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The activity and stability of CdS for visible-light-driven hydrogen
evolution could be significantly enhanced by embedding
plasmonic Au nanoparticles. The plasmon resonance energy field
of Au nanoparticles could increase the formation rate and lifetime
of e’ /h” pairs in CdS semiconductor.

The photocatalytic  production of hydrogen using
semiconductor is a potential clean process for converting solar
energy into chemical fuels. ! But realizing this process is quite
difficult. Up to now, the activity and stability of photocatalyst
is far below the requirement of large scale application. P tis
still desirable to introduce novel strategy to design and
prepare photocatalysts with high activity and long lifetime.
Plasmonic effect of metal nanostructures has shown
significant promise for enhancing the visible light activity of
semiconductor photocatalysts.6 Generally, plasmonic metals
are present as nanoparticles dispersed on the surface of
semiconductors.” Plasmon-excited hot electrons in noble-
metal nanoparticles can be transferred to the conduction band
of an adjacent semiconductor, and then participate in
subsequent chemical reactions.® Recently, another plasmonic
effect, termed near-field electromagnetic mechanism, was
found playing an important role in promoting photocatalytic
activity of semiconductors.”* It is derived from the interaction
of the semiconductor with electromagnetic fields localized
nearby at the plasmonic metal nanostructure. Linic et al.
reported that these electromagnetic fields are spatially non-
homogenous, with the highest intensity at the surface of the
metallic nanostructure and decreasing exponentially with
distance from the surface within 20-30 nm.'" Suitable
placement of the plasmonic metal and semiconductor should
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be very important for
electromagnetic fields.

Traditionally, plasmonic metal (e.g. Au) is loaded on the
surface of semiconductor (Fig 1A). Only small part of
semiconductor that closet to the Au nanoparticles could be
affected by the electromagnetic fields of plasmonic Au. Core-
shell nanostructure geometrically satisfies the full use of
spatial electromagnetic fields. It has been demonstrated that a
few Au@sulfide core-shell nanostructure could enhance the
photocatalytic hydrogen evolution activity. But the efficiencies
of these photocatalysts are still low, even under the optimized
reaction conditions.

In this work, a strategy that embedding plasmonic Au
nanoparticles into CdS semiconductor was attempted (Fig 1B).
It possesses the advantage of core-shell nanostructure that
could fully use the electromagnetic fields of the Au
nanoparticles. The resultant photocatalysts were denoted as
Xx%Au@CdS, where x is the weight percent of Au nanoparticles.
The photocatalytic hydrogen evolution activity was improved
from 83 pmolh™ of CdS to 374 umolh™ of 0.5%Au@CdS,
without the use of any other metal or metal oxide as
cocatalysts. The quantum efficiency can reach 12.1 % for
0.5%Au@CdS at 420 nm. When using 0.1wt%Pt as a cocatalyst,

taking fully advantage of the
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Fig. 1 lllustration of the interaction of the semiconductor with electromagnetic fields
localized nearby at the plasmonic Au: (A) Au loaded on the surface of semiconductor
(B) Au embedded into the semiconductor. (C) Schematically illustrating the formation
of Au@CdS.
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the quantum efficiency of 0.5%Au@CdS can be further
improved to 45.6%. Besides, the photocorrosion drawback of
CdS was also overcome by embedding Au nanoparticles. The
stability of 0.5%Au@CdS can be maintained more than 100 h,
which is much higher than that of CdS.

Au colloid nanoparticles were prepared by a sodium citrate
reduction method using HAuCl, as a precursor.lz' 3 The citrate-
protected Au nanoparticles could disperse quite well in the
aqueous solution. The diameter of the Au nanoparticles was
about 15 nm on average (Fig. 2a). From the HRTEM image (Fig.
2b), an interlayer spacing of 0.24 nm can be observed, which is
in good agreement with the d spacing of the (111) lattice
planes of the fcc Au crystal. The synthesis of Au@CdS
photocatalysts was accomplished using a cysteine-assisted
hydrothermal approach.12 As shown in Fig. 1C, the synthesis
involves two main steps: (1) formation a complex of cysteine-
cd®, (2) growth of cysteine-Cd** on the surface of Au
nanoparticles. It was followed by the decomposition of
cysteine-Cd2+ and subsequently forming CdS. The contents of
Au in the Au@CdS hybrid nanostructure were controlled by
the amount of cysteine-Cd2+ in the synthesis process.

The resultant Au@CdS is consisted of uniform small particles
(detected by SEM, Fig. S1). Typical transmission electron
microscopic (TEM) images of 0.5%Au@CdS and 1%Au@CdS
were shown in Fig. 2c-f. The difference in the atomic masses of
Au and CdS resulted in relatively clear contrast, which could
help us to reveal the nanostructure of Au@CdS.14 It shows that
Au nanoparticles are nearly completely embedded in the CdS
bulk structure (Fig. 2c-f). No isolated Au nanoparticles can be
observed on the surface of Au@CdS hybrid nanostructure. The
position of Au nanoparticles could be clearly distinguished
from magnified TEM image of 1%Au@CdS (Fig. 2e). The
corresponding electron diffraction pattern exhibits two sets of
diffraction patterns, confirming the presence of Au in CdS
nanostructures (Fig. 2d inset). An HRTEM image was taken at
the edge of 1%Au@CdS (Fig. 2f). The interlayer spacing of 0.34
nm complies with the lattice spacing of the (002) planes of the
wurtzite CdS, suggesting that CdS of the composite possesses
high degree of crystallinity.

Fig. 3A shows the X-ray diffraction (XRD) patterns of pure
CdS and Au@CdS composites with different Au amounts. All

Fig. 2 (a and b) HRTEM images of Au colloid. (c) TEM images of 0.5% Au@CdS. (d and e)
TEM and (f) HRTEM images of 1.0%Au@CdS.
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Fig. 3 (A) XRD patterns and (B) UV-vis diffuses reflection spectra of CdS and Au@CdS
with different Au contents.

the samples exhibit six main diffraction peaks at 24.89, 26.59,
28.29, 43,79, 47.82 and 51.82, which can be ascribed to (100),
(002), (101), (110), (103), and (112) planes of hexagonal
wurtzite CdS (JCPDS No. 41-1049).> ™ The absence of Au
diffraction peaks in the patterns of Au@CdS should be due to
the low contents of Au. N,-adsorption results show that the
specific surface area of Au@CdS is about 20 ng"l, which is a
little lower than that of pure CdS (30.1 ng"l).

Fig. 3B shows the UV-vis diffuse reflectance spectra of CdS
and Au@CdS with different Au contents. CdS exhibits an
absorption edge at about 500 nm, corresponding to the
bandgap (E;) of about 2.48 eV. Au@CdS shows a red shift of
the absorption edges with the increase of Au contents, which
could be ascribed to the presence of Au nanoparticles. The
increase of absorption intensity over the visible light region,
especially between 500 and 550 nm, should be due to the
plasmon resonance feature of Au nanoparticles. Such distinct
differences in light absorption can also be observed clearly
from the photographs of CdS and Au@CdS (inset Fig. 3B). The
surface plasmon absorption of gold nanoparticles (colloid
suspension) can be observed maximizing around 520 nm
(Fig.S2). This absorption cannot be found in the spectra of
Au@CdS. Based on above results, it can be proposed that
overlap should exist between plasmon and band-gap
absorption.

