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ABSTRACT: A variety of methods including tuning chemical compositions, structures, crystallinity, defects and strain, and
electrochemical intercalation have been demonstrated to enhance the catalytic activity. However, none of these tuning methods
provide direct dynamical control during catalytic reactions. Here we propose a new method to tune the activity of catalysts
through solid-state ion gating manipulation and adjustment (SIGMA) using a catalysis transistor. SIGMA can electrostatically

dope the surface of catalysts with a high electron concentration over 5 X 10" cm™

2 and thus modulate both the chemical

potential of the reaction intermediates and their electrical conductivity. The hydrogen evolution reaction (HER) on both
pristine and defective MoS, were investigated as model reactions. Our theoretical and experimental results show that the
overpotential at 10 mA/cm” and Tafel slope can be in situ, continuously, dynamically, and reversibly tuned over 100 mV and

around 100 mV/dec, respectively.
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lectrocatalysis plays an important role in the conversion of

earth-abundant and low-cost resources (H,O, CO,, etc.)
to high-value products (H,, CH, etc.), especially when
coupled with renewable energy." To achieve the goal of highly
efficient energy conversion at a low cost, different strategies
have been proposed to tune and enhance the catalytic
performance of electrocatalysts. The most general method-
ology is to change the chemical compositions and structure of
catalysts to tune the energetics of the reaction intermediates
involved.”™* Tuning the surface morphology, such as the
dominant surface facet, the crystallinity, or the amount of
defects in the catalyst is another popular way to improve the
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electrochemical conversion performance.””” A lithium electro-
chemical intercalation tuning approach was developed to
optimize the activity by varying the electron structure of
existing materials.” Straining the catalysts through volume
expansion/contraction is another effective technique to tune
the catalytic performance in a continuous manner.”'” Despite
the exciting progress, none of these strategies allows for in situ
dynamic control over the activity during the reactions. Here,
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Figure 1. SIGMA for hydrogen evolution reaction. (a) Schematic illustration of the SIGMA approach and HER at zero gate voltage. SIGMA is
applied to the bottom of the MoS, and HER occurs on the top of MoS,. The free energy versus the reaction coordinate of HER for MoS, is
illustrated on top. (b) A positive gate voltage dopes the MoS, with electrons, which enhances conductivity of MoS, and reduces the hydrogen
adsorption energy, thus enhancing the catalytic performance. (c) A negative gate voltage dopes the MoS, with holes, thus increases the hydrogen
adsorption energy. (d) SEM image of CVD grown monolayer pristine MoS, (scale bar: 10 ym). (e) SEM image of defective CVD grown MoS,
generated by Ar plasma etching (scale bar: 10 ym). (f) Optical microscope image of the microcell, where the edge of the MoS, is covered by
PMMA and the basal plane is exposed for HER (scale bar: S0 ym). (g) Schematic illustration of the experimental setup: a drop of 0.5 M H,SO, is
placed on top of the microcell for HER; a bipotentiostat is used to form a three-electrode electrochemical measurement and gate control.

we demonstrate that solid-state ion gating manipulation and
adjustment (SIGMA) as an effective method to realize an in
situ, dynamic, continuous, and reversible tuning of catalytic
activity. SIGMA can manipulate the carrier density of the
catalyst, which allows us to optimize the reaction intermediate
binding energy and the electrical conductivity to obtain a high-
performance catalyst.

Electrostatic gating has been widely used for decades for
cutting-edge electronics and éphotonics“_13 and extended to a
variety of applications.*™'® However, the relatively small
capacitance of traditional gate dielectrics (for example, ~107
uF cm™ for 300 nm SiO,) results in only a low doping
concentration (~10'* cm™?) even at high gate voltage (>50 V).
Reducing the thickness of dielectrics and increasing the
dielectric constant are a direction to improve, but there is a
limit due to the leakage current. The electric-double-layer
transistor (EDLT) with ionic liquid electrolyte offered over 2
orders of magnitude higher capacitance coupling (~7 uF
cm™?) and has been successfully used in field effect transistors
for accumulating carriers over 10'* cm 2" However, it is
difficult to apply ionic liquid EDLT to tune electrochemical
reactions, especially for liquid phase reactions because there
would be a mixing compatibility issue between the reactant
electrolyte and ionic gating liquid.

