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A B S T R A C T

Photocatalytical water splitting of MoS2 nanomaterials based on plasmonic nanoparticles (NPs) has been
limited because of the insufficient utilization of plasmonic hot spots, which is an important strategy for efficient
light harvesting. Here, we design a high-performance photocatalyst Au multimer@MoS2 core-shell hybrid
structures to address this issue. The Au NP's multimer with 5–10 nm inter-particle distance realized by a pre-
decoration is employed as a plasmonic component. As expected, rationally structural arrangement provides a
strong near-field coupling at their inter-particle gaps of Au NPs and then gives rise to strong absorption
enhancement, which leads to the significant improvement of exciton generation and dissociation in the Au-
MoS2 junctions. Theoretical modeling and surface enhanced Raman scattering (SERS) have been used to
demonstrate the enhanced optical effect; and the photoluminescence (PL) and electrochemical measurements
are adopted to clarify the improved electrical effect. As a result, a 240.2% increment in hydrogen gas production
amount (2997.2 μmol/g) is achieved as compared to that of the pure MoS2 spheres (881.6 μmol/g). The
hydrogen gas production amount of Au multimer@MoS2 spheres is among the highest values reported in the
plasmon-enhanced photocatalytic hydrogen production.

1. Introduction

The designing of functional materials with excellent photoelectrical and
photoelectrochemical properties provides a promising approach to trans-
forming solar energy into hydrogen fuel. Up to date, many semiconductors
have been explored for the photocatalytic process of producing hydrogen
gas from the water splitting reaction [1–9]. Recently, MoS2 nanostructures
have attracted a lot of attentions due to their anomalous electronic and
catalytic properties [10–15]. Hinnemann et al. have found that the S atoms
on exposed edges of MoS2 have strong bonds with H+ ions in a solution,
which are easily reduced to H2 [16]. However, the limited utilization of the
visible light and the high exciton recombination ratio of MoS2 restrict its
performance and the development of the MoS2-based photocatalysis
systems for water splitting under the visible light irradiation. Thus, it is a
critical issue to enhance the light absorption of MoS2 efficiently for
satisfying the requirements of applications.

Recently, the introduction of plasmonic metal NPs to semiconductors
as hybrid nanostructures has attracted much interest [1,11,17–24]. The

metal NPs can enhance optical absorption of their adjacent semiconductors
through the plasmonic effect for high-performance photocatalysts [17,25–
34]. The preparation of metal/MoS2 material hybrid nanostructures is the
foundation for studying the optical properties and their photocatalytic
application [35–40]. For example, Ag/MoS2 nanocomposites catalysts have
been reported by a simple combination of Ag NPs and MoS2 nanomaterials
[41] or by the straightforward introduction of Au NPs on top of MoS2
surface [42]. Our groups have also reported Au NPs-enhanced MoS2/ZnO
hybrid nanostructures for hydrogen gas evolution [34]. Although all of the
hybrid nanostructures boost the photocatalytic performance of water
splitting, the efficiency is still low. One of the main reasons is that the
previous report is mainly focused on the random and single metal NPs
hardly exploiting the localized plasmonic electromagnetic enhancement
from the inter-particle coupling hot spots for hydrogen production [17,43–
49]. The stronger plasmonic electromagnetic enhancements can give rise to
more absorption cross-section; and more plasmonic energy can facilitate
dissociation of photo-induced hole-electron pairs, both of which will help
for an efficient hydrogen production in the photocatalytic water splitting.
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Thus, how to take advantage of the hot spots is one of the crucial challenges
currently in the plasmon-enhanced water splitting.

Here, the uniform and monodispersed Au multimer@MoS2 core-
shell structures have been prepared for the first time, which show a
strong performance enhancement for the hydrogen gas evolution,
compared to the pure MoS2 and Au monomer@MoS2. The Au multi-
mers with 5–10 nm inter-particle distance realized via a pre-decoration
are integrated with MoS2, to produce very strong near-field enhance-
ment and then drastically promote the light absorption and exciton
generation of MoS2. The effects of the Au multimers on the light
absorption, photoluminescence property, and photocatalytic activity
are investigated, and the possible mechanisms that contribute to the
improvement of visible-light-driven photocatalytic performance for the
as-prepared structures are also discussed in detail.

2. Experiments

2.1. Synthesis of the photocatalysts

2.1.1. Synthesis of the Au nanoparticles
High-quality Au nanoparticles can be synthesized via a previously

published protocol based on a seed-mediated method with slight
modification [50]. This synthesis is based on the repeated growth of
seed particles in the presence of HAuCl4 and citrate until the desired
size is achieved. For the growth of seed particles, sodium citrate
solution (2 mL, 60 mM) was dispersed in 50 mL ultrapure water, and
the mixed solution was boiled with vigorous stirring. Then, HAuCl4·
3H2O solution (165 μL, 50 mM) was dropped into the boiling solution.
After 10 min reaction, the solution exhibited a light red-wine color as
the seed particles were formed. For further growth of the seed particles,
the reaction was diluted by adding sodium citrate (2 mL, 60 mM) and
50 mL of water. Then, HAuCl4·3H2O solution (335 μL, 50 mM) was
injected into the boiling reaction system. This process was repeated for
three times.

2.1.2. Synthesis of the MoS2 submicron spheres
2.0 mmol Na2MoO5 and 4.0 mmol L-cysteine (HSCH2CH（NH2）

COOH) solutions were prepared, respectively, and then transferred
into a Teflon-lined stainless steel autoclave. The autoclave was heated
in the oven at 200 °C for 12 h and cooled to room temperature
naturally. The as-obtained product was precipitated by centrifuge with
a speed of 5500 rpm. The supernatant was decanted after centrifuga-
tion and the MoS2 spheres in the form of precipitate were re-dispersed
in ethanol. The precipitation and re-dispersion process were repeated
twice. Finally, the resultant precipitate was MoS2 sphere solution.

2.1.3. Synthesis of the Au monomer@MoS2 nanocomposites
The Au monomer@MoS2 spheres as a control sample have been

obtained based on our previous report [34]. Typically, 2.0 mmol
Na2MoO5 and 4.0 mmol L-cysteine (Cys) solutions were prepared,
respectively; and the as-synthesized Au nanoparticles dispersed in
20.0 mL distilled water were added dropwise to the above mix solution.
After 20 min sonication, the solution was transferred into a Teflon-
lined stainless steel autoclave. The autoclave was heated at 200 °C for
12 h and cooled to room temperature naturally. The as-obtained
product was precipitated by the centrifuge with a speed of 5500 rpm.
The supernatant was decanted after centrifugation and the Au mono-
mer@MoS2 nanocomposites in the form of precipitate were re-dis-
persed in ethanol. The precipitation and re-dispersion process were
repeated twice. Finally, the resultant precipitate was the Au mono-
mer@MoS2 solution.

2.1.4. Synthesis of the Au multimer@MoS2 nanocomposites
For the synthesis of Au NPs multimers, the 10 mL as-prepared Au

nanoparticles were mixed with Dithiol Poly(ethylene glycol) (HS-PEG-
SH) solution (500 μL, 10 µm). In addition, a NaCl solution (100 μl,

1 mM) was added into the solution for further aggregation of Au NPs.
The rest process to the Au multimer@MoS2 core-shell nanocomposites
is similar to the above synthesis process.

2.2. Characterization of the photocatalysts

2.2.1. Morphology and structural characterization
The morphology of the samples was characterized using a scanning

electron microscope (SEM) (Quanta 600 FEG) and transmission
electron microscope (TEM) (FEI Tecnai F30G2). The absorption was
measured using the ultraviolet-visible (UV–vis) spectrophotometer
(Perkin-Elmer Lambda 35 UV–vis–NIR). The Raman spectrum was
measured using a Raman spectrometer (Renishaw inVia). The photo-
luminescence (PL) was measured using the PL spectrometer (FLS 980).
Photoelectrochemical measurements were performed in a homemade
three-electrode quartz cell with a PAR VMP3Multi Potentiostat appa-
ratus. A Pt plate was used as the reference electrode, and an Ag/AgCl
electrode was used as the reference electrode, and a fluorine-doped tin
oxide (FTO) glass was as the working electrode. The exposed area of the
working electrode was 0.7 cm2. The electrolyte was 0.1 M aqueous
Na2SO4 solution without an additive.

