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ABSTRACT: With plasmonic hot electrons doping, molybdenum disulfide (MoS;) monolayer
with deposited Au@Ag nanorattles effectively enhanced the hydrogen evolution reaction (HER)
efficiency. The maximum photocatalysis is achieved under plasmon resonance excitation, and
actively controlled by the incident laser wavelength and power intensity. The localized phase
transition of MoS; is achieved and characterized to explicate this plasmon-enhanced hydrogen
evolution. The proposed MoS;-nanoparticle composite combines surface plasmons and planar

2D materials, and pioneers a frontier filed of plasmonic MoS, photocatalysis.

1. Introduction

Hydrogen with huge applications for the future energy has drawn lots of attention because of
its recyclability and nonpolluting nature.” > Molybdenum disulfide (MoS;) monolayer, as a new
kind of two dimensional (2D) material, can be considered as a promising catalyst with its low
energy barriers that associated with hydrogen adsorption and desorption.® Considering the
potential of MoS; catalyst, numerous studies have been reported, such as the large exchange
current densities in the hydrogen evolution reaction (HER) that realized by vertically stacked
MoS; layers,* graphene-supported MoS; nanosheets,® MoS,-g-CsN, hybrid photocatalysts,® and
flower-shaped MoS, nanoparticles.’

Two key factors of transition metal dichalcogenides (TMD) for HER are the conductivity and
effectively active sites. However, natural MoS, as a band gap semiconductor, its poor
conductivity seriously affects the charge transfer efficiency in the hydrogen evolution. Besides,
both theoretical and experimental investigations also have shown that the catalytic active site for

the HER is along the edge of MoS,, where the limited area further influences its electrocatalytic
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performance.> 8 Recent studies demonstrated that both chemically exfoliated metallic MoS;
nanosheets and metal nanoparticle-decorated MoS, could effectively enhance the hydrogen
evolution catalysis. ®° By doping the MoS, monolayer with Lithium electrons, the generated 1T
phase MoS; also shows a favorable metallic conducting property and enlarged active area for the
HER process. 13

Surface plasmons, as a collective oscillation of surface conducting electrons, have been
demonstrated tons of applications for the nanophotonics, and opto-electronic device.***® Recent
investigations show that the plasmonic hot electrons which generated by the plasmon absorption,

17

have potential applications for the photocatalysis,™ *" such as H, dissociation.® Efficient

separation of charge carriers plays an important role in the enhanced photocatalytic activity.'* %
Both plasmonic heating and charge-transfer effects were proposed to explain the decreasing of
the chemical reaction energy, and corresponding enhanced photocatalysis.

In our previous work, we successfully demonstrated that with plasmonic hot electrons, 2H
MoS; monolayer can be localized transformed to the 1T phase, and presents enhanced metallic
properties. The band structure and photoluminescence (PL) properties of the MoS, were
effectively tuned by the plasmonic hot electrons, and actively controlled by different excitation
laser frequency and intensity.?* In this work, by applying plasmon-induced 1T phase MoS; to the
hydrogen evolution catalysis, the plasmonic hot electrons can be directly involved in the
photocatalysis via MoS, monolayer. The measured HER polarization and Tafel curves, as
presented below, demonstrate that by combining both merits of local stress and charge transfer
effects with 1T phase MoS, monolayer, the HER efficiency can be actively controlled, and

extremely increased at the plasmon resonance frequency, which provides a new approach to

effectively produce hydrogen for the future energy application.



2. Results and Discussion
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Figure 1. Mechanism for plasmon-enhanced catalytic performance of MoS; in hydrogen
evolution reactions (HER). a) Illustration of hot electrons-assisted MoS, catalysis in HER. b)
Four elemental steps responsible for the enhanced catalytic properties of MoS,. A: stress-induced
gliding of the top S plane; B: MoS, doped by plasmonic hot electrons; C: laser excitation; D:
kinetic energy of hot electrons. ¢ -e) Schematic models of monolayer MoS, with 2H, 2H', and 1T

phases from top and side view. For visualization, the top and bottom Mo-S bonds are drawn with

an angle.
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The mechanism of plasmon-enhanced MoS; photocatalysis is illustrated in Figure 1. Au-coated
Ag (Ag@Au) nanorattles are deposited on a MoS; monolayer. Plasmonic hot electrons,
generated from plasmon decay,?* % together with incident laser and induced stress,?* result a
localized MoS; phase transition from 2H to 1T. As previous work reported, 1T-MoS; has an
incomparable advantage for the catalysis. ® The 2H-to-1T phase transition makes the MoS;
catalytic HER property dramatically improved, and results in an effective production of
hydrogen (H>).