Recently, we have developed a solid-state ion gating method
with a similar capacitive coupling strength (~4 yF cm™2) as the
ionic liquid to induce an insulator—metal transition in MoS,
transistors by mobile fluoride (F~) ions in LaF;.'® Here we
exploit F~ ion solid-ion gating for the first time as the basis of

SIGMA for catalyst tuning, which not only maintains high
capacitance coupling but also removes the problem of
incompatibility of liquid electrolyte mixing. Figure la shows
our basic device structure, which can be considered as two
types of devices stacked together. The top half is an
electrocatalytic cell, where a thin layer MoS, for hydrogen
evolution reaction and a counter electrode for oxygen
evolution reaction are in contact with aqueous electrolyte.
The bottom half is a solid ion EDL transistor, where the same
MoS, layer and the gate electrode are coupled through the
LaF; solid ion conductor. When applying a positive gate
voltage in the bottom cell (Figure 1b), the F~ ions migrate and
accumulate close to the bottom gate contact by electrostatic
attraction, resulting in fluoride vacancies (positive charge) at
the upper surface of the LaF;. The MoS, layer on top of the
LaF; would be negatively doped (n-doped) to balance the
charge (Figure 1b). A negative gate voltage generates the
opposite effect (Figure 1c). By using this method, the MoS,
layer can be electron-doped with a concentration of 5 X 10"
cm ™2 when applying a gate voltage of +3 V.'* We hypothesize
that such a strong gate coupling in this new SIGMA method
not only changes the conductivity of catalysts but also
modulates the chemical potential of the reaction intermediates
(as shown schematically in free energy diagrams in the top part
of Figure la—c), resulting in significant catalytic activity tuning
(shown in our joint theoretical and experimental study
below).”"?

To demonstrate the SIGMA methodology, we select the
MoS, catalyzed hydrogen evolution reaction (HER) as a
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Figure 2. Electrochemical tuning of the MoS, HER by SIGMA. (a) Polarization curves measured from the pristine (red) and defective (blue) MoS,
device at 0 V (solid) and 3 V (dash) gate voltage without iR correction. (b) The corresponding Tafel plots of the polarization curves. (c)

Corresponding TOFy,, plots of the LSV curves.

model system. In recent years, due to its catalytic activity, low-
cost, and earth-abundance, two-dimensional MoS, has been
regarded as an alternative HER catalyst material to precious
metals.”””" Additionally, the low out-of-plane and high in-
plane dielectric constant of the ultrathin layer make two-
dimensional MoS, highly desirable for well-controlled electro-
statics.”> However, the inert basal plane and the high electronic
resistance of 2H-MoS, greatly limit their catalytic perform-
ance.””** Intensive studies have been carried out to increase
the density of active sites,”® showing that the HER perform-
ance of MoS, can be improved by exposing more edges,%’27
introducing dopants,””**? or creating sulfur vacancies
(defective MoS,) as active sites.””*°

In what follows, we show that the HER catalytic activity of
both pristine and defective MoS, devices can be tuned by
SIGMA. We find that SIGMA can dynamically, continuously,
and reversibly tune the hydrogen adsorption free energy
(AG,q) and the conductivity of MoS,, thus tuning the
performance of a catalyst. The overpotential at 10 mA/cm? can
be decreased by over 100 mV in both pristine and defective
MoS,. SIGMA opens up a new way to dynamically tune the
catalytic conversion efficiency independently of the applied
potential and without direct modification of the catalyst
material or morphology.

