Journal of
Materials Chemistry A
Published on 21 January 2013. Downloaded by State University of New York at Buffalo on 30/05/2013 16:07:26.

COMMUNICATION

Cite this: J. Mater. Chem. A, 2013, 1,
2773
Received 13th December 2012
Accepted 14th January 2013

View Article Online
View Journal | View Issue

Self-assembled CdS/Au/ZnO heterostructure induced by
surface polar charges for eﬃcient photocatalytic
hydrogen evolution†
Zong Bao Yu,‡a Ying Peng Xie,‡a Gang Liu,*a Gao Qing (Max) Lu,b Xiu Liang Maa
and Hui-Ming Chenga

DOI: 10.1039/c3ta01476b
www.rsc.org/MaterialsA

A ternary heterostructure of CdS/Au/ZnO, where a core–shell structure of Au/CdS is selectively deposited on the polar surface of ZnO
induced by the surface polar charges of ZnO crystals, is prepared
through a two-step self-assembly process. The resultant heterostructure shows an activity 4.5 times higher in photocatalytic
hydrogen evolution from water containing Na2S/Na2SO3 electron
donors than the binary CdS/ZnO heterostructure as a result of the
eﬀective vectorial Z-scheme transfer of photogenerated charge
carriers between ZnO and CdS mediated by Au nanoparticles at the
interface.

Photocatalytic hydrogen evolution from water using semiconductors represents a very attractive pathway for converting
solar energy to chemical energy. In order to acquire high energy
conversion eﬃciency, worldwide eﬀorts have been devoted to
developing various eﬃcient photocatalysts.1,2 ZnO with a direct
bandgap of 3.3 eV and an exciton binding energy of 60 meV has
been actively investigated as a photocatalyst due to the merits of
its high electron mobility, abundant morphologies, easy
synthesis, low cost and non-toxicity.3,4 The application of ZnO as
a photocatalyst is, however, hindered by some apparent drawbacks: (i) the fast recombination rate of photogenerated electron–hole pairs; (ii) the narrow light responsive range; and (iii)
serious photocorrosion. To address these drawbacks, many
strategies such as doping,5,6 loading noble metals,7,8 and
coupling with other semiconductors9–12 have been used. Constructing heterostructures has attracted increasing attention
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due to the versatility of extending the light absorption range,
promoting the separation of photogenerated charge carriers in
photocatalysts and also improving the stability.
ZnO based heterostructures including TiO2/ZnO,9 CuO/
ZnO10 and CdSe/ZnO11 have been actively studied and exhibit
the ability to improve the photocatalytic activity of ZnO photocatalysts. These heterostructures serve the function of transferring the photoexcited electrons from the semiconductor with
a high conduction band (CB) to the other with a low CB (the
traditional charge-carrier transfer process). On the other hand,
ZnO/CdS heterostructures with an improved photocatalytic H2
evolution follow a diﬀerent charge-carrier transfer mechanism,
namely the direct Z-scheme, where the recombination of the
photoexcited electrons from the ZnO CB and holes from the CdS
valence band (VB) occurs at the interface.12 In this case, the
photoexcited electrons in CdS with a high CB and holes in ZnO
with a low VB can be retained. The direct Z-scheme is favorable
for generating photoexcited charge carriers with high energy,
which is desirable for photocatalysis in terms of thermodynamic requirements.
In principle, the direct Z-scheme related charge-carrier
transfer process should compete with the traditional chargecarrier transfer process in a CdS/ZnO heterostructure. It is
therefore important to promote the direct Z-scheme chargecarrier transfer process by creating a favorable interface. Early
studies showed that the interface containing a metallic polar
surface of ZnO is favorable for improving the performance of the
heterostructures as a result of a strengthened direct Z-scheme
transfer process.13 Tada et al. have reported that Au nanoparticles can act as an electron transfer mediator to promote
vectorial electron transfer between TiO2 and CdS,14 which can
have the same eﬀect as the direct Z-scheme. Similar results were
also demonstrated in the nanosized heterostructure of CdS/ZnO
constructed on the microsized metallic core of Cd.15 All this
progress suggests that the metallic or metal containing interface
of the CdS/ZnO heterostructure is highly important for
promoting the direct Z-scheme charge-carrier transfer process
and thus photocatalytic H2 evolution from water.
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The structure of wurtzite-type ZnO crystals can be simply
described as a number of alternating planes of O2 and Zn2+
ions stacked along the c-axis. This means that some surfaces of
ZnO crystals are terminated entirely with O2 anions or Zn2+
cations, resulting in negatively or positively charged surfaces,
namely polar surfaces.3 The typical polar surfaces in ZnO crys) and Zn-terminated (0001). They
tals are the O-terminated (0001
have unusual properties in selectively adsorbing reaction
molecules or ions as a result of electrostatic interactions, which
makes it possible to construct some targeted heterostructures
on the polar surfaces. For example, Joo et al. showed that
positively charged Cd based complex ions are preferentially
adsorbed on the negatively charged polar face (0002).16 It is
therefore expected that metal–CdS architectures might be
formed on the metallic polar surface. The interface consisting
of both a metallic polar surface of ZnO and a metal core should
facilitate the occurrence of the direct Z-scheme in a CdS/ZnO
heterostructure.
Here, we report the construction of a ternary CdS/Au/ZnO
heterostructure for improving photocatalytic H2 evolution from
water, where both Au and CdS nanoparticles are selectively
deposited on the polar surfaces of ZnO crystals. The schematic
of the preparation route of the heterostructure is given in Fig. 1.
The basis of constructing such an unusual heterostructure is
the electrostatic adsorption of Cd and Au based complex ions on
the polar surfaces of ZnO nanosheets. In detail, Au based
complex ions are rst preferentially adsorbed on the negatively
) of ZnO, and subsequently a photodeposition
charged O-(0001
process leads to the formation of Au nanoparticles on the polar
surface. The CdS nanoparticles are then deposited on the Au
) surface by a combination of preferential
pre-deposited O-(0001
adsorption of Cd2+ ions and chemical bath deposition.
The ZnO crystals used in this work were synthesized by a
modied hydrothermal process with sodium hydroxide (NaOH)
and trisodium citrate dehydrate (TCD) as the morphology
controlling agents according to an early report by Zeng et al.17
The X-ray diﬀraction pattern conrms the resultant crystals to
be a pure ZnO phase with a wurtzite structure (Fig. S1a†). The
scanning electron microscopy (SEM) image in Fig. 2a shows that
ZnO crystals have the morphology of ower-like spheres with an
average diameter of ca. 5 mm. These spheres are built by relatively uniform nanosheets with a thickness of ca. 100 nm
(Fig. 2b). The transmission electron microscopy (TEM) image
and selected area electron diﬀraction (SAED) pattern of a single

