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ABSTRACT: A series of multi-heterostructured metal chalcoge-
nides (CdS-Te, NiS/CdS-Te, and MoS2/CdS-Te) with a surprising
shish-kebab-like structure have been synthesized via a one-step
microwave-assisted pyrolysis of dithiocarbamate precursors in
ethylene glycol. Subsequently, CdS-Te composites were exploited
as a self-sacrificial template to craft various CdS-Te@(Pt, Pd) multi-
heterostructures. Highly uniform dispersion and intimate inter-
actions between CdS and multicomponent cocatalysts, together
with improved separation of photogenerated carriers due to the
presence of Te nanotubes (NTs) and trace CdTe, enable CdS-
based heterostructured photocatalysts to exhibit greatly enhanced
efficiency and stability in the photocatalytic production of H2. Thorough morphological characterizations revealed that the
growth of metal sulfide/Te heterostructures originates from the growth of Te tubes, which is likely governed by diffusion-limited
depletion of the Te precursor and the dissolution−crystallization process of Te seeds followed by the formation of metal sulfide
kebabs.

■ INTRODUCTION

Nanostructured metal chalcogenides (MCs) have garnered
considerable attention because of their wide range of
application in various areas including organic catalysis,
environmental protection, and energy storage and conversion,
to name a few.1 To explore and subsequently utilize synergetic
coupling effects between MCs and other functional materials,
there are increasing efforts to create MC-based heterostruc-
tures, in particular those with low or negligible energy barrier at
their interface, to greatly facilitate the charge transfer.2 MC−
noble metal,3 MC−metalloid,4 MC−metal oxide,5 MC−
carbon,6 and MC−MC7 heterostructures have been derived
from gas-, liquid-, or solid-phase synthesis over the past few
years. However, several key issues in the fabrication and
application of MC-based heterostructured materials remain to
be addressed. First, the synthesis of multicomponent
heterostructures has so far relied on structure-directing
templates, in which either a soft or hard template is employed
to provide the needed heterostructure.8 The subsequent
removal of the template not only complicates the procedure
but also increases the fabrication cost, which may seriously
restrict their large-scale production. In this context, it is of key
importance to develop facile, scalable, energy-saving, and
environmentally benign synthetic routes to MC-based hetero-
structured materials.1,9 Second, the performance of MC-based
heterostructured materials reported to date still cannot meet

the requirements for practical applications.10 For example, the
activity and stability of MC-based heterostructured materials
are still inferior to those of commercially available noble metal
(Pt or Pt)-based catalysts for the oxygen reduction reaction
(ORR), hydrogen evolution reaction (HER), and oxygen
evolution reaction (OER).3a,b The capacity, energy density,
coulombic efficiency, and cycling life of MC-based energy
storage devices are still comparatively low and need to be
greatly enhanced in order to reach a large-scale market
adoption.11 Third, only a few approaches can provide good
control over the microstructure and a uniform distribution of
different components within the multi-heterostructured MC
materials.12 Clearly, in this context, much attention needs to be
concentrated on the design and development of multi-
component or new heterostructured MC-based materials; this
remains a grand challenge.1a,13

Herein we report a versatile strategy for one-step crafting of
two-component (CdS-Te), three-component (NiS/CdS-Te,
MoS2/CdS-Te, CdS-Te@Pd, and CdS-Te@Pt), and four-
component (CdS-Te@(Pt,Pd)) chalcogenide heterostructures.
All of the resulting materials possess a surprising shish-kebab-
like structure in which a Te tube acts as the shish and MCs
form the kebabs, dispensing with the need for the use of
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templates. In this work, the selection of Te as a constituent was
motivated by its unique chemical and physical properties.
Specifically, bulk Te shows metallic behavior at room
temperature. The good electrical transport properties of Te
nanotubes (NTs) have also been reported.14 The combination
of Te NTs with CdS facilitates the separation of photo-
generated electrons and holes, thus enhancing the photo-
catalytic activity and photostability of CdS. More importantly,
Te can be used as a self-sacrificial template to form a series of
new heterostructures while retaining the morphology.15

Subsequently, the shish-kebab-like MC heterostructures were
exploited in photocatalytic water splitting to produce hydrogen.
The uniform dispersion and intimate connection between CdS
and the cocatalysts greatly enhance the efficiency and stability
of the shish-kebab-like photocatalysts, opening a new avenue
for the development of intimate multicomponent hetero-
structures for a wide variety of applications.