Results and Discussions. To investigate the gate effect on
the HER of a single layer MoS, crystal, we first grew the
triangular monolayer MoS, by chemical vapor deposition
(CVD) on a silicon substrate with 300 nm oxide layer as
shown in Figure S1. The defective MoS, was fabricated by
using mild argon plasma etch of the pristine MoS,. The SEM
images of the pristine and defective MoS, are shown in Figure
1d,e. Defective MoS, shows short and isolated cracks with a

connection angle of ~120° which is consistent with the
previous report.” Raman spectra, photoluminescence (PL), and
atomic force microscope (AFM) measurements were used to
confirm the formation of single layer MoS, (Figures S2 and
S3). X-ray photoelectron spectroscopy (XPS) was employed to
measure the ratio of Mo and S, which is used to determine the
density of sulfur vacancies (Figure S4). The Mo and S ratio of
the defective samples is 1:1.75 (£0.05), indicating that the
sulfur vacancy density is ~12.5% (+3%) (Figure S4). We then
transferred the as-grown and plasma-treated samples to a LaF,
substrate by the polymer-assisted wet transfer method. After
the transfer, the sample was annealed in argon atmosphere at
250 °C to remove the contaminants and achieve a high quality
LaF;—MoS, contact interface. Subsequently, electron-beam
lithography and metal evaporation were used to define and
deposit 5 nm of chromium as an adhesion layer and 45 nm
gold electrodes as current collectors near the materials. To
achieve a low contact resistance, we also fabricated a 50 nm
pure Au electrode as a connection between the MoS, flake and
Cr/Au electrodes. Finally, a layer of 5/50 nm Cr/Au was
deposited by e-beam evaporation on the back side of the LaF,
to form a back-gate structure. The schematic of a MoS, solid-
state EDL transistor is shown in Figure SSa.

To investigate the electron transport properties in pristine
and defective MoS,, we first performed electrical character-
ization of our EDL transistors. All the transistors are fabricated
with the same channel length and width, and the measure-
ments were performed at room temperature using a semi-
conductor parameter analyzer with a shielded probe station.
The voltage sources connected in the configuration are
depicted in the Figure S5a. A 2 V constant source-drain
voltage was applied and the bottom ionic gate voltage was
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Figure 3. Gate tunable HER performance. (a) The variation of the overpotential at 10 mV/cm? with gate voltage. (b) The variation of the Tafel
slope with gate voltage. (c) The Iypr—V, transfer curves with Vigg = —0.2 V. (d) A comparison of the HER performances of CVD Mo$S, modified
by different methods. The boundary of the red area is the performance of pristine and defective MoS, obtained from (a,b).

swept from —1 to 3 V with 10 mV/s step, while the source-
drain current was measured. The gating responses of MoS, and
defective MoS, channel are presented in Figure SSb. Repeated
sweeps on the same device did not show significant variation
and the leakage is lower than 20 nA. The pristine MoS, device
demonstrates a typical n-type channel with a threshold voltage
and on/off ratio over 10*. The source-drain current shows a
tendency of saturation when the gate voltage is greater than 2.5
V. The carrier density of the EDL transistor can be estimated
by using n = (C X V)/q, where the C is the capacitance of the
solid-state MoS,—LaF; electrical double layer (~4 yF/cm?),'®
V is the gate voltage, and g is the charge of an electron (1.6 X
107" C). At 3 V gate voltage, the carrier density is estimated
to be over 5§ X 10" cm™ As for the defective MoS, channel,
limited charge transport was observed. A higher threshold
voltage was obtained, and the current at 0 V gate voltage is
about one order magnitude lower than that of the pristine
MoS, channel. This charge transport limit in the subthreshold
regime origins from the trap states induced by the defects in
the band gap of MoS,.*" Despite the current decline at 0 V, the
current at higher electron doping concentration is higher than
that of the pristine MoS, channel device. The in situ Raman
spectra of the gate-dependent defective MoS, were conducted
to confirm that there is no 2H to 1T phase transition at higher
gate bias (Figure S6).

