which is comparable to that of Pt.
The outstanding performance is mainly contributed from the
increased channel conductance of MoS, nanosheet based HER

Adv. Mater. 2017, 1604464
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device, which is understood through the energy band theory.
Such strategy of utilizing the electric field to improve the catal-
ysis of HER could also be used in the other electrochemical
processes.

Experimental Section

Fabrication of the Individual MoS, Nanosheet Based HER Device: A
suitable size silicon wafer (with 300 nm dielectric layer) was cleaned
and spined with photoresist LOL2000 and S1805. Then, the prepared
silicon wafer was patterned by ultraviolet lithography and deposited with
Cr/Au (5 nm/50 nm) by physical vapor deposition. The photoresist was
lifted off and a tiny nanosheet of MoS, was transported to the silicon
wafer by mechanical exfoliation of bulk MoS,. The silicon wafer was
spined with a MMA and PMMA photoresist, patterned by electron-beam
lithography, and deposited with Cr/Au (5 nm/150 nm). After lifting off
the photoresist, a new layer of PMMA was spined on the silicon wafer
as the passivation layer, in which a groove was etched by electron-beam
lithography to expose the MoS; nanosheet.

Electronic Conductance and Electrochemical Measurements: The probe
station and semiconductor device analyzer were used to measure the
electrical transport characteristics of the MoS, nanosheet at a series
of back gate voltages. The electrochemical performance of the MoS,
nanosheet was further tested by combining electrochemical workstation
(giving/testing the signal of electrochemical reaction), probe station,
and semiconductor device analyzer (giving the back gate voltage).
Catalytic performance of the individual MoS, nanosheet based HER
device were measured by a three electrodes system with the individual
MoS, nanosheet as the working electrode, a SCE as the reference
electrode, and a Pt filament with a diameter of 0.5 mm as the count
electrode. All these three electrodes were immersed in 0.5 m H,SO,
electrolyte. A probe, which connected the exposed high conduct silicon
(£0.005 Q cm™) substrate and the semiconductor device analyzer,
was used as the source of the gate voltages. The polarization curve of
HER was measured through linear sweep voltammetry at a scan rate of
5mVsh

Characterization  Instrumentation: SEM imaging, EDS element
mapping and electron-beam lithography were realized with a JEOL-
7100F microscopy. Raman spectra were obtained using a Renishaw
INVIA micro-Raman spectroscopy system. Linear sweep voltammetry
of catalysis was measured by a probe station (Lake shore, PPT4),
an electrochemical workstation (Autolab PGSTAT 302N), and a
semiconductor device analyzer (Agilent, B1500A).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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