The photocatalytic H, evolution performance of Au@CdS
and CdS were evaluated using aqueous solutions containing
0.25 M Na,SO; and 0.35 M Na,S sacrificial reagent under
visible light. Without the use of any other metal or metal oxide
as cocatalysts, CdS exhibits an activity of 83 },lmolh'1 (Fig. 4A).
Under the same reaction condition, Au@CdS exhibit evidently
higher catalytic activities. An optimized H, evolution activity
can be observed over 0.5%Au@CdS, which is about 374 umolh”
! The apparent quantum efficiency measurement shows that
the quantum efficiency of 0.5%Au@CdS is around 12.1% under
420 nm irradiation. The activity could be further improved
using additional 0.1wt%Pt as a cocatalyst. Fig. 4B shows that
the activity of 0.5%Au@CdS could be improved to 1150 pmolh”
1, and the corresponding quantum efficiency is about 45.6% at
420 nm (Fig.4D). This result is much higher than that of many
recently reported composite photocatalysts, such as Au/CdS
core/shell nanocrystals and the composite of CdS cluster
coupled with graphene sheets (loading 0.5 wt% Pt as a
cocatalyst, Table Sl).16

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Photocatalytic H, evolution activity of (A) pure CdS and Au@CdS with different Au
contents (B) 0.5%Au@CdS and 0.1%Pt-0.5%Au@CdS under visible light irradiation. (C)
Typical time course for H, production over 0.1%Pt-0.5%Au@CdS and 0.1%Pt-CdS under
visible light irradiation. Reaction condition: 0.1 g photocatalysts in 100 mL Na,S (0.35
M)-Na,S05(0.25 M) solution, 300 W Xe-lamp equipped with cut-off filter (A 2 420 nm).
(D) Influence of wavelength on the apparent quantum yield for hydrogen evolution.
Reaction condition: 0.1 g 0.5%Au@CdS and 0.1%Pt-0.5%Au@CdS in Na,S (0.35 M) and
Na,S03 (0.25 M) aqueous solution under various wavelengths of 420, 450, 500, 550,
and 600 nm.

More importantly, the high catalytic activity could be well
maintained without notable decrease during the entire
reaction time investigated (Fig.4C). The cumulated reaction-
time is more than 100 h. Under the same reaction condition,
obvious decrease of activity can be observed over CdS
photocatalyst (Fig.4C). This result suggests that embedding Au
nanoparticles could also promote the stability of CdS. X-ray
photoelectron spectroscopy (XPS) was carried out to detect
the chemical state of Cd in the samples of fresh CdS,
0.5%Au@CdS and used 0.5%Au@CdS after 100 h test (Fig. S3).
No obvious changes for the peak of Cd 3ds,, at 404.6 eV can be
observed among above three samples. It confirms that the
chemical state of Cd has no change before and after long-time
reaction test.

The above observations show that the presence of Au
nanoparticles in the hybrid nanostructures effectively enhance
the photocatalytic activity and stability toward visible-light-
driven hydrogen evolution. Two main mechanisms have ever
been proposed to explain the rate enhancement by plasmonic
Au nanoparticles. One is plasmon-excited charges injection
from Au to the semiconductors, the other is radiative energy
transfer from plasmonic Au to the semiconductor. In the
former process, the Au nanoparticles absorb light and transfer
the energetic electron (formed in the surface plasmon
resonance) to the nearby semiconductor. So the maximum
contribution of Au nanoparticles to the photocatalytic activity
should occur at the strongest plasmon resonance absorption.
In this case, the photocatalytic activity of 0.5%Au@CdS is very
low at 500 nm (10.7 umolh'l) and 550 nm (0.5 umolh'l),
suggesting that energetic electrons generated from plasmons
in Au nanoparticles are not the main contributor to the
enhancement of hydrogen evolution. Besides, it should be
noted that the Au nanoparticles were coated with non-

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (A) Photoluminescence spectra of CdS and 0.5%Au@CdS. The excitation
wavelength is 390 nm. (B) Photoluminescence decays of CdS and 0.5%Au@CdS.

conducting organic stabilizer molecules. These stabilizer
molecules could separate the metal and semiconductor layers,
and limit the electron transfer between the semiconductor
and the metal."’ Therefore,

photocatalytic activity and stability is most likely associated

the enhancement of the

with plasmon resonance energy transfer. Plasmon excitation of
Au by absorption of a photon results in a plasmon resonance
energy field, which could positively influence excitation of CdS
and result in an increased formation rate of e /h" in CdS.