To combine the EDL transistor and electrochemical
catalysis, a layer of poly(methyl methacrylate) (PMMA) resist
is spin-coated as a protection layer (~200 nm) on top of the
transistor. A window is then opened in the PMMA by electron
beam lithography to cover the edge and expose the basal plane
of MoS, for HER as shown in the optical microscope image in
Figure 1f. A small amount (~30 uL) of the 0.5 M sulfuric acid
(H,S0,) electrolyte was dropped on top of the device. An Ag/
AgCl reference electrode and a sharp carbon rod counter
electrode were immersed in the electrolyte to form a three-
electrode system. The experiment was performed on a
bipotentiostat as shown in Figure 1g. The equivalent circuit
can be found in Figure S7. We also used the 0.5 M H,SO,
electrolyte as a top gate of the device to confirm that the MoS,
cannot be gated by the HER electrolyte. The results showed
negligible changes of the conductivity of MoS, with the top 0.5
M H,SO, gate (Figure S8).

Linear sweep voltammograms (LSV) were performed on
both pristine MoS, and defective MoS, with different gate
voltages ranging from 0 to 3 V. The polarized curves of
samples at 0 and 3 V gate voltages without iR correction in are
shown in Figure 2a. The corresponding Tafel slope curves are
presented in Figure 2b. Completely polarized curves from 0 to
3 V gate voltage with 1 V steps are shown in the Figure S9.
Electrocatalysis from monolayer single crystal MoS, also allows
an accurate measurement of the surface exposed to the
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vacancies occupied with H atoms).

electrolyte, which can be used to calculate the turnover
frequency (TOF), an indicator of the activity per single
catalytic site. The TOFs of each individual S atom are
calculated and shown in Figure 2c to compare the intrinsic
activity of different MoS, samples. To investigate the
correlation between the HER catalytic performance and gate
voltage, we fabricated multiple devices and measured the
catalytic performance at different gate voltages to obtain
statistical data.

The variation of the overpotential at 10 mA/cm?® and the
Tafel slopes of both pristine MoS, and defective MoS, with
different gate voltages are summarized in Figure 3a)b,
respectively. For the pristine MoS, device, the catalyst shows
an overpotential over 300 mV at 10 mA/cm?* and a Tafel slope
over 250 mV/dec at zero gate voltage. As the gate voltage
increases to 3 V, this situation is dramatically improved with
the overpotential at 10 mA/ cm? reduced to ~210 mV. At 3V
gate voltage, the Tafel slope is reduced to 110 mV/dec which
has been associated with a Volmer—Heyrovsky mechanism
with the adsorption Volmer step (H* + e™ + * — H*) being
the rate-limiting step.”® The decrease in Tafel slope with gate
voltage could be rationalized from the gate-induced electron
injection into the *H@MoS, system. From our density
functional theory (DFT) calculations and Bader charge
partitioning analysis,”> we found this to also negatively charge
up the adsorbed *H atoms. We postulate here that this
increased electronegativity of *H then leads to a more final-
statelike transition state, which increases the charge transfer
coeflicient and reduces the Tafel slope.

The defective MoS, is much more intrinsically active for
HER than the pristine case. By increasing the gate voltage, we
find a similar, almost linear reduction of the overpotential and
a decrease of the Tafel slope as in the pristine case. Both the
pristine and the defective systems can thus be activated to a
comparable degree by applying the gate voltage. Additionally,
the increased conductivity also helps to reduce the iR loss in
electron transport in MoS, and between MoS, and current
collector,"” which contributes to the enhanced performance.