2.2.2. Photocatalytic activity
The reaction was conducted by mixing 0.05 g of photocatalysts with

100 mL of deionized water in a quartz cell, which had been loaded with
0.3 M Na2S and 0.3 M Na2SO3 as hole scavengers. A 300 W Xe arc
lamp as a light source was mounted with a beam turner (Newport
66245) and was equipped with a fin-like heat sink for dissipating
excessive heat effectively. The average power was determined to be
0.310 W cm−2 for the visible-light that fell in the wavelengths between
420 and 800 nm. The selected wavelengths were realized through the
optical filters. The quartz cell was placed 5.0 cm away from the edge of
the filter holder. During the photocatalytic reaction, the gasses evolved
were transferred into a sample loop by a peristaltic pump and were
further quantified using gas chromatography (Shimadzu GC-2014c),
equipped with a thermal conductivity detector (TCD). The amount of
hydrogen gas produced every 30 min was quantified by integrating with
a calibration curve. The same experimental parameters were employed
for the pure MoS2, Au monomer@MoS2 nanocomposite, and Au
multimer@MoS2 nanocomposites.

2.3. Theoretical modeling

Maxwell's equations are rigorously solved by three-dimensional
(3D) finite-element method [51]. The dielectric constant of the Au NP
is adopted from references [52,53]. The size of the Au NP in the model
is 55 nm. The distance between the dimer Au NPs is 5 nm. For the
multimer case, the distance between the center NP and surrounding
NPs is 5 nm. The used mesh grid is 1 nm, and the Au NPs can be well
depicted in the simulation. In addition, the perfect matched layer
(PML) is adopted for truncating the simulation domain and absorbing
the reflected wave. The polarization of the incident light is along the
axis of the dimer, i.e. vertical direction as shown in Fig. 2(c). For better
clarification, the intensity of electrical field distribution is visualized in
a logarithm scale.

3. Results and discussion

3.1. The strategies for obtaining monodispersed, well-controlled Au
multimer@MoS2 core-shell hybrid nanostructures with a broadband
absorption enhancement

The Au multimer@ MoS2 hybrid structures could be accomplished
in a two-step synthetic process, as shown in Schematic 1 and
Experimental Section. The Au multimers are firstly obtained by adding
the Dithiol Poly (ethylene glycol) (PEG) molecules with sulfhydryl
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groups to the solution of Au monomers. Several Au NPs can be linked
together by the PEG molecules. After that, L-cysteine (Cys)/Mo
complexes, initially attached to the surfaces of the Au multimers via
the S-Au bonds decompose to yield MoS2 on Au multimer surface,
resulting in the formation of Au multimer@MoS2 hybrid nanostruc-
tures. In addition, the pure MoS2 sphere and Au monomer@MoS2
spheres (control samples) are also prepared for comparison.

The morphology characterization of the Au multimer@MoS2
spheres are performed using scanning electron microscope (SEM)
and transmission electron microscope (TEM) (Fig. 1). For comparison,
the pure MoS2 spheres and Au monomer@MoS2 spheres are also
investigated. As shown in Fig. 1(a), the pure MoS2 spheres of about
430 nm are uniform and well dispersed. TEM images show that many
nanosheets intertwine together in the spheres (Fig. 1(b) and Fig. S1).
The energy dispersive X-ray analysis (EDXA) was conducted to
estimate the chemical composition and only Mo and S elements are
observed (Fig. S2). Fig. 1(c) shows the SEM image of the Au
monomer@MoS2 sample. The sphere-like structures with a size of
about 450 nm are obtained, from which Au NP core is faintly observed
due to the loose structure of the MoS2 shell. The apparent contrast
between the inner core and the outer shell in the TEM images further
confirms the existence of core-shell structure (Fig. 1(d) and Fig. S3).
The Au NPs with 60 nm size is clearly observed, however, the shell
thickness of MoS2 is not fixed and varied in the range of 80–150 nm. In
the high-resolution TEM (HRTEM) image, an interlayer spacing of
0.61 nm is obtained in the shell region, complying with the lattice
spacing of the (002) planes of the MoS2 [15,54]. EDXA further reflects
that only Mo, S, and Au elements are existing in the hybrid nanos-
tructures (Fig. S4).

Fig. 1(e)-(g) shows the morphology of the Au multimer@MoS2
sample. The morphological appearance is similar to the pure MoS2
spheres and Au monomer@MoS2 spheres. The TEM images reveal that
each core is composed of several Au NPs with the size of 55 ± 5 nm, and
the numbers of Au NPs are varied in different Au multimer@MoS2
units (Figure (f) and Fig. S5). EDXA further reflects that more Au
components exist in the hybrid nanostructures (Fig. S6). To analyze the
number distributions of Au NPs in the Au multimer cores, 100 Au
multimer@MoS2 core-shell units have been counted. As shown in Fig.
S7, the numbers of Au NPs in one core are distributed from 1, 2, 3–6,
and to above 6, and the corresponding distribution ratios are around
8%, 15%, 55%, and 20%, respectively. Thus, the number of Au NPs
above 3 is dominant in the Au multimer cores. The HRTEM images
further show a gap between Au nanoparticles with the distance of 5–
10 nm (Fig. 1(h) and Fig. S8), which is very beneficial for producing
giant electromagnetic enhancement because of the strong coupling
between the closely packed Au NPs. In addition, an interlayer spacing
of 0.61 nm is obtained, complying with the lattice spacing of the (002)

planes of the MoS2 [15,54].
The absorption spectra of photocatalysts are very important in

evaluating their optical properties. Fig. 2(a) shows the ultraviolet-
visible (UV–vis) absorption spectra of the five samples, including Au
monomers, Au multimers, MoS2 spheres, Au monomer@MoS2 hybrids,
and Au multimer@MoS2 hybrids. As shown in Fig. 2(a), the character-
istic peaks of the MoS2 spheres locate at about 607 nm and 670 nm,
which agrees well with previous reports [55,56]. The absorption peak
of the Au monomers locates at about 530 nm, which is consistent with
localized surface plasmon resonance (LSPR) peak of the Au nano-
spheres [57]. For the Au multimers, an additional broadband peak
around 630 nm has been observed, which is due to the strongly in-
phase coupling between Au NPs. The theoretical modeling further
illuminates these points. The strength of the near-field becomes much
stronger from Au monomer, dimer, to multimer under the same
excitation light. Because the inter-particle distance is around 5–
10 nm, the LSPR of Au NPs and their in-phase couplings produce the
very strong near-field enhancement under the on-resonant excitation
light, i.e. 532 nm for the Au monomer and the Au multimer, and
630 nm for the Au multimer. Thus, the large amount of light energy can
be stored in the inter-particle gaps. In contrast, the weak near fields are
produced regardless of the Au monomer or the Au multimer under the
excitation of off-resonant wavelength, i.e. 325 nm.

After the Au monomer or multimer is introduced into the MoS2
spheres, two strong absorption regions can be observed around 510 nm
and 640 nm, which can be attributed to the LSPR peak of the Au NPs,
and the characteristic peaks of the MoS2 spheres, respectively.
However, two obvious changes have also been noticed. On the one
hand, the LSPR absorption of Au NPs blue shifts after the growth of
MoS2 shell. This is due to the electron transfer from the MoS2 to Au
NPs because of the different Fermi levels, as shown in Fig. 2(b). On the
other side, the absorption intensity of the Au NPs @MoS2 nanostruc-
tures is stronger than the absorption intensity of the pure MoS2
spheres. For the Au monomer@MoS2 hybrid nanostructures, an
enhancement peak around 450–560 nm has been observed, which
further proves that the plasmonic effect induced by the Au NPs plays an
important role in enhancing the light absorption of the MoS2.
Interestingly, a stronger absorption enhancement has been observed
after Au multimers are introduced as the cores into the MoS2 spheres.
More importantly, a broadband enhancement has been achieved, which
not only covers the 450–560 wavelength region but also extends the
absorption peak of the MoS2 to around 560–670 nm.