For supporting experimental evidence to understand the
promotion effects of Au nanoparticles, the photoluminescence
(PL) spectra of CdS and 0.5%Au@CdS were taken (Fig. 5A). The
PL signal at 480 nm can be assigned to the band-edge emission
of cds.’® *° Compared with pure CdS, this signal in the
spectrum of 0.5%Au@CdS was dramatically enhanced by
about 7.4 times. It is known that semiconductor emission is
proportional to the concentration of electron-hole pairs in the
semiconductor. This enhancement should directly reflect the
increased rate of e/h® formation in the CdS part of
0.5%Au@CdS. It is tightly related to the surface plasmon
resonance of Au nanoparticles. Due to the surface plasmon of
the Au nanoparticles matches the band-gap adsorption of the
CdS, the resulting resonance can lead to an effective energy
transfer from the metal surface to CdS, which induced an
enhancement of the e’/h* formation. Time-resolved PL
measurements were also carried out, which can reflect the
lifetime of photoexcited electrons in a certain degree.lg' 2 Fig.
5B shows that the intensity of 0.5%Au@CdS decays much
slower than that of the bare CdS, indicating that 0.5%Au@CdS
have a longer luminescence lifetime than that of CdS. The
observed decay reflect the lifetime of photoexcited electrons
and its transients, which is in agreement
interpretation of activity. That is the presence of Au
nanoparticles endows the photoexcited electrons in CdS

with our

semiconductor with much longer lifetime to reduce H' forming
H,. And the corresponding holes are with enough time to
oxidize the sacrificial agents. It should be mentioned that the
PL spectra of Au@CdS is a little difference from that of other
noble metal loading photocatalyst system. The PL spectra
usually be quenched after loading Au or Pt nanoparticles, due
to these metals act as cocatalysts trapping photoexcited
electrons. In our case, the increase of the PL spectrum of
Au@CdS should be ascribed to the energy transfer from Au to

CdS. The presence of non-conducting molecules on the

J. Name., 2013, 00, 1-3 | 3
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surface of Au nanoparticles limits the electron transfer
between the semiconductor and the metal.

The influence of the position of Au nanoparticles on the
photocatalytic H, evolution activity was also investigated. In a
separated experiment, the activity of Au nanoparticles
attaching on the CdS surface was detected (Fig. S4). This
composite could enhance the photocatalytic hydrogen
production in a certain degree compared with pure CdS, but its
activity is much lower than that of 0.5%Au@CdS. Based on
these results, we summarize the reaction mechanism. Plasmon
excitation of Au nanoparticles results in an energy field, which
positively influences CdS excitation forming e/h" pairs. The
plasmon-induced electron-hole pair formation is the highest in
the parts of the CdS closet to the Au nanoparticles. Embedding
Au nanoparticles into CdS could take fully advantage of
electromagnetic fields at the surface of the Au nanoparticles to
improve the formation of e /h* pairs, and then increase the
activity of photocatalysts.

In summary, plasmonic Au nanoparticle with an average

diameter of 15 nm has been successfully embedded into CdS
with a cysteine-assisted hydrothermal approach. The
photocatalytic hydrogen evolution activity and stability of the
composite Au@CdS could be significantly improved comparing
with that of pure CdS. PL characterization shows that both the
formation rate and lifetime of photoexcited e/h" were
dramatically increased when Au nanoparticles were embedded
into CdS, which should be responsible for the high activity of
Au@CdS. All these enhancements can be attributed to the
effective energy transfer from the Au surface to CdS. This
embedding nanostructure could take fully advantage of
electromagnetic fields at the surface of the Au nanoparticles
under visible light illumination.
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