To demonstrate the reversibility and in situ tuning capability
of our SIGMA method, a “catalysis transistor” was tested as
shown in Figure 3c. The HER voltage between the working
and reference electrodes was kept constant (Vi = —0.2 V)

and the gate voltage was swept from 0 to 3 V with a 10 mV/s
step. This type of test is similar to the I;—Vj transfer curve in a
transistor to characterize the gate induced on/off states. For
both the pristine and defective samples, the HER currents
increase with the gate voltage, which makes it behave as an n-
type channel transistor. The similar on/off ratio of ~7 of the
pristine and defective device is obtained, indicating a similar
underlying mechanism which will be discussed later. The
gating effect is reversible with hysteresis. The hysteresis of
catalysis transistor is larger than that of the MoS,—LaF;
EDLT."® The enhanced hysteresis could result from the
aqueous environment of the catalysis transistor. Previous
researches have reported that water molecular phyisorbe on
the MoS, surface facilitate positive charge trapping and
detrapping at the trap levels.””** Additionally, the hydrogen
absorption and dissociation on the MoS, surface contribute to
the hysteresis. The hysteresis makes the HER performance
depends on the gate voltage sweep range, direction and rate,
however, it can be also utilized to fabricate “catalysis memory”
to store information by catalytic activities.

A comparison of our SIGMA method and other reported
methods is presented in Figure 3d. Each existing methods give
a point in the figure, whereas our SIGMA method shows a
dynamic and continuously tunable range. The optimized
performance of our method is close to the best performance
from those sophisticated designs.

Tuning the gate voltage with SIGMA increases the charge
carrier density, which can have a significant impact on surface
electrocatalysis. In the case of HER, the overall reaction rate
has been shown to be determined mainly by the *H binding
energy, AG,q..”* A binding energy that is too weak (AG,q4, > 0)
or too strong (AG,g < 0) will cause the rate to be limited by
the *H adsorption (Volmer) step or desorption (Heyrovsky/
Tafel) steps, respectively. A binding energy of AG,q4, ~ 0 has
been determined as a characteristic of an ideal HER catalyst.*’
A previous study has shown that the basal plane should not be
considered as an active site with 3% of S-vacancies already
exhibiting orders of magnitude higher HER activity.”’ In our
as-grown pristine MoS,, a small ratio of intrinsic atomic defects
is unavoidable.”>”” Beside the sulfur vacancies, the hydrogen
coverage (number of H atoms over number of S atoms on the
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upper side of MoS, unit cell) has been also shown to affect the
activation barrier of the reaction.*®

We evaluated AG,;, at varying sulfur vacancy coverages as a
function of charge carrier density. Figure 4b shows the results
of pristine (0%) and 13% sulfur vacancy MoS, under a
hydrogen coverage of 16.7%. The results of different levels of
defects and hydrogen coverages are presented in Figure SI0.
We found that the added negative surface charge stabilizes *H
in all considered cases. This finding is consistent with previous
studies, which found *H binding to be stabilized in the
presence of excess electrons, thereby reducing the Volmer
thermochemical reaction barrier."” Thermodynamically, at the
applied HER voltages all vacancies can be expected to be
covered with H atoms.”” By introducing excess electrons into
the system under a high hydrogen coverage and high vacancy
density, we found AG,4 approach a value of zero under the
range of experimentally estimated carrier densities. This
minimization of the thermochemical H adsorption barrier
that we see for most considered coverages is in agreement with
the experimentally observed HER overpotential reduction.
Furthermore, theory predicts a similar *H binding energy
change with carrier density, independent of the vacancy
coverage, in line with the experimental findings. We finally also
comment on the stabilization of *H to negative AG,4 values
with gate voltage that we observe in the case of small vacancy
concentrations (4.2%), as shown in the Supporting Informa-
tion. In this case, one would expect a decrease in the HER
activity as gate voltage increases. This finding suggests that
HER proceeds mainly from clustered S-vacancy regions,
corresponding to higher local *H coverages and optimal
binding energies under an applied gate voltage.