3.2. The effective photocatalytic reaction of the Au multimer@MoS2
core-shell nanostructures under illumination with visible light or
selected wavelengths

Fig. 3(a) shows the results of visible light (λ > 420 nm) driven
photocatalytic hydrogen gas production of the pure MoS2, the Au
monomer@MoS2, and the Au multimer@MoS2 samples. The average
gas production amount of the pure MoS2 spheres is 881.6 μmol/g.
After the introduction of the Au NPs onto the MoS2 spheres, the
hydrogen gas production amount is significantly improved. For the
sake of clarification, the photocatalytic activity of Au NPs is also
measured under the same conditions; and no trace amount of H2 gas
is detected after 4 h of reaction. By referring to Fig. 3(b), the
introduction of the Au monomer to the MoS2 has increased the H2

gas production amount by 139.8%. Interestingly, introducing the Au
multimers greatly boosts the photocatalytic performance and exhibits a
41.9% increment in hydrogen gas production amount (2997.2 μmol/g)
compared to that of the as-synthesized Au monomer@MoS2 spheres
(2112.3 μmol/g), and a 240.2% enhancement compared to that of the
pure MoS2 spheres. When the Au multimers and MoS2 spheres are
simply mixed together, the hydrogen gas production amount is about
1543.4 μmol/g, which is incomparable with that of the Au multimer @
MoS2 sample (Fig. S10). The main reason is that the plasmonic light

Schematic 1. Scheme of the fabrication process of the Au multimer@MoS2 spheres.

X. Li et al. Nano Energy 30 (2016) 549–558

551



trapping is not fully utilized when the Au NPs are randomly and simply
placed on the surface of the MoS2 spheres. More importantly, the
efficient dissociation of photo-induced hole-electron pairs in the Au-
MoS2 junctions is blocked under the physical contact of Au NPs and
MoS2 (discussed in Section 3.3 below). It is noted that the hydrogen gas
production amount of the Au multimer@MoS2 sphere is one of the
highest values reported in the plasmon-enhanced photocatalysts
[35,58–61]. Furemore, the photocatalytic stability of the samples have
been evaluated. The photocatalytic reaction is carried out for 4 cycles,
and every cycle lasts for 4 h. As shown in Fig. S11 and Table S1, about
80.2% and 79.3% photocatalytic activity retains for the pure MoS2
spheres and the physical mixture of Au multimer and MoS2 spheres,

respectively. However, the Au monomer @MoS2 and Au multimer @
MoS2 core-shell structures show better photocatalytic stability with
about 87.6% and 86.4% photocatalytic activity retained, respectively,
which show better photocatalytic stability. The main reason is that the
MoS2 shells are anchoring onto the Au core by Au-S bond, so reducing
the peeling off from the spheres. In addition, the photocorrosion is
partially restrained because of a charge transfer between the Au NPs
and MoS2.

Regarding the plasmon-enhanced photocatalytic reaction, it is
indispensable to measure the photocatalytic activity under the illumi-
nation at the selected wavelengths around the plasmonic peak at
530 nm and 630 nm, respectively. In addition, the off-resonant wave-

Fig. 1. SEM images of (a) the pure MoS2, (c) Au monomer@MoS2, and (e) Au multimer@MoS2. TEM images of (b) the pure MoS2, (d) Au monomer@MoS2, and (f) and (g) Au
multimer@MoS2. The inset of Fig. 1(d) is the HRTEM image of the Au monomer@MoS2. (h) HRTEM image of the Au multimer@MoS2.
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length region below 420 nm is also selected as an incident light for
comparison. Fig. 4 and Fig. S9 show the time-dependent photocatalytic
hydrogen gas production profiles, and the hydrogen gas production
rate for different samples, respectively. Under the illumination of the
light with a wavelength of 530 nm, there is an obvious improvement of
the hydrogen amount from the Au monomer@MoS2 (275.64 μmol/g)

and Au multimer@MoS2 (408.32 μmol/g) compared to the pure MoS2
spheres (76.50 μmol/g) (Fig. 4). The increments of the gas production
for the Au monomer@MoS2 and multimer@MoS2 are enhanced by
261.8% and 433.8%, respectively (Fig. 4(d)). Furthermore, under the
illumination of the light with a wavelength of 630 nm, the hydrogen gas
yields of the Au monomer@MoS2 (454.41 μmol/g) and Au multimers@

Fig. 2. (a) UV–visible absorption spectra of the Au monomers, Au multimers, MoS2 spheres, Au monomer@MoS2, and Au multimer@MoS2. (b) Schematic diagram of the band gap
between Au NPs and MoS2 materials. (c) The top view of the electrical field distribution of the Au monomer@MoS2, Au dimer@MoS2, and Au multimer@MoS2 under different excited
wavelengths.