■ RESULTS AND DISCUSSION

Shish-Kebab-like CdS-Te Heterostructures. Figure 1a
displays a scaning electron microscopy (SEM) image of as-
prepared CdS-Te heterostructures resembling a shish-kebab-
like structure.16 A high-magnification SEM image reveals that
three microspheres (i.e., kebabs) are connected by a shish
(Figure 1a inset) and that the shish is tubular-like with a

smooth surface, whereas the kebabs have a rough surface. The
X-ray diffraction (XRD) pattern shows that the products
consist of hexagonal-phase Te (JCPDS no. 65-3370) and CdS
(JCPDS no. 41-1049) (Figure S1 in the Supporting
Information). The above CdS-Te sample was prepared by
adding 0.069 mmol of diethyldithiocarbamatotellurium(IV)
(TDEC), 0.122 mmol of diethyldithiocarbamatocadmium(II)
(CED), and 30.0 mL of ethylene glycol to a 50 mL round-
bottom flask. After that, the suspension was microwave-heated
to 90 °C at a power setting of 200 W, which required about 1
min. The solution was kept under heating for a total of 5 min,
during which it turned from yellow to clear at about 3 min.
Then the solution temperature was raised to 160 °C at a power
setting of 500 W, which needed about 1 min to reach. At a
reaction time of about 6 min, the suspension solution turned
dark green, indicating the formation of CdS-Te heterostruc-
tures. The resulting solid products were collected by
centrifugation at 10 000 rpm for 3 min, washed with deionized
water and ethanol several times, and finally dried in vacuum at
60 °C for 12 h.
Transmission electron microscopy (TEM) measurements

show that the as-prepared CdS-Te heterostructures possess a
hollow tubular structure (Figure 1b); however, the tube center
is solid, as reported in the literature, showing an internal
structure that looks like a wedge.17 These nanotubes range
from 300 to 320 nm in outer diameter and from 4.8 to 5.4 μm
in length. The HRTEM image in Figure 1c, taken from the
local area marked with a ring in Figure 1b, shows that the lattice
fringes are structurally uniform with a spacing of 0.320 nm.
Such lattice fringes are in good agreement with the d value of
the (011) plane of hexagonal Te. The selected-area electron
diffraction (SAED) pattern in the Figure 1c inset clearly
suggests that the nanotube is made up of a single Te crystal.17b

The HRTEM image in Figure 1d was taken from the area
labeled with a square in Figure 1b and shows a lattice spacing of
0.360 nm, which corresponds to the (100) planes of hexagonal
wurtzite-structured CdS.5b The SAED pattern (Figure 1d inset)
indicates that the CdS kebab is polycrystalline. The energy-
dispersive X-ray (EDX) spectrum in Figure 1e confirms the
presence of Cd, S, and Te elements. The Cu peak originates
from the copper TEM grid used as a sample holder. The inset
in Figure 1e shows the EDX elemental maps of the CdS-Te
sample, signifying that Cd (blue) and S (green) are evenly
distributed within the kebabs and Te (red) is evenly distributed
in the nanotube.
The chemical compositions and electronic structures of the

CdS-Te heterostructures were analyzed by X-ray photoelectron
spectroscopy (XPS). From the peaks in the survey spectrum in
Figure 1f, it is clear that Cd, S, and Te exist in the
heterostructure. The high-resolution XPS spectrum of the Cd
3d orbital region (Figure S2a) displays the binding energies of
Cd 3d3/2 and Cd 3d5/2 at 411.72 and 404.96 eV, respectively.
The splitting energy of 6.76 eV between Cd 3d3/2 and Cd 3d5/2
is a signature of Cd2+. The binding energies of S 2p3/2 and S
2p1/2 in the sample are observed at approximately 162.41 and
161.2 eV, respectively (Figure S2b), in good agreement with
the reference values for S2−.18 The binding energies observed at
583.53 and 573.2 eV (Figure S2c) can be assigned to 3d3/2 and
3d5/2 of elemental Te according to the reference values in the
literature.19 The fitting of the Te energy peaks also suggests the
existence of Te2−, which is indicative of the possible formation
of CdTe at the interface of the microspheres and the Te tube.

Figure 1. CdS-Te sample characterized by (a) SEM, (b) TEM, (c, d)
HRTEM of the areas marked with (c) the red circle and (d) the red
square in (b) (the insets show the corresponding SAED patterns), (e)
EDX (the inset shows the STEM-EDX elemental maps), and (f) XPS.
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Figure 2a shows that the one-step-synthesized NiS/CdS-Te
heterostructures also resemble shish-kebabs, like the CdS-Te

heterostructures described above. The SEM image in the Figure
2a inset indicates that the three microspheres (i.e., kebabs) have
a rough surface and are separated from each other on a smooth
tube. The EDX spectrum verifies the presence of Cd, S, Ni, and
Te. The EDX elemental maps for the NiS/CdS-Te sample in
Figure 2b show that Cd (red), S (green), and Ni (purple) are
uniformly distributed in the spheres and that Te (gold) is
evenly distributed in the nanotube. The HRTEM image in
Figure 2c, taken at an area around the sphere, displays that
there are two types of lattice distance, 0.360 and 0.300 nm,
corresponding to the (100) planes of hexagonal wurtzite-
structured CdS and the (100) planes of NiS, respectively. The
SAED pattern (Figure 2c inset) indicates that the NiS/CdS
kebabs are polycrystalline. This is consistent with the
observation that there is no apparent NiS peak in the XRD
pattern of NiS/CdS-Te heterostructures with relatively low
amounts of NiS (Figure S3). The binding energy of Ni 2p in
the high-resolution XPS spectrum presented in Figure 2d is
853.47 eV, which is in good agreement with the reference value
for NiS.20 XPS spectra of the NiS/CdS-Te sample and the high-
resolution XPS spectra of Cd 3d, S 2p, and Te 3d are provided
in Figure S4. The fitting of Te energy peaks indicates the
existence of Te2−, which suggests the possible formation of
CdTe at the interface of microspheres and the Te tube.
Through the same one-pot pyrolysis, MoS2/CdS-Te

heterostructures were also prepared. The SEM image in Figure
3a shows the same shish-kebab-like microstructure. The TEM
image in Figure 3b reveals that similar to the CdS-Te
heterostructure, the shish has a hollow tubular structure with
the three kebabs in close contact. The HRTEM image in Figure
3c, taken from the area marked with a square in Figure 3b,
shows lattice constants of 0.301 and 0.360 nm, corresponding
to the (006) planes of MoS2 and the (100) planes of hexagonal
wurtzite-structured CdS, respectively. The EDX elemental
maps (Figure 3d) and XPS measurements (Figure S5f) also
strongly support on the formation of MoS2 in the as-prepared

heterostructure. The SAED pattern (Figure 3c inset) suggests a
polycrystalline ring. The EDX elemental maps of the MoS2/
CdS-Te sample presented in Figure 3d show that Cd (green), S
(yellow), and Mo (red) are uniformly distributed in the three
microspheres, whereas Te (turquoise) is evenly distributed in
the nanotube. The survey XPS spectrum and high-resolution
XPS spectra further confirm the presence of Cd, S, Mo, and Te
in the MoS2/CdS-Te heterostructure (Figure S5b). Similarly,
fitting of the Te energy peaks signifies the existence of Te2−,
suggesting the possible formation of CdTe at the interface.
In addition to the direct synthesis of MCs described above,

the as-prepared CdS-Te was also exploited as a template to
craft other new heterostructures, particularly CdS-Te@Pt,Pd
heterostructures, which are expected to exhibit high catalytic
activity due to the presence of the noble metals Pt and Pd. The
morphology of CdS-Te@Pt,Pd heterostructures shown in
Figure 4a appears essentially identical to that seen for the
CdS-Te heterostructures in Figure 1a, suggesting that the CdS-
Te heterostructures remain intact after their reaction with
H2PtCl6 and PdCl2 for 4 h at 90 °C. In comparison with that
observed in Figure 1b, the surfaces of the Te tube (i.e., the
shish) and the microspheres (i.e., the kebabs) become rougher,
suggesting that new materials have been deposited onto the
CdS-Te heterostructures. The close-up of the area marked with
a red circle in Figure 4b shows that the lattice fringes are no
longer structurally uniform, where a spacing of 0.320 nm was
observed, corresponding to the (011) planes of hexagonal Te
(Figure 4c). The lattice fringe of ca. 0.227 nm for Pt and the
lattice fringe of ca. 0.225 nm for Pd were also observed on the
Te surface, implying that Pt and Pd were successfully loaded
onto the Te tube.
The HRTEM image in Figure 4d, taken from the area

marked with a square in Figure 4b, shows a lattice distance of
0.360 nm, which corresponds to the (100) planes of hexagonal

Figure 2. NiS/CdS-Te sample characterized with (a) SEM, (b) EDX
(the inset shows the STEM-EDX elemental maps), (c) HRTEM (the
inset shows the corresponding SAED pattern), and (d) high-resolution
Ni 2p XPS.

Figure 3. MoS2/CdS-Te sample characterized with (a) SEM, (b)
TEM, (c) HRTEM of the area marked with a square in (b) (the inset
shows the corresponding SAED pattern), and (d) STEM-EDX
elemental mapping, showing the Cd (green), S (yellow), Mo (red),
and Te (turquoise).
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wurtzite-structured CdS. The lattice fringe of ca. 0.227 nm for
Pt and the lattice fringe of ca. 0.225 nm for Pd were also
observed, implying that Pt and Pd were successfully loaded
onto the spheres as well. Clearly, these results suggest that our
synthetic approach can be employed to produce a large number
of CdS-Te composites with a uniform heterostructure. The
EDX spectrum in Figure 4e confirms the presence of Cd, S, Te,
Pt, and Pd. The EDX elemental maps show evenly distributed
Cd (purple), S (yellow), Pt (green), and Pd (red) in the kebabs
and uniformly distributed Te (turquoise) in the nanotube
(Figure 4e inset). According to the peaks in the survey
spectrum in Figure S6a, it is obvious that Cd, S, Te, Pt, and Pd
all exist in the CdS-Te@Pt,Pd heterostructure. In addition, the
high-resolution Pt 4f spectrum in Figure 4f shows that Pt 4f7/2

and Pt 4f5/2 peaks are located at 71.8 and 75.33 eV, respectively,
signifying that H2PtCl6 has been successfully reduced to
metallic Pt.21 As displayed in Figure 4g, the binding energies of
336.93 and 342.16 eV are indicative of metallic Pd,
corresponding to the 3d5/2 and 3d3/2 peaks of Pd0,
respectively.22 Figure S6 presents XPS spectra of the CdS-
Te@Pt,Pd sample and high-resolution XPS spectra of Cd 3d, S
2p, and Te 3d. The ability to detect S by XPS implies that the
thickness of the boundary between the Pt and Pd cores and the
outer edge of the CdS shell is likely no more than 10 nm.
Taken together, the results of SEM, TEM, EDX, XRD, and XPS
measurements collectively substantiate the formation of CdS-
Te@Pt,Pd. The above procedure has also been exploited to
prepare shish-kebab-like CdS-Te@Pt and CdS-Te@Pd hetero-
structures, and the related characterizations are presented in
Figures S7−S12.
Figure 5 presents the diffuse-reflectance UV−vis absorption

spectra of CdS, Te, CdS-Te, NiS/CdS-Te, MoS2/CdS-Te, and

CdS-Te@Pt,Pd heterostructures and a mixture of CdS and Te.
Compared with the pure CdS sample, the CdS-Te@Pt,Pd
heterostructures exhibit the most enhanced light absorption
intensity in the range of 500−1400 nm. The improved light
absorption in the visible region suggests that CdS-Te@Pt,Pd
heterostructures may enable higher light-driven photocatalytic
activity than that of pure CdS nanoparticles for given reactions.

Growth Mechanism of the Shish-Kebab-like Hetero-
structures. We next turned our attention to the formation
mechanism of shish-kebab-like CdS-Te heterostructures by
scrutinizing their intermediate growth process at 6.0, 6.25, 6.5,
6.75, 7.0, and 10.0 min (Figure 6). The structure synthesized
for 6.0 min contained mainly irregular particles (Figure 6a),
which consisted of elemental Te, undissolved CED (i.e., the
precursor of the Cd and S sources), and TDEC (Figures S13
and S14). After reaction for 6.25 min, Te nanotubes with
lengths of 1−2 μm emerged, signifying that Te nanotubes were
formed first in the solution (Figure 6b). Similar to the scenario
seen in the study by Xia and co-workers,17a in the present study
the Te tubes in the synthesized CdS-Te composites have a
cylindrical solid in the middle. Such a morphology suggests that
the concentration depletion mechanism applies to the
formation of the Te tubes. The rapid formation of a large
quantity of elemental Te leads to the formation of many seeds
through homogeneous nucleation. Immediately after the
nucleation, when new Te atoms are produced in the solution,
the circumferential edges of each seed preferentially grow

Figure 4. CdS-Te@Pt,Pd sample characterized with (a) SEM, (b)
TEM, (c, d) HRTEM of the areas marked with (c) the red circle and
(d) the red square in (b) (the insets show the corresponding SAED
patterns), (e) EDX (the inset shows the STEM-EDX elemental maps
for Cd (purple), S (yellow), Pt (green), Pd (red), and Te (turquoise)),
and (f, g) high-resolution XPS for (f) Pt 4f and (g) Pd 3d.

Figure 5. UV−vis absorption spectra of CdS, Te, CdS/Te mixture,
CdS-Te, NiS/CdS-Te, MoS2/CdS-Te, and CdS-Te@Pt,Pd samples.
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because these sites have relatively higher free energies than
other sites on the surface. Once the crystal growth begins, mass
transport to the growing regions leads to undersaturation (or
complete depletion) of Te in the central portion of the growing
faces (i.e., the (001) planes) of each seed, eventually resulting
in the formation of nanotubes possessing well-defined hollow
interiors.
In the present study, the internal structure of these

nanotubes looks like a wedge near the seed (i.e., the center),
implying that nucleation−dissolution−recrystallization might
have taken place as well.17 At 6.5 min (Figure 6c), the Te
nanotubes grew to over 3 μm, accompanied by the emergence
of a few irregular particles on those tubes. EDX analysis of these
irregular particles revealed the chemical composition of CdS.
According to previous reports,23 CdS nanocrystals, especially
nanorods, have preferential (002) crystal growth. We note that
the (001) lattice of the Te crystal and the (002) lattice of the
CdS crystal match well. When the reaction proceeded for 6.75
min (Figure 6d), the irregular particles grown on the Te
nanotubes became spherical. Meanwhile, the Te tube continued
to grow, leading to a scene in which the two CdS beads were
developed in the middle of the tube. With a further increase in
the reaction time to 7.0 min (Figure 6e), spherical CdS was also
developed in the center of Te nanotubes, indicating that the
development of two CdS spheres made the section of Te tube
between the two spheres suitable for CdS nucleation. Finally,
the shish-kebab-like heterostructure was fully developed after
10 min (Figure 6f). On the basis of the above observations, a
possible growth model is proposed in Figure 6g. At the
beginning of the reaction, Te atoms are produced and aggregate
to form Te nanotubes with an axial direction along the (001)
faces. Subsequently, CED is thermally decomposed to form
CdS. The presence of many defects at the two ends of the Te
tube as well as the lattice match between Te and CdS favors

CdS deposition there. In other words, the nucleation of CdS is
preferentially initiated at the two ends of the Te nanotube. As
the reaction progresses, CdS particles grow to become
spherical, which is accompanied by continuous growth of the
Te tube. With a further increase in reaction time, a CdS sphere
is also grown at the center of the Te nanotube, thus leading to
the formation of shish-kebab-like heterostructure.
We also conducted time-dependent experiments to under-

stand the growth process of NiS/CdS-Te and MoS2/CdS-Te
heterostructures. Characterization (see Figures S15 and S16)
indicated that the overall process is the same as for CdS-Te
system, in which Te tubes are formed first, followed by
nucleation of CdS/NiS particles at the free ends of the Te tube.
More time-dependent experiments are required in order to
elucidate the formation mechanism of this interesting shish-
kebab microstructure, especially why most structures contain
exactly three rather than, for example, four beads and why the
CdS did not prevent further growth of the Te NTs.

Photocatalytic Activity. Subsequently, the as-prepared
MCs were employed to catalyze the water splitting
reaction.20,24 In this study, the photocatalytic H2 production
used lactic acid as the sacrificial reagent. Control experiments
indicated that no appreciable H2 production was detected in the
absence of either irradiation or the MC. Figure 7a compares the

photocatalytic H2 production rates of CdS, a mixture of CdS
and Te, CdS-Te heterostructures under illumination at λ ≥ 420
nm. The results indicate that mixture of CdS and Te has the
lowest photocatalytic H2 production activity, likely because Te
alone is not suitable for H2 evolution as a result of its low band-
gap energy. Meanwhile, its presence may physically block CdS
from absorbing light. However, CdS-Te heterostructures show
significantly improved catalytic activity.
Figure 7b compares the photocatalytic H2 production rates of

CdS-Te, NiS/CdS-Te, MoS2/CdS-Te, and CdS-Te@Pt,Pd

Figure 6. (a−f) SEM images of CdS-Te heterostructures prepared at
reaction times of (a) 6 min, (b) 6.25 min, (c) 6.5 min, (d) 6.75 min,
(e) 7.0 min, and (f) 10.0 min. (g) Growth scheme for the shish-kebab-
like CdS-Te heterostructures.

Figure 7. Comparison of the photocatalytic activities of (a) CdS, a
CdS/Te mixture, and CdS-Te heterostructures and (b) CdS-Te, NiS/
CdS-Te, MoS2/CdS-Te, and CdS-Te@Pt,Pd in a lactic acid aqueous
solution under visible-light illumination.
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samples. Their compositions are listed in Table S1 in the
Supporting Information. SEM images of CdS, Te, and
physically mixed CdS/Te are presented in Figure S21. Notably,
the results indicate that the NiS/CdS-Te heterostructure
exhibits photocatalytic activity comparable to that of the CdS-
Te@Pt,Pd heterostructure. The apparent quantum efficiency of
the NiS/CdS-Te catalyst was calculated to be 6.9%. The
photocatalytic activity and stability of NiS/CdS-Te relative to
other CdS-based catalysts are summarized in Table S2. The
overall activity of the NiS/CdS-Te heterostructure appears to
be lower than that of the material prepared by Xu and co-
workers,20 likely as a result of the low specific surface area (21.3
m2/g; see Figure S22). Under visible-light irradiation, the
electrons (e) in the valence band (VB) of CdS are excited to
the conduction band (CB), leaving behind holes (h+) in the
VB. In general, these charge carriers may quickly recombine,
and only a very small fraction of the electrons and holes are
involved in the photocatalytic reaction process.13a,25,26 There-
fore, pure CdS exhibits low photocatalytic activity. However, in
the presence of conductive Te NTs, the separation of
photogenerated electrons and holes is efficiently promoted.
The photogenerated electrons in the CdS are transported on
the surfaces of the Te NTs because of the large work function
of the latter (4.95 eV),27 as illustrated in Scheme 1. As a result,
photocatalytic H2 production is greatly enhanced. Meanwhile,
the holes are mainly consumed by lactic acid to generate CO2.