Fig. 1 Schematic of the preparation route of a CdS/Au/ZnO heterostructure
through a two-step self-assembly process induced by the surface polar charges
of ZnO.
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Fig. 2 (a and b) Low-magniﬁcation and high-magniﬁcation SEM images of
ﬂower-like spheres of ZnO crystals; (c and d) TEM and high-resolution TEM images
of a single ZnO nanosheet. The inset in (c) is a corresponding SAED pattern; (e)
schematic of the formation process of a ﬂower-like ZnO sphere.

nanosheet are given in Fig. 2c. The SAED pattern suggests the
single crystalline nature of the nanosheet. The lattice fringes
with a distance of 0.52 nm in a high-resolution TEM image
1
0] zone (Fig. 2d) is assigned to the (0001
)
recorded along the [21
or (0001) planes, indicating that a ZnO nanosheet surface
1
0) and minor lateral polar
consists of a major top plane (21
)/(0001) and (011
0). The anisotropic shape of the
planes of (0001
nanosheets can be understood as the preferential growth of the
0] directions with the assiscrystals along the [0001] and [011
tance of a morphology controlling agent, as demonstrated in
Fig. 2e.18 The agglomeration growth of these nanosheet units
into the nal ower-like spheres is probably driven by the
electrostatic attraction among the polar surfaces. Aer that, the
nanosheets would interlace with each other to form the nal
ower-like ZnO structure.
The selective deposition of Au and CdS nanoparticles on the
polar surfaces of ZnO crystals was conducted as follows. The
synthesized ZnO powder was suspended in an aqueous solution
of AuCl3 in the dark to ensure the pre-adsorption of Au based
complex ions on the polar surfaces of ZnO. Under UV irradiation, nearly all the Au nanoparticles were selectively deposited
on the lateral polar surfaces of ZnO (Fig. 3a). X-ray energy
dispersive spectrometer images (the inset in Fig. 3a and Fig. S2†)
conrm the deposition of Au on ZnO. The selective distribution
of Au nanoparticles with a size of 10–20 nm can be doubly
conrmed in the TEM image (Fig. 3b). The pre-adsorption of
Cd2+ based complex ions on the ZnO crystals was conducted by
suspending the sample in an aqueous solution of Cd(CH3CO2)2.
The addition of thiourea to the suspension and subsequent
chemical bath deposition at 80  C resulted in the deposition of
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Fig. 4 Time courses of photocatalytic H2 evolution from water with the CdS/
ZnO, Au/CdS/ZnO and CdS/Au/ZnO photocatalysts. Reaction conditions: 100 mg
of photocatalyst was suspended in 270 mL aqueous solution with 0.1 M Na2SO3
and 0.1 M Na2S.
Fig. 3 (a and b) SEM and TEM images of Au/ZnO; (c and d) SEM and TEM images
of the CdS/Au/ZnO heterostructures. The inset in (a) is the EDS spectrum of
Au/ZnO.