Fig. 3. (a) Time-dependent photocatalytic hydrogen gas production profiles, and (b) photocatalytic hydrogen production rate for the different samples, including: the Au monomers,
MoS2 spheres, Au monomer@MoS2 samples, and Au multimer@MoS2 samples.
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MoS2 (1038.86 μmol/g) are obviously increased compared to the MoS2
spheres (244.41 μmol/g), which is nearly 87.5% and 329.2% for the Au
monomer@MoS2 and Au multimer@MoS2 spheres, respectively.
Moreover, Fig. 4(c) shows the photocatalytic performance of three
samples under the illumination of light with wavelength region below
420 nm. Interestingly, the enhancement of gas production is also
observed. Compared to pure MoS2 (70.06 μmol/g), the enhancement
ratio is nearly 35.7% and 54.3% for the Au monomer@MoS2 (95.25
μmol/g) and Au multimer@MoS2 (108.78 μmol/g), respectively.
Obviously, the enhancement ratio of photocatalytic hydrogen produc-
tion is strongly affected by the wavelength of incident light for the Au
monomer@MoS2 and Au multimer@MoS2, as shown in Fig. 4(d).

3.3. Photocatalytic mechanisms: a strong plasmonic coupling for
positively optical effects and electrical effects

It is very important to understand the different photocatalytic
performance for the three samples. The photocatalytic process involves
two parts, including optical processes and electrical processes. During
optical processes, the device should strongly absorb light for producing a
large number of excitons. For the electrical processes, the exciton
dissociation and recombination are involved. Plasmon-enhanced Raman
spectra is a well-known tool for studying the optical effects of the
plasmon-enhanced devices [2]. Through measurement of the Raman
intensity of MoS2, the near-field enhancement can be indirectly evaluated.
Fig. 5(a) shows the Raman spectra of MoS2 from the pure MoS2
nanosphere, Au monomer @MoS2, and Au multimer @MoS2 core-shell

nanocomposites excited by a laser with different excited wavelength,
including 325 nm, 532 nm, and 633 nm. For all of the samples, the
characteristic peaks of MoS2 with E2g

1 (∼378 cm−1) and A1g (∼401 cm−1)
modes are observed [62]. After the Au monomers or multimers are
introduced into the MoS2 spheres as hybrid nanostructures, different
change of the relative Raman intensity of the MoS2 can be observed under
the different exited laser light. Under the excited light with 532 nm, both
the Raman intensity of MoS2 from Au monomer@MoS2 and Au multi-
mer@MoS2 are increased compared to that from pure MoS2; and the
enhancement ratio is 7.4 and 10.5 for Au monomer@MoS2 and Au
multimer@MoS2, respectively (Fig. 5(a) and (d)). The main reason is the
strongly excited near field, which is preferable for enhancing the Raman
signals of the neighboring MoS2 nanomaterials. Because of more quantity
and stronger plasmonic effect of Au NPs in the Au multimer@MoS2
compared to that of the Au NPs in the Au monomer@MoS2, the
enhancement ratio of Au multimer@MoS2 is bigger. When the samples
are excited with the 633 nm wavelength laser, the enhancement of Raman
intensity of the MoS2 from the Au monomer@MoS2 and Au multimer@
MoS2 are also observed (Fig. 5(b)). The enhancement ratio is 4.6 and 12.8
for the Au monomer@MoS2 and Au multimer @MoS2, respectively
(Fig. 5(d)). Compared to the Au monomer@MoS2, the enhancement is
more obvious, which is due to the excited wavelength with 633 nm
overlaps with the resonant peak of Au multimer around 630 nm.
However, the Raman enhancement of MoS2 is not obvious for the Au
monomer@MoS2 and Au multimer @MoS2 when the excited wavelength
is changed to 325 nm. The main reason can be attributed to the off-
resonant excited wavelength, in which the strong near-field is not induced.

