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ABSTRACT: Development of various strategies for controllable fabrication of core−
shell nanocomposites (CSNs) with highly active photocatalytic performance has been
attracting ever-increasing research attention. In particular, control of the ultrathin
layer TiO2 shell in constructing CSNs in an aqueous phase is a significant but
technologically challenging issue. Here, this paper demonstrates the interface
assembly synthesis of CdS nanospheres@TiO2 core−shell photocatalyst via the
electrostatic interaction of negatively charged water-stable titania precursor with
positively charged CdS nanospheres (CdS NSPs), followed by the formation of the
ultrathin-layer TiO2 shell through a facile refluxing process in aqueous phase. The as-
formed CdS NSPs@TiO2 core−shell nanohybrid exhibits a high visible-light-driven
photoactivity for selective transformation and reduction of heavy metal ions. The
ultrathin TiO2 layer coated on CdS NSPs results in excellent light transmission
property, enhanced adsorption capacity, and improved transfer of charge carriers and
lifespan of photoinduced electron−hole pairs, which would prominently contribute to the significant photoactivity enhancement.
It is anticipated that this facile aqueous-phase synthesis strategy could be extended to design a variety of more efficient CSN
photocatalysts with controllable morphology toward target applications in diverse photoredox processes.
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■ INTRODUCTION

The eternal pursuit for sustainable energy and a pollutant-free
environment keeps moving. In this context, photocatalysis is a
promising and significant process for energy storage and
conversion to chemical energy.1 It is of great interest and
importance to efficiently design and exploit photocatalysts that
can operate well under solar light for practical application in
environmental and clean energy areas.2−9 Recently, core−shell
nanocomposite (CSN) photocatalysts have drawn great interest
due to their unique properties and promising potential for
energy conversion.10 Roughly speaking, there are five kinds of
CSNs that have been prepared so far, i.e., semiconductor@
semiconductor, metal@semiconductor, metal@metal, CNT@
semiconductor, and metal or semiconductor core@inactive
shell (C, SiO2, polyaniline).

10−13 Hitherto, CSN photocatalysts
are primarily utilized for “nonselective” degradation of dyes and
volatile toxic pollutants, overall photolysis of water, and
independent hydrogen evolution.12−24 Although some pioneer-
ing research works about selective photocatalytic aerobic
oxidation of alcohols by TiO2 photocatalysts have been
reported by Palmisano’s group25,26 and Zhao’s group,27,28

research works on utilizing CSN photocatalysts for “selective”
redox reactions are relatively scarce.10 In recent years, synthesis
of the noble metal@semiconductor CSNs (e.g., Pt@CeO2,
Pd@CeO2, Pd@CdS, Pd@hollow CeO2) as visible-light
photocatalysts for selective reduction of aromatic nitro

compounds and selective oxidation of a series of alcohols has
been reported by our group.29−32 In addition, Tsai et al.33 have
reported the use of core−shell Ni@NiO/InTaO4−N nano-
hybrid for photocatalytic reduction of carbon dioxide. As
faithfully testified by these research works, CSN photocatalysts
have immense potential for heterogeneous photocatalytic
selective redox processes. However, it should be noted that
the application of semiconductor core@semiconductor shell
composites in photocatalytic selective redox reactions has still
been relatively scarce. In view of the fact that core−shell
architectures could offer a great opportunity for tuning the
interaction among the different components in ways that might
improve catalytic activity or structural stability,34 it is reasonable
to believe that coating semiconductor substrate with other
semiconductor particles to form semiconductor core@semi-
conductor shell CSNs with controllable structural morphology
might provide greater versatility in performing selective
photoredox processes.
However, rational selection of semiconductor precursors in

fabricating ultrathin semiconductor shell to form CSNs with
uniform morphology always represents a technologically
challenging issue. This is particularly prominent for the case
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of controllable shell coating of semiconductor TiO2 for the
fabrication of semiconductor@TiO2 CSNs in an aqueous phase.
The reason is that the precursors of TiO2 shell are often
titanium alkoxides or titanium chloride with a very rapid
hydrolysis rate and even hydrolyze instantly when exposed to
moisture, often leading to uncontrollable precipitation of TiO2
in aqueous solution and aggregation of the coated TiO2
particles.35−40 The drawback of these titania precursors
provides a challenge for achieving the ultrathin TiO2 shell
coating in the synthesis of semiconductor core@TiO2 shell
nanocomposites in an aqueous phase. To address this problem,
the previous attention has been paid to slowing down the
hydrolyzation speed of these titania precursors via the addition
of assistant reagents (e.g., the surfactant, polymer, or
polyelectrolyte) or controlling the dropping rate of water in
the synthetic process.16,35−38 However, these synthetic routes,
which often demand relatively complex experimental proce-
dures, are performed in organic or mixed phase and are difficult
to scale up for practical applications. Furthermore, as compared
to preparation in organic or mixed phase, controllable synthesis
of nanomaterials in aqueous phase is provided with many
advantages, e.g., environmental friendliness, biocompatibility,
water solubility, and low cost.41 Thereby, it is highly urgent to
exploit a new and simple strategy for fabricating TiO2-based
CSNs in an aqueous phase.
As a significant member of semiconductor@semiconductor

CSNs, the CdS@TiO2 CSN photocatalysts with a controllable,
ultrathin layer thickness of TiO2 shell and high photoactivity for
selective redox reactions have been seldom reported. With
regard to the case of CdS@TiO2 CSNs, the presence of
ultrