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Semiconductor-based photocatalytic H, generation is a promising approach to convert solar energy, but

single-component photocatalysts still suffer from low efficiency limited by the fast charge
recombination. Here, we investigate the high-efficient photocatalytic hydrogen generation of (MoS,-
CdS)/Au and (MoS,-CdS)/Pt hybrids, and demonstrate the plasmon-induced electron and energy
transfer as well as the co-catalytic effect of metallic nanoparticles (NPs). In these hybrids, visible-light-
harvester CdS NPs as well as plasmonic Au NPs or co-catalyst Pt NPs were grown on the monolayer
MoS, nanosheets. The photocatalytic H, generation under visible light irradiation of (MoS,—CdS)/Au and
(MoS,—-CdS)/Pt is respectively 3.2 times and 2.4 times that of MoS,-CdS. Intriguingly, the co-effect of Au
NPs and Pt NPs leads to the 17 times enhancement. The plasmonic Au NPs in the hybrids play multiply
significant roles to increase efficiency of H, generation: (1) enhance light-harvesting and charge
separation in the MoS,—-CdS subunit; (2) provide multiply plasmon-mediated hot electron injection

channels; (3) amplify the co-catalyst effect of Pt. The present work offers a promising approach for the
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Introduction

With the rapid development of industry and economy, clean
and sustainable energy technologies are urgent for solving
energy and environment problems."” Since the first report of
photoelectrochemical water splitting using TiO, by Fujishima
and Honda, photocatalytic hydrogen generation has attracted
intense attention and been regarded as one possible candidate
for future energy supply.® Numerous semiconductor materials
have been applied and developed in this field up to now.***
The valence band (VB) and conduction band (CB) edges of TiO,
are doable for direct water splitting, while only UV radiation
can be utilized due to its wide band gap (E; = 3-3.3 €V).* CdS
has attracted much interest arising from its optimal band
gap (about 2.4 eV) which is effective for visible-light response
and has a suitable conduction band edge for water
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rational integration of multi-component photocatalyst to improve photocatalytic performance.

splitting.'® However, CdS still suffers from low catalytic effi-
ciency as a result of fast charge carrier recombination and
photocorrosion.**>°

Multi-component hybrids show obvious advantages over
single-component materials due to the synergistic effect among
different components.”> Combining light-harvesters with co-
catalysts for hydrogen evolution reaction (HER) can promote
the photo-excited charge separation and retard the electron-
hole recombination. Pt is a typical noble metal co-catalyst,
which has the lowest Fermi level among the noble metals and
thus possesses the best abilities for trapping electrons and
accelerating hydrogen evolution activities.**® Recently, many
graphene-like co-catalysts have been applied to incorporate
with CdS to construct multi-component nanosystem for high-
efficient photocatalytic performance.>®** Layered transition-
metal dichalcogenide (TMD) nanosheets, such as MS, (M = W
or Mo), show an excellent performance for the photocatalytic
hydrogen evolution as a co-catalyst.”* As a typical layered
transition metal sulfide, MoS, is shown to be promising as a low
cost alternative catalyst to platinum.**-*® Generally, MoS, can be
exfoliated to monolayer or few layers by chemical or physical
method.*~** The mono- or few-layer MoS, have negative CB than
the H'/H, potential and is suitable for photocatalytic H,
evolution.>*** Hinnemann et al have concluded through
density functional calculations that MoS, has the free energy
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approach to zero for atomic hydrogen adsorption, close to that
of Pt, by the active S atoms on exposed edges.**-** Moreover, the
1T-phase MoS, nanosheets could offer additional active S atoms
as reaction sites for H, evolution on their basal plane.>>"
Theoretically, the band gap of MoS, could be changed from 1.3
to 1.8 eV corresponding from bulk MoS, to monolayer MoS,.***
The MoS,-CdS multi-component photocatalyst has been shown
to exhibit high-efficient photocatalytic activity through sup-
pressing the rapid recombination of charge carriers and accel-
erating the separation of electron-hole pairs.**** Moreover,
integrating two types of co-catalysts including MoS, and gra-
phene onto CdS have been reported to further enhance the
photocatalytic activity.*”~*

Loading plasmonic metal NPs can also greatly enhance the
photocatalytic activity.>*** Au nanocrystals are more stable
than Ag, which is important in the photocatalytic HER. After
combining with semiconductor materials, Au NPs could act as
electron trapper to accelerate the charge separation in semi-
conductor."”?>** Surface plasmon resonance (SPR) of Au nano-
particles induce large local field enhancement, which could
improve the light-harvesting ability of semiconductor nearby
and then enhance the photocatalytic activity of hybrids.?*->*3%>%
Plasmonic metal NPs could also serve as photo-sensitizers. In
this regard, nanostructured Au materials have demonstrated an
ability to inject the plasmon-mediated hot electrons into the
adjacent semiconductors such as TiO,, Cu,O, SnO,, CdS,
etc.>>>%® Considering the intense light absorption of SPR, the
hot electron injection is large beneficial for the photocatalytic
performance.”®****® Additionally, the non-radiative energy
transfer from the metal plasmonic to the semiconductors could
take place via near-field interaction,**”% the large-sized noble
metal NPs could act as efficient light-scatters to further improve
the light utilization efficiency.'”*

Herein, we compared (MoS,-CdS)/Au and (MoS,-CdS)/Pt
hybrids to demonstrate the high-efficient photocatalytic
hydrogen generation. The binary MoS,-CdS is reported to have
efficient photocatalytic activity using MoS, as co-catalyst. The
monolayer MoS, nanosheets also serve as a supporting frame-
work and an electron delivery channel with high mobility.** The
ternary hybrids of (MoS,-CdS)/Au and (MoS,-CdS)/Pt are
synthesized for exhibiting the plasmonic enhancement and the
co-catalyst effect, respectively. We also integrated the enhance-
ment effects of Au and Pt NPs into one hybrid. The underlying
mechanisms of high-efficient photocatalytic hydrogen genera-
tion via plasmon-induced electron and energy transfer as well as
the synergistic effects of each component are discussed.

Experimental

Materials

Chloroauric acid (HAuCl,-4H,0, 99.99%), r-ascorbic acid (AA,
99.7%), cadmium acetate (Cd(AC),, 99.5%), thioacetamide
(TAA, 99%), hexamethylenetetramine (HMT, 99.5%), sodium
sulfite (Na,SO3, 99.5%), sodium sulfide (Na,S, 99.5%), meth-
anol, (hydro)chloroplatinic acid (H,PtCls, 99.5%), and sodium
citrate (NazCeH;0,-2H,0, 96%) were purchased from Sino-
pharm Chemical Reagent Co. Ltd. (Shanghai, China).
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Hexadecyltrimethylammonium bromide (CTAB, 99.0%) was
purchased from Amresco, Inc. (USA). Exfoliated monolayer
MoS, nanosheets were obtained from Nanjing XFNANO Mate-
rials Tech Co., Ltd. All chemicals were used as-received and
without further purification. All aqueous solutions were freshly
prepared by using double-distilled water.

Synthesis of CdS and MoS,-CdS nanostructures

CdS NPs were synthesized by mixing 1 mL HMT (0.1 M), AA (0.1
M), CTAB (0.1 M), 80 uL TAA (0.1 M) and 60 pL Cd(AC), (0.1 M)
with stirring at 90 °C for 3 hours.* The final product was
centrifuged, washed and re-dispersed in distilled water for
further use. For the synthesis of MoS,-CdS, 2 mL MoS, (1 mg
mL %), 1 mL HMT (0.1 M), 1 mL AA (0.1 M) and 1 mL CTAB (0.1
M) were mixed in a glass tube (10 mL). After 80 pL TAA (0.1 M)
and 60 puL Cd(AC), (0.1 M)were added into the premade aqueous
solution, the mixed solution were stirred and heated at 90 °C for
3 hours. The final product was centrifuged, washed and re-
dispersed in distilled water for further use.

Synthesis of (MoS,-CdS)/Au nanostructures

The prepared MoS,-CdS was dispersed in 20 mL pure water and
mixed with 300 pL sodium citrate (10 mM). Then 200 pL HAuCl,
(10 mM) are injected. The mixed solution was kept in room
temperature for 1 hour. The final product was centrifuged,
washed and re-dispersed in distilled water for further use.*

Synthesis of (MoS,-CdS)/Pt nanostructures

The prepared MoS,-CdS was dispersed in 20 mL pure water.
Then 5 mL methanol and 600 puL H,PtCls (10 mM) was added
with stirring under 300 W Xe light radiation for 0.5 hours.?***
The final product was centrifuged, washed and re-dispersed in
distilled water for further use.

Synthesis of Pt/MoS,-CdS/Au nanostructures

The method of preparing quaternary sample was similar with
that of (MoS,-CdS)/Pt except the MoS,-CdS solution was
replaced by the (MoS,-CdS)/Au solution. The final product was
centrifuged, washed and re-dispersed in distilled water for
further use.****¢

Evaluation of photocatalytic activities

The visible-light photocatalytic hydrogen evolution tests were
performed in a quartz tube reactor with a rubber septum. In the
quartz tube reactor, 50 mg photocatalyst powders were dispersed
in 50 mL of aqueous solution containing 0.25 M Na,SO; and
0.35 M Na,S as sacrificial reagents. The reactor was evacuated by
a pump under stirring for 30 min to remove any dissolved air.
The light source was a 300 W Xenon lamp equipped with an
ultraviolet cut-off filter (A > 420 nm). The temperature of the
suspension was maintained throughout the photocatalytic tests
by using an external water cooling system operated at 6 °C,
against the temperature rise by the light radiation. The amount
of hydrogen gas was automatically analyzed by using online gas
chromatography (Tianmei GC-7806).

This journal is © The Royal Society of Chemistry 2017
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Characterization

The transmission electron microscope (TEM) and high-
resolution TEM (HRTEM) images were obtained with a JEOL
2010 HT and a JEOL 2010 FET, respectively. Energy-dispersive X-
ray spectra (EDX) analysis was performed on an energy-
dispersive X-ray spectrometer incorporated in the HRTEM. X-
Ray diffraction (XRD) patterns were obtained on a Bruker D8
advance X-ray diffractometer with Cu-a irradiation (A = 0.15418
nm). The absorption spectra were tested by a UV-Vis-NIR spec-
trophotometry (Cary 5000, Varian).

Result and discussion

The detail procedures for preparing the (MoS,-CdS)/Au and
(MoS,-CdS)/Pt hybrids are shown in Fig. 1. Base on monolayer
MoS, nanosheets, the MoS,-CdS hybrids are first synthesized
through in situ growth of CdS onto the MoS, nanosheets via
a facile hydrothermal process using Cd(AC), as cadmium source
and TAA as sulfur source. The (MoS,-CdS)/Au hybrids are
synthesized by loading Au NPs on the MoS,-CdS through
reducing HAuCl, by sodium citrate. To obtain the (MoS,-CdS)/
Pt hybrids, Pt NPs are deposited onto the MoS,-CdS by a pho-
todeposition method with the controlled size and density of Pt
(Fig. S11).

The nanostructure structures of the as-synthesized samples
are observed in-depth under TEM. The representative TEM
images of MoS, monolayer nanosheet, MoS,-CdS, (MoS,-CdS)/
Au and (MoS,-CdS)/Pt hybrids are given in Fig. 2(a and d). As
shown in Fig. 2(b), the loaded CdS NPs on the monolayer MoS,
nanosheets have the size no larger than 50 nm. The connection
between MoS, and CdS is firm owing to the presence of the
common S>~ anions on the exposed edges of MoS,.” After
introducing the plasmonic Au NPs (Fig. 2(c)), the MoS, nano-
sheets are decorated by dispersed Au NPs while some Au NPs
show intimate intact with CdS NPs. The Au spherical NPs have
the size of 10-30 nm. The existence of Au NPs not only enhances
the visible absorption of the nanosystem, but also brings large
local field enhancement. Besides, small-sized Pt NPs are pho-
todeposited onto the MoS,-CdS to form (MoS,-CdS)/Pt hybrids
(Fig. 2(d)).

To further identify and verify the components in the hybrids,
we exhibit the HRTEM images of MoS,, MoS,-CdS, (MoS,-CdS)/

@

(MoS,~CdS)/Au

Mos,-Cds \ .

(MoS,~Cds)/Pt

Mos,

Fig.1 Schematic illustration of growth mechanism of (MoS,—-CdS)/Au
and (MoS,—CdS)/Pt heterostructures.
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Fig.2 TEM images of MoS; (a), MoS,—CdS (b), (MoS,—-CdS)/Au (c) and
(MoS,—-CdS)/Pt (d) heterostructures.

Au and (MoS,-CdS)/Pt hybrids. Fig. 3(a) shows that monolayer
MoS, nanosheets have an obvious lattice spacing of 0.27 nm
corresponding to its (100) facet.’” For the MoS,-CdS in Fig. 3(b),
a clear lattice spacing of 0.33 nm is in agreement with the (002)
facet of CdS. As shown in Fig. 3(c), the displayed fringes with
lattice spacings of 0.23 nm and 0.33 nm are corresponding to
the (111) facet of Au and (002) facet of CdS, respectively.**~** The
(MoS,-CdS)/Pt in Fig. 3(d) shows a lattice spacing of 0.22 nm,
matching with the (111) facet of Pt.** The EDX and XRD patterns
in Fig. S2(a) and S31 display the presence of Cd, Mo, S, Au
elements for (MoS,-CdS)/Au.

The optical properties of the as-synthesized samples with
same concentrations were studied by the extinction spectra. As
shown in Fig. 4 and Fig. S4,7 the pure monolayer MoS, nano-
sheets exhibit characteristic absorption band around 400 and

Fig. 3 HRTEM images of MoS; (a), MoS,—-CdS (b), (MoS,-CdS)/Au (c)
and (MoS,—-CdS)/Pt (d) heterostructures.

RSC Aadv., 2017, 7, 26097-26103 | 26099
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600 nm, the two bands are relative weak. As expected, after the
loading of CdS, the MoS,-CdS hybrids possess the hybrid
absorption of MoS, and CdS which shows a distinct CdS
absorption with an absorption edge at 475 nm. Interestingly,
after introducing the Au NPs onto MoS,-CdS hybrids, the light
absorption capability can be further enhanced in visible light. A
strong absorption band around 600 nm arises from the SPR of
Au NPs.>**%% For (M0S,-CdS)/Pt, the deposition of Pt NPs on
MoS,-CdS enhances the absorption which will benefit the
photocatalytic performance.*®

The photocatalytic performance for H, generation of the
prepared CdS, MoS,-CdS, (MoS,-CdS)/Au and (MoS,-CdS)/Pt
are compared in Fig. 5. All the H, generation reaction are
evaluated under a visible light illumination (A > 420 nm) by
using 50 mL aqueous solution with 0.25 M Na,SO; and 0.35 M
Na,S as an environmentally friendly scavenger to consume
holes from the VB of semiconductors and Au NPs.'*>* The
average rate of consecutive 3 hours for H, generation is recor-
ded to assess the HER photocatalytic performance of the
catalysts.