Additionally, in typical electrochemical devices, the surface
charge of a catalyst affects the potential drop which drives
charge-transfer kinetics at the solid—liquid interface (Frumkin
effect). In the device considered here, the SIGMA-induced
carrier density in MoS, is, however, fully compensated by the
surface charge density of LaF; due to its comparably high
capacitance. The electric field is thus completely screened and
the potential driving force is nearly independent of the applied
gate voltage. However, if the gate voltage is too high (>3 V),
the field effect cannot be completely screened by the MoS, and
will penetrate through the electrolyte.”” The leaking field
accumulates excessive electrons at the electrical double layer of
solvent and MoS,, thus affecting the electrochemical potential
of reactive proton donors as well as the local pH at the outer
Helmbholtz layer.

Therefore, our catalysis transistor modulates the *H binding
energy (AG,4) by changing the carrier density of the catalyst
through the electric field, which facially manifests as the
modulation of catalytic current density. This technique can be
used to control the activity of catalysts and integrated with
existing circuit technology for a variety of applications. For
example, in the on-demand fuel production or biomimetic
systems it can be used as a key component in feedback loop to
generate regulated TOF as needed dynamically.

Conclusion. In this work, we developed a new approach
(SIGMA) to dynamically, continuously, and reversibly tune the
catalytic performance of electrochemical devices. As for the
MoS,-catalyzed HER, our experimental and theoretical results
show that SIGMA tunes the carrier density of MoS, up to 5 X
10" cm™. These additional electrons drive the hydrogen
adsorption energy to zero and increase the electronic
conductivity of MoS,. SIGMA tuning of surface charge density

and electric fields could represent a general strategy to tune
and improve the catalytic activity without modifying structure
and composition of the catalysts. In addition to fundamental
studies, the catalysis transistor makes it possible to integrate
the electrochemical reactions with advanced circuit technology
for various on-demand applications.

Methods. CVD Growth and Transfer of Monolayer MoS,.
Monolayer single crystal 2H-MoS, was grown in a tube furnace
by CVD with molybdenum trioxide (MoOj;) and sulfur (S)
powder as precursors and argon as the carrier gas. A Si
substrate with 300 nm oxide layer was suspended face-down on
a quartz boat containing the MoOj source. The growth process
was conducted at 750 °C with 5 sccm Ar flow at atmospheric
pressure and Ar environment. After 15 min growth, the furnace
was cooled down to room temperature. The triangular single
crystal was on the edges of the continuous film. To transfer the
MoS,, a layer of PMMA was first spin-coated (4000 rpm) and
the sample was baked at 120 °C for 2 min. The diluted
potassium hydroxide (KOH) solution was then used as the
etchant to etch away the SiO, layer. After that, the PMMA/
MoS, layer was lifted off and then transferred onto a LaF;
substrate. Finally, the sample was air-dried and the PMMA was
washed off with acetone and 2-propanol.

Generating Defective MoS,. The argon plasma treatment
was carried out by using an Oxford 80 reactive ion etcher with
an 8 W power supply. The gas pressure was controlled at 900
mTorr by flowing argon at 100 sccm. The ~13% S-vacancies
could be achieved by ~20 s exposure.

Device Fabrication. The electron beam lithography was
conducted by a JBX-6300FS electron beam lithography system
to pattern the electrodes. The metal evaporation process was
done by a KJ Lesker e-gun/beam evaporator with a speed of 1
A/s and a base pressure under 10~° Torr.

Electrochemical Measurements. The electrochemical test-
ing was performed using a three electrodes setup. A sharp
carbon rod was used as a counter electrode, while a homemade
Ag/AgCl reference electrode was used as a reference electrode.
The reference voltage of the homemade Ag/AgCl was
calibrated by standard hydrogen evolution. The MoS, flake
was used as a working electrode. A drop (~30 uL) of 0.5 M
sulfuric acid (H,SO,) solution was used as the electrolyte. The
LSV scan rate was S mV/s.

DFT Calculation. DFT calculations of reaction energetics
were carried out with a periodic plane-wave implementation
and ultrasoft pseudopotentials using QUANTUM ESPRESSO
version 6.1*" interfaced with the atomistic simulation environ-
ment (ASE).41
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