This enhanced-catalytic activity can be explained by the following steps: (i) The deposited
Ag@Au nanorattles induce a localized stress, and result the local gliding of up S plane of MoS;

monolayer, %

which weakens the top Mo-S bonding, and causes a raise of potential energy
surface (PES) as presented by Process A in Figure 1b; (ii) plasmonic hot electrons are doped into
the deformed 2H-MoS; (2H-M0S;), and charge the neutral PES to the negative one (Process B,
Figure 1b), resulting in a decreased barrier for the top Mo-S bond dissociation; *> 2% (iii) the
laser excitation (Process C, Figurelb), associated with the Kkinetic energy of plasmonic hot
electrons (Process D, Figure 1b), provides the external energy that required for the dissociation
and recombination of top Mo-S bond, ** which finalizes the 2H-to-1T phase transition. The MoS;

monolayer with generated 1T phase further helps the HER process, and improves the efficiency

of the hydrogen production.
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Figure 2. Characterization of 2H-MoS; monolayer and Ag@Au nanorattles. a) SEM image of
the as-grown 2H-MoS; on Si substrate, where the cracks show the high density of active sites for
the HER. Inset is a lower magnification image of the MoS; monolayer. b) TEM image of
Ag@Au nanorattles. The diameter and length of the Ag core is about 20 and 80 nm, respectively,

and the thickness of the Au shell is 10 nm.

In our experiment, MoS; monolayers were synthesized on Si/SiO, substrate via chemical vapor
deposition, then transferred to the Si substrate by using potassium hydroxide (KOH) solution.
Figure 2a is the scanning electron microscopy (SEM) image of the sample, where the cracks of
MoS; film that caused by the sudden temperature dropping after growth, increased the number of
edges and provide more active sites for the hydrogen reaction. The inset is a lower magnification
SEM image of the tested MoS,, which confirms the high density of MoS, nanosheet on the
substrate.

The metallic nanoparticle that we used to generate plasmonic hot electrons is the Ag@Au
nanorattle. From the transmission electron microscopy (TEM) image (Figure 2b), we can see that

the rattle is about 100 nm long and 40 nm wide, with its core/shell structure clearly shown. The

Page 6 of 17



Page 7 of 17

Nanoscale

Ag core has 20 nm in diameter and 80 nm in length, and the thickness of the Au shell is about 10
nm. The Ag@Au nanorattles have better photocatalytic activities when compared to pure Ag or
Au nanorods, the narrower resonance linewidth of the core-shell nanostructure indicates a low
loss and high sensitivity for the chemical catalytic reaction,® on the other side, the protection of
Au shell prevents Ag from oxidizing, and ensures the stability for the hydrogen evolution.
Moreover, the plasmon resonance wavelength of nanorattles can be easily shifted by changing
the Au shell thickness, which provides the possibility of plasmonic active tuning for the
application. ¥

The Ag@Au nanorattle solution was first spin coated on as-grown MoS; film, and then
perfluorosulfonic acid-PTFE copolymer (Nafion)** was drop onto the sample to form a
transparent film that tightly hold the nanorattles on the MoS; surface. The wavelength of the
laser that we used for HER excitation is 690 nm, corresponding to the main plasmon resonance
wavelength of the Ag@Au nanorattle. Because MoS, photoluminescence (PL) cannot be excited

32, 33

by 690nm laser, we can safely exclude the catalysis influence from PL effect. Under the
laser excitation, we found that the measured HER activity of our plasmon-enhanced MoS;
composite configuration can be dramatically enhanced.

From Figure 3a, we can see that under the 690 nm laser illumination, the on-set input potential
is decreased from 0.42V to 0.37V vs reversible hydrogen electrode (RHE) in comparison with
the dark environment, and the measured current density increases from ~75 pA/cm? to ~125
pA/cm? when the input potential is fixed at 0.6V. In our experiment, the MoS, monolayers were
paralleled growth on the silicon substrate, because the active sites are only located in the layer

edges, the active site density in this case is much lower than the MoS, nanoparticle, which results

the high overall on-set potential (0.37V) and low current (125puA/cm?) compared with the
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previous works.* > " ® However, this layered MoS, provides a flatness platform for holding
Ag@Au nanorattles, and makes us easy to investigate the catalysis enhancement that directly
comes from plasmonic hot electrons. These plasmonic hot electrons charge the PES to the
negative one, dissociate the top Mo-S bond, and realize the phase transition from the inactive
catalyst 2H-MoS; to the favorable 1T-MoS; (Figure S3). Optical properties of localized surface
plasmon resonance of Ag@Au nanorattles were simulated by FDTD (Figure S4). The enhanced
near-filed optical intensity gave rise to a high generation of plasmonic hot electrons. When we
change the laser wavelength to 532 nm, the measured polarization curve is almost the same as in
the dark environment since only few plasmonic hot electrons are generated under the off-
resonance excitation. Though MoS, PL can be stimulated by 532 nm laser, the electrocatalytic
performance is still at the same level as dark environment, which further confirms that MoS, PL
does not play a role in the HER enhanced-catalysis.