The results plotted in Fig. 5(a) show the amounts of
hydrogen steadily increase with the reaction time. The pure CdS
shows the lowest photocatalytic activity, while both the MoS,-
CdS, (MoS,-CdS)/Au and (MoS,-CdS)/Pt hybrids show
enhanced activities. The hydrogen evolution rates of MoS,-CdS,
(MoS,-CdS)/Au hybrids and (MoS,-CdS)/Pt are 589, 1878 and
1398 pmol h™* g%, nearly 15 times, 46 and 34 times that of pure
CdS (41 pmol h™* g™ 1), respectively (Fig. 5(b)). For optimizing
the enhanced effect of Au NPs on the photocatalytic H,
production activities, a series of (M0S,-CdS)/Au hybrids with
different amounts of Au NPs have been prepared (Fig. S57).
Through evaluating the time-dependent photocatalytic H,
evolution by (MoS,-CdS)/Au with different quality percentages
of Au (Fig. S67), we found the (MoS,-CdS)/Au with 6% quality
percentage of Au exhibit the highest efficiency of photocatalytic
H, evolution. A suitable molar ratio of Au in the hybrid nano-
system is important for optimizing the photocatalytic activity,

MoS,

——Cds
MoS,-CdS

(MoS,-CdS)/Au
(MoS,-CdS)/Pt

1.5

Extinction
>

<
(6]
1

0.0

600 700 800 900 1000

Wavelength (nm)

400 500

Fig. 4 Extinction spectra of single-layer MoS, nanosheets, CdS NPs,

MoS,-CdS, (MoS,—-CdS)/Au and (MoS,-CdS)/Pt heterostructures.
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Fig. 5 Photocatalytic activity of the as-synthesized samples for H,
evolution reaction. Time-dependent photocatalytic H, evolution for
CdS nanoparticles, MoS,-CdS, (MoS,-CdS)/Au and (MoS,-CdS)/Pt
heterostructures (a); comparison of the average H; evolution rate in 3
hours under visible light irritation for CdS, MoS,-CdS, (MoS,-CdS)/Au
and (MoS,—CdS)/Pt heterostructures (b).

while the excess amount of Au leads to a decrease of H, evolu-
tion due to the shielding effect.”>*>¢

The good photocatalytic activity of the MoS,-CdS subunit is
discussed in many literatures.***® CdS is an idea visible light
harvester with the band gap of 2.4 eV, matching well with the
solar light irradiation.”® The CB bottom positions of MoS,
nanosheets and CdS are respectively —0.13 V and —0.35 V (vs.
NHE).?**>*2 Under the visible light irradiation of 2 = 420 nm,
the light absorption induces the electron transition to the CB of
CdS. The photo-excited electrons in CdS could easily transfer
into the CB of MoS, due to the ideal band alignment of MoS,-
CdS, which accelerates charge separation and retard the photo-
excited carrier recombination in CdS.***® MoS, nanosheets act
as electron delivery channels with high mobility.****** Owing to
the active S atoms for hydrogen adsorption on exposed edges
and on the basal plane of 1T-phase MoS,, the monolayer MoS,
nanosheets as co-catalysts provide a lot of active sites for the
atomic hydrogen adsorption in the HER,'™* producing the
efficient photocatalytic activity of MoS,-CdS.

For the (MoS,-CdS)/Au, the mechanisms of plasmon-
induced electron and energy transfer plays a critical role in
the photocatalytic activity Fig. 6(a). Firstly, the large field
enhancement produced by the SPR of Au NPs could improve the
light-harvesting ability and photo-excited carrier concentration
of CdS in the vicinity (pathway i). Secondly, the SPR with intense

This journal is © The Royal Society of Chemistry 2017
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Cds NPs u Aunps @ PtNps

Fig. 6 Schematic illustration of underlying mechanisms via plasmon-
induced electron and energy transfer as well as the synergistic effects
for photocatalytic H, evolution reaction using (MoS,—-CdS)/Au (a) and
(MoS,-CdS)/Pt (b) heterostructures.

absorption at 600 nm of Au harvests energy from the light
irradiation. The plasmon relaxation produces energetic hot
electrons (pathway iii and iv), which could overcome the
Schottky barrier of metal-semiconductor interfaces and inject
into and MoS, (ref. 64 and 65) and CdS,'®*® considering the
intimate intact of Au with CdS and Au with MoS,. Thirdly, the
electrons migration from CdS to MoS, (pathway ii) can also be
improved by the build-in internal electric field at the hetero-
junction interface.