The additional loading of NiS, MoS2, Pt, and Pd cocatalysts
onto the CdS-Te heterostructure provides more active sites for
the surface reaction, leading to a significant enhancement of the
H2 production (Figure 7 and Figure S23). The underlying
photocatalytic mechanisms of the NiS/CdS-Te catalysts are
schematically illustrated in Figure S24. Here, when p-type NiS
nanoparticles (NPs) are combined with n-type CdS NPs, a
number of p−n junctions form at the interface.28 Because of the
different Fermi levels of p-type NiS and n-type CdS, electrons
in the n-type CdS fill some of the holes in the p-type NiS, as
these holes are available at lower-energy states. This results in
positively charged holes in the n-type CdS and extra negatively
charged electrons in the p-type NiS. As a result, an internal
electric field is formed at equilibrium.28 Driven by this internal
field, the photogenerated holes in the VB of CdS are excited
toward the VB of NiS, and electrons are accelerated from the
CB of NiS into the CB of CdS and then from the CB of CdS
into Te in the NiS/CdS-Te heterostructure. The photo-
generated electron−hole pairs are effectively separated by the
p−n junction, and a high concentration of electrons is thus

obtained on the surface of Te. Therefore, the NiS/CdS-Te
catalysts exhibit better photocatalytic activity for water splitting.
Under illumination, S2− is more susceptible to oxidation than

water, leading to the instability of metal sulfide photocatalysts.
Figure 8 suggests that for the NiS/CdS-Te catalyst there is no

great change in the catalytic activity after 30 h, signifying a
marked improvement in the photostability over the existing
MC catalysts. An SEM image of NiS/CdS-Te after 30 h of
photoreaction (Figure S25) shows that the shape of the NiS/
CdS-Te catalyst was almost intact. The better photostability of
the NiS/CdS-Te heterostructure over existing NiS/CdS
catalysts may be attributed to the presence of Te. On the
other hand, a small quantity of CdTe produced at the interface
of the Te NTs with the CdS spheres would form a CdS/CdTe
solid solution with CdS,29 which should improve the
photostability of CdS as well.

■ CONCLUSIONS

A simple and versatile strategy for crafting CdS-Te and CdS-
Te-based heterostructures was developed. This new synthetic
strategy has a number of unique advantages. First, the
experiments are convenient to perform, and the reaction
conditions are mild. Second, the preparation depends on only
two precursors, which reduces the cost. Finally, a series of CdS-
Te@MxTe (M = transition metal, e.g., Ag, Pb, Cd, Zn, etc.; x =
the number of Te atoms), CdS-Te@M, or CdS-Te@M,N (M
and N refer to different noble metals, e.g., Pt and Pd)
heterostructures can be controllably created by utilizing Te as
the self-sacrificial reagent.
Because of the unique chemical and physical properties of

Te, together with the efficient function of the cocatalyst, the
resulting CdS-Te and CdS-Te-based composites exhibited
enhanced photocatalytic activity and photostability for water
splitting into H2. Moreover, the present obtained products
could be expected to be applied in many other fields, such as
solar cells, photodetectord, and photoelectronic devices.
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Scheme 1. Schematic Illustration of Charge Separation and
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Figure 8. Recyclability of the NiS/CdS-Te catalyst in the H2 evolution
reaction. The photocatalytic H2 evolution over NiS/CdS-Te was
continued for 36 h with evacuation every 6 h (dotted vertical lines).
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