To have a further insight into the photocatalytic enhancement of the MoS, with Ag@Au
nanorattles under the laser excitation, the Tafel plots are calculated by taking the logarithm of
current density value in Figure 3a. After linear fitting, we can see that the Tafel slope decreases
from ~175mV/decade to ~155mV/decade under the resonance-laser excitation, which
demonstrates the accelerated reaction rate of HER and indicates the enhanced-catalysis of MoS,

monolayers.
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Figure 3. Electrocatalytic measurement and Raman characterization of plasmon-enhanced MoS;
composite configuration. a) HER polarization curves under dark environment, 532nm and
690nm laser illumination. b) Tafel plots that calculated from a). ¢) Raman spectra of MoS; with

(red) and without (blue) Ag@Au nanorattles in the same HER environment. Inset shows new

characteristic Raman peaks for the 1T phase MoS,.
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We consider this photocatalytic enhancement is the result of 2H to 1T MoS; structure phase
change, which is induced by the doping of plasmonic hot electrons and the stress that caused
from the Ag@Au nanorattle deposited on the MoS, surface. From the Raman spectrum of the
MoS; with and without Ag@Au nanorattles that collected under the same HER environment, we
can see an obvious blue shift for both in-plane vibrational Ex;" mode and out-of-plane Ay mode,
as shown in Figure 3c. This can be explained by the variation of MoS;, conduction band
occupation which confirms the electronic doping from plasmonic hot electrons.®* The new
characteristic Raman peaks of 150, 226, and 323cm™ recorded from the case of the MoS, with
the Ag@Au nanorattles (inset of Figure 3c), further shows the presence of MoS; octahedral 1T
phase.

On the other hand, the stress that induced by the deposition of Ag@Au nanorattles on the
MoS; surface can also contribute to the MoS; phase transition and enhance its catalytic property.
The as-grown 2H-MoS; with a trigonal prismatic structure consisting of one Mo atom in the
centre of the trigonal prism and three overlapped S pairs arranged in trigon (Figure 1c) could
experience a local structural perturbation when the Ag@Au nanorattles were deposited on the
surface. With the external stress, the local top S plane glides over a distance, leading to a
weakness of the top Mo-S bonding and an increase of potential energy of the MoS,. Under the
resonance excitation, the hot electrons that generated from surface plasmon absorption,® can be
effectively injected into the MoS;, which further reduces the energy barrier for the Mo-S bond
dissociation. **> % Based on the lowest energy principle and crystal field theory, *** the top Mo-
S bond may be dissociated and further forms 1T phase by the joint effort of plasmonic hot

electrons doping and nanoparticle induced surface stress. *> The generated 1T phase MoS;, as an

10
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octahedral structure with one Mo atom located in the center and six S atoms situated in the
corners of the hexagon (as shown in Figure 1e), shows an excellent metallic conductivity,
favorable kinetic energy and abundant active chemical reaction sites, resulting the huge

enhancement of hydrogen production in comparison with the 2H phase MoS, catalysis.
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Figure 4. The control of photocatalytic performance. a) Polarization curves for incident powers
changed from 5mW to 25mW. b) Corresponding on- set potential and current density at -0.5V vs
RHE. c) Polarization curves of HER process with different reaction cycles. d) Corresponding on-
set potential and current density at -0.5V vs RHE, varying with incident powers and reaction