CdS nanoparticles on the lateral polar surfaces of ZnO crystals
(Fig. S3†). The crystal structure of CdS nanoparticles in the CdS/
ZnO heterostructure is conrmed to be hexagonal (Fig. S1b and
c†). Similar CdS nanoparticles with a size of ca. 50 nm can be
further deposited on the Au deposited polar surfaces as shown
in Fig. 3c, suggesting that the pre-deposition of Au nanoparticles
on the polar surfaces has a negligible inuence on the subsequent deposition of CdS. It is revealed by the TEM image in
Fig. 3d that the subsequently deposited CdS nanoparticles cover
most of the Au nanoparticles. XPS spectra further conrm the
compositions of CdS/Au/ZnO (Fig. S4†). Therefore, the expected
architecture of Au/CdS is rationally constructed on the polar
surfaces of ZnO crystals.
The photocatalytic activity of the CdS/Au/ZnO heterostructure was investigated by monitoring hydrogen evolution
from water with Na2S/Na2SO3 as the sacricial agent. Compared
to the CdS/ZnO heterostructure, the heterostructure of CdS/Au/
ZnO shows remarkably improved photocatalytic hydrogen
evolution by a factor of 4.5 (60.8 mmol h 1 vs. 13.4 mmol h 1). As
demonstrated in Fig. 3d, a very small portion of Au nanoparticles are exposed without CdS coating. So it is useful to
estimate the eﬀect of the exposed Au nanoparticles on photocatalytic activity considering the possible cocatalyst function of
noble metals.19 To clarify this issue, 1 wt% Au nanoparticles
were loaded on the heterostructure of CdS/ZnO by the photodeposition method (denoted as Au/CdS/ZnO). It is found that
the hydrogen evolution rate of CdS/ZnO only increases from
13.4 to 19.7 mmol h 1 with the loading of Au nanoparticles,
suggesting that some exposed Au nanoparticles in the CdS/Au/
ZnO heterostructure do not contribute to the observed activity
improvement (Fig. 4). Therefore, the introduced Au nanoparticles in the CdS/ZnO interface should be responsible for the
improvement by strengthening the interface charge-carrier
transfer between CdS and ZnO. In addition, both the
morphology and the ower-like structure of ZnO particles can
be retained aer photocatalytic reactions (Fig. S5†).
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The strengthened interface charge-carrier transfer can be
evidenced by photoluminescence (PL) emission spectroscopy.
Fig. 5 compares the PL emission spectra of ZnO, CdS/ZnO and
CdS/Au/ZnO. Pure ZnO exhibits a narrow UV emission with its
peak at 390 nm and a broad orange emission with its peak at
640 nm. The UV emission band is due to near band-edge transition, and the orange emission originates from defect emission
in ZnO crystals.4,20 Although the CdS/ZnO heterostructure gives
similar PL emission bands to ZnO, the band intensity is much
weakened. For the CdS/Au/ZnO heterostructure the PL emission
bands almost disappear. It is established that the charge-carrier
transfer between diﬀerent parts of composites usually results in
the weakening of PL emission bands.21 In our case, the direct
Z-scheme interface charge-carrier transfer (Fig. 6a) should be
responsible for the weakened PL emission bands of the CdS/
ZnO. The eﬀective vectorial Z-scheme charge-carrier transfer
process mediated by the Au nanoparticles at the interface as
illuminated in Fig. 6b can well explain the quenching of PL
emission in CdS/Au/ZnO. As a consequence, the high energy
electrons and holes, remaining on the CdS CB and ZnO VB,

Fig. 5 Photoluminescence spectra of ZnO, CdS/ZnO and CdS/Au/ZnO recorded
at room temperature with a 270 nm excitation wavelength.
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Fig. 6 Schematic of (a) the direct Z-scheme charge-carrier transfer process in the
CdS/ZnO heterostructure and (b) the vectorial Z-scheme charge-carrier transfer
process in the CdS/Au/ZnO heterostructure.

respectively, can be involved eﬀectively in photocatalytic reactions for hydrogen evolution from water.

Conclusions
A core–shell structure of Au/CdS was selectively deposited on
the polar surfaces of ZnO crystals through a two-step selfassembly process induced by surface polar charges. The heterostructure of CdS/Au/ZnO shows a much improved photocatalytic hydrogen evolution rate from water containing
electron donors compared to CdS/ZnO or Au/CdS/ZnO heterostructures. The origin of this improvement lies in the formation
of eﬀective vectorial Z-scheme charge-carrier transfer at the
interface of the CdS/Au/ZnO with Au as a mediator.
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