(MoS,-CdS)/Pt shows the higher H, evolution than MoS,-
CdS due to the excellent co-catalytic effect of Pt NP.>**%% As
Fig. 6(b) shown, the electron-hole pairs generation under light
irradiation (pathway i) and the photo-excited charge separation
(pathway ii) of the MoS,-CdS subunit has been discussed above.
For the ternary (MoS,-CdS)/Pt, the Pt NPs are distributed on
both MoS, and CdS. Due to the lower Fermi level and zero-
approaching free energy of hydrogen adsorption/desorption,
Pt NPs can easily trap the electrons from MoS, (pathway v)
(ref. 66 and 67) and CdS (pathway vi),"****> and act as the active
sites for the HER. Then the photocatalytic H, generation is
enhanced by the Pt deposition.

Based on the photocatalytic activity of (MoS,-CdS)/Au and
(MoS,-CdS)/Pt, we probe and analyze the detailed mechanism
between the reaction process using formulation. We describe
the aforementioned enhancement mechanisms with the
enhancement factors by Au (EF,,) and Pt (EFp,) as following
equations:

HER _rate[(MoS, — CdS)/Au]
HER _rate[MoS, — CdS]

EFa. =

_ ePaCdSdeSaMoSZ + aAu(kAu%CdSdeSﬂMoSZ + kAuHMoSZ)

aCdSdeS—>M052

= ep + EFHot_sulfides

1)

HER _rate[(MoS, — CdS)/Pt]
HER_rate[MoS, — CdS]

EFp, =

_ acaskcas—Mos, + @cas(Keas—pt + Kcdas—Mos,KMos, —pt)

)

(2)

aCdSdeS—>MoSZ

This journal is © The Royal Society of Chemistry 2017
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where e, describes the field enhancement factor of SPR; acas
and «,, describes the absorption cross-section of CdS and
Au, respectively; deSHMoSZ) kau—cds kAuﬂMoszy kcas—pe and
kmos,—pe describe the electron transfer rate from CdsS to MoS,,
Au to CdS, Au to MoS,, CdS to Pt, and MoS, to Pt, respectively.
Here, we mainly take into account the efficient HER on MoS,
and Pt, while ignore the HER on CdS due to the low efficiency.
EFpot_suifide 1S the enhancement factor by the hot electron
injection into the two sulfides (pathway iii and iv shown in
Fig. 6(a)).>****® From the experiment results in Fig. 4 and 5,
EF,, = 3.2 and EFp = 2.4 for the ternary hybrids of (MoS,-CdS)/
Au and (MoS,-CdS)/Pt, respectively.

In order to achieve the high-efficient photocatalytic
hydrogen generation, the efficient co-catalytic of Pt and
plasmonic Au NPs are further integrated into the multi-
component nanosystem. The photocatalytic performance of
the Pt/MoS,-CdS/Au hybrids is evaluated and compared with
that of MoS,-CdS, (MoS,-CdS)/Pt, and (MoS,—-CdS)/Au
(Fig. 7(a)). A suitable molar ratio of Pt/Au in the hybrid
nanosystem is important for optimizing the photocatalytic
activity. The Pt/MoS,-CdS/Au hybrids exhibit a largely
enhanced photocatalytic performance (10 476 umol h™' g™ %),
which is 17 times that of MoS,-CdS. The photocurrent
responses of CdS, MoS,-CdS, (MoS,-CdS)/Pt, (Mo0S,-CdS)/Au
and Pt/MoS,-CdS/Au samples maintain the trend of the
enhancement in the hydrogen generation, and the Pt/MoS,-
CdS/Au achieves the highest photocurrent response among all
the samples arising from co-effect of integration of Au and Pt
with MoS,-CdS hybrids contributing to the charge separation.
It is not a simple linear superposition of the enhancement
factor by Au and Pt. The large enhanced hydrogen evolution
rate for the Pt/MoS,-CdS/Au hybrids is originated from the
synergistic effect of each component including the co-
catalytic effect of Pt NPs and monolayer MoS, along
with the significant role of Au NPs, in which the mechanism
of plasmon-induced electron and energy transfer is
critical important (Fig. S81).>* We schematically illustrate
the proposed mechanism for photocatalytic H, produc-
tion in Fig. 7(b). These effects are shown in the following
equation:

—_—
D

)
i
S
2

h'g?

€ 10000

I PUMoS(dSiAu

@
<3
=1
3

Rates of H, evolution (umol
A
3
8
8

Fig. 7 Photocatalytic H, evolution rate under visible light irritation for
(MoS,-CdS)/Au, (MoS,-CdS)/Pt and Pt/MoS,-CdS/Au  hetero-
structures (a); schematic illustration of underlying mechanisms via
plasmon-induced electron and energy transfer as well as the syner-
gistic effects for photocatalytic H, evolution reaction using Pt/MoS,—
CdS/Au heterostructures (b).
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HER _rate[Pt/MoS, — CdS/Au]

EFayipt =
AvtRt HER_rate[MoS, — CdS]

- epaCdSdeSHMosz + epacds (deSHPt + deSHMoSZkMoSZHPt)

acaskcds— Mo$S,

n Ay (kAuﬁCdSdeSﬁMosz + kAuHMOS;)(l + kMoSZﬁPt) + aaukau—pt

aCdSdeSﬂMoSZ
= ¢,EFp; + EFno_semi + EFnotpt

= EFAU + ep(EFPt - 1) + EFHDLPU
(3)

where k,,_ p: describes the rate of a new hot electron channel
from Au to Pt.**”° EFy. p¢ is the enhancement factor caused by
the hot electron transfer finally to Pt (see detail expression in
ESIY).

The eqn (3) indicates that, in the Pt/MoS,-CdS/Au hybrids, th
e co-catalyst effect of Pt NPs is amplified by the plasmonic field
enhancement described by e EFp. In this case, the flows of
pathways (i, ii, v and vi) are all greatly enhanced by the plas-
monic local field, as the thicker arrows shown in Fig. 7(b).
Furthermore, the three hot electron channels (Au to Pt, Au to
CdS and Au to MoS,) contribute the photocatalytic hydrogen
generation rate, which are absent in the (MoS,-CdS)/Pt.
Compared with the (MoS,-CdS)/Au, the amplified Pt co-
catalytic effect is involved into the Pt/MoS,-CdS/Au hybrids,
which is very high-efficient for hydrogen generation. Meanwhile,
the direct intact between Au and Pt produces a new channel for
the plasmon-mediated hot injection effect. With the help of
plasmon-induced electron and energy transfer as well as the
synergistic effects in the Pt/MoS,-CdS/Au hybrids, the photo-
catalytic hydrogen generation rate is dramatically enhanced.

Conclusions

In summary, the (MoS,-CdS)/Au and (M0S,-CdS)/Pt hybrids were
synthesized for the first time to achieve high-efficient photo-
catalytic performance for hydrogen generation. Compared with
the efficient binary photocatalyst of MoS,-CdS, the visible-light-
driven hydrogen evolution reaction rate of the (MoS,-CdS)/Au
and (MoS,-CdS)/Pt are enhanced largely. The enhancement
factor for (MoS,-CdS)/Au and (MoS,-CdS)/Pt are 3.2 times and
2.4 times, which import the plasmonic enhancement effect of Au
and the co-catalyst effect of Pt, respectively. Intriguingly, the co-
effect of Au NPs and Pt NPs leads to the 17 times enhance-
ment. The construction of multi-component hybrids with
metallic nanoparticles of Au and Pt provide a meaningful strategy
for pursuing the high-efficient photocatalytic H, production.
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