cycles.
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In the following experiment, we found that this HER photocatalytic enhancement also depends
on the incident laser power. From Figure 4a, we can see the on-set input potential is decreased
with the laser power increased from 5 mW to 25 mW, indicating the decreasing of the barrier for
hydrogen evolution. At a certain power, the phase transition gets saturated with the polarization
curves keep similar at the first and fourth measurement (Figure S5). While, with a higher laser
power, more hot electrons can be generated from plasmon resonance and doped into the MoS; to
realize the structure phase transition. With a better catalytic performance of 1T-MoS,, distinct
catalytic enhancement can be obtained. Thus, the on-set potentials decreasing and current
densities increasing are recorded, as shown in Figure 4b. However, we found this 2H to 1T MoS,
phase transition in our HER process is irreversible. When we decreased the power from 25mwW
to 0, the catalytic enhancement for the HER still keeps at the high level. This probably can be
explained by the sulfur-hydrogen interaction between the MoS; monolayer and H,O molecular as
reported in the previous works, the binding energy of sulfur atoms in 1T phase MoS; is weaker
than thatin the 2H phase, which makes it more favorable to generate hydrogen bond.** *'That is
to say, the H,O molecular in the reaction can stabilize the octahedral structure of the 1T phase,
and thus sustains the enhanced catalysis.

Because of the irreversibility of the phase transition in the HER process, when the incident
laser was turned off, only few 1T phased area was transformed back to the 2H phase, which
keeps the catalytic enhancement. From the polarization curves in Figure 4c, we can see the
photocatalytic performance is accumulatively improved after each round of laser illumination
with power changed from 0 to 25 mW. All the current densities were measured in the dark
environment. The on-set of the catalytic activity can be continuously decreased to a much lower

potential (Vonset = 0.33V vs RHE), and significant H, evolution (J = 116.08pA/cm?) is achieved

12
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after three round laser excitation compared with the original MoS, with Ag@Au nanorattles, as
shown in Figure 4d. This accumulated effect can be used to achieve an active control of
photocatalytic enhancement, and also it prevents the damage of the MoS;, sample with direct

high power laser excitation.
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Figure 5. a) H, production as a function of time for the MoS, monolayers deposited with
Ag@Au nanorattles under 690 nm laser excitation (red dots) and in the dark environment (black
dots). The H, gas was measured by the gas chromatography, and the cell was purged with argon
before the operation. b) Measured O, and H, photoproducts as a function of time for a second

sample that illuminated by 25 mW incident laser. The H,to O, ratio is calculated ~2.

On the other hand, the photocatalytic production of H, by the plasmonic MoS, water splitter
was measured using gas chromatography (GC). The cell was purged with argon before the
operation. With 690 nm laser illumination (25 mW), the device continuously produce Hy, which
is about 1.35 pmol h™, and much higher than the 0.3 umol h for the same experimental
conditions but without laser excitation (Fig. 5a). For a second device, the produced O, was also

measured, and the H, to O, ratio was found around 2 within experimental error (Fig. 5b). The
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ratio is trending towards less than 2 for a long time reaction, like 1.8 after 1 hour, reflecting

contamination that induced by the atmospheric O, during the gas extraction.

3. Conclusions

In conclusion, we present a controllable method to enhance the photocatalytic performance of
MoS; in the hydrogen evolution reaction. The 2H to 1T MoS; phase transition was realized with
the plasmonic hot electrons doping, and applied for the HER enhancement. With improved
electric conductivity and lowered potential energy, a decrease of ~20mV/decade in the Tafel
slope was obtained for this plasmon-enhanced MoS, HER photocatalysis, which can be further
effectively tuned by the incident laser intensity, and accumulatively improved by repeat laser
excitation. The suggested hot electron doped MoS, composite structure opens a new field for the
surface plasmon applications on 2D materials, and paves the way for the plasmonic hot electron

photocatalysis in the future.

4. Experimental Section

Sample preparation: Monolayer MoS, has been synthesized via chemical vapor deposition
method (CVD). Sulfur powder and molybdenum oxide (MoOs) powder were used as S and Mo
precursor, respectively. A clean Si wafer with a 275nm SiO, top layer was put above the MoO3;
powder with face down. The boat with MoO3; powder and substrate was put in a fused quartz
tube and located at the centre of the furnace with its temperature raised up to 750°C and held for
20min. While sulfur powder was put on a lower temperature zone and held at about 150°C
during the reaction. During all the process, 50 sccmof argon was used as the carrier gas and the

growth was carried on under atmospheric pressure.

14
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Electrochemical measurements: The electrocatalytic measurement was performed in 0.5M
H,SO, solution using a three electrode setup, with MoS, samples on the glassy carbon as the
working electrode, a Pt rod as the counter electrode, and a saturated Ag/AgCl as the reference
electrode. The reference electrode was calibrated with respect to reversible hydrogen electrode
(RHE). In 0.5M H,S0O,4, E (RHE) = E (Ag/AgCI) +0.199V. MoS; samples were mounted on top
of the glassy carbon electrode using Nafion. Linear sweep voltammetry was recorded by a

CHI760E potentiostat with a scan rate of 0.01V/s.
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