Fig. 4. (a), (b), and (c) Time-dependent photocatalytic hydrogen gas production profiles for the MoS2 spheres, Au mononer@MoS2, and Au multimer@MoS2 at the selected wavelengths
of 530 nm, 630 nm, and below 420 nm, respectively. (d) The enhancement ratio (i.e. (the amount of H2 produced from the Au monomer@MoS2 or Au multimer@MoS2 – the amount of
H2 produced from the pure MoS2 spheres)/the amount of H2 produced from the pure MoS2 spheres under same illuminated light).
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The results are consistent with the absorption results and photocatalytic
measurement under illumination with the selected wavelengths. Thus, it is
convinced to conclude that the near-field enhancement induced Au NPs
plays a crucial role in promoting the light absorption of MoS2 and then
effectively enhancing the photocatalytic performance.

To study the plasmonic electrical effects (i.e. exciton dissociation),
the photoelectrochemical characterizations and photoluminescence
(PL) analysis are useful ways. Fig. 6(a) displays the photocurrent
densities-time (I-t) curves of the pure MoS2, Au monomer@MoS2, and
Au multimer@MoS2 samples under the 325 nm light illumination. The
Au multimer@MoS2 sample shows the highest photocurrent, because
of the better electron-hole separation performance. Fig. 6(b) exhibits
the electrochemical impedance spectroscopy (EIS) Nyquist plots of the
three samples under the 325 nm light irradiation. All the three samples
show semicircles at the high frequencies. The smallest arc radius of the
EIS Nyquist plot of the Au multimer@MoS2 sample implies that it has
the fastest interfacial electron transfer compared to that of the Au
monomer @MoS2 and pure MoS2 samples. In addition, the most
efficient transfer of charge carriers over the Au multimer@MoS2
sample has been further verified by the PL analysis, which is often
employed to study the surface processes involving the photoexcited
energy and electron transfer and recombination. As shown in Fig. 6(c),
the obvious emission peak is observed at 682 nm, this is agreed well
with the literature data [63]. Interestingly, upon introducing Au NPs,
the intensities of 682 nm are suppressed under excitation of 480 nm
laser. The PL intensity of the MoS2 from the Au monomer@MoS2 and
Au multimer@MoS2 is decreased to 0.7 and 0.5, respectively.

According to Bhanu et al., who have studied the PL quenching in a
gold-MoS2 hybrid nanocomposite, photoexcited electrons in a higher
Fermi level show a very high tendency to transfer to the adjacent gold
NPs with a lower Fermi level during illumination [63]. Namely, the
reduction is due to the electron sink effect, where the Au NPs can act as
a “pool” to gather photoexcited electrons of the MoS2 sphere and
suppress the drawback of recombination. In the current work, the
strong local electromagnetic field around Au multimer can more
effectively interact with photogenerated excitons in the adjacent
MoS2. Hence, such a plasmon-exciton coupling can accelerate the
separation efficiency of electron–hole pairs and result in a more
efficient charge transfer (Fig. 6(d)). As a result, the reduction of water
molecules is greatly eased at the surface of Au NPs that serve as an
“electron pool” in gathering the photoexcited electron for further
conversion of the hydrogen ions to H2 molecules, while oxidation will
take place on the active edges of the MoS2 nanoflakes.

4. Conclusions

In summary, the Au multimer@MoS2 photocatalyst nanocomposite
has been successfully synthesized and characterized. The Au multimer
composed of 3–6 NPs with 5–10 nm inter-particle distance realized via
pre-decoration is integrated with MoS2, to produce very strong near-field
enhancement and then drastically promote the light absorption and
exciton generation of the MoS2. As a result, the yield of hydrogen gas
production for the Au multimer@MoS2 is about 2997.2 μmol/g, which is
nearly 3.4 times and 1.4 times for the pure MoS2 and Au monomer@

Fig. 5. Raman spectra of the MoS2 sphere, Au monomer@MoS2, and Au multimer@MoS2 composites under different laser line: (a) 532 nm, (b) 633 nm, and (c) 325 nm, and (d) the
corresponding enhancement ratio (i.e. (the Raman intensity of MoS2 from the Au monomer@MoS2 or Au multimer@MoS2 – the Raman intensity of MoS2 from the pure MoS2 spheres) /
the Raman intensity of MoS2 from the pure MoS2 spheres under same excited light).
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MoS2, respectively. More importantly, the hydrogen gas production rate is
one of highest values reported in the plasmon-enhanced photocatalysts to
date. The possible mechanisms can be attributed to strongly plasmon-
enhanced absorption and effective exciton dissociation because of the
plasmon-exciton coupling between the Au and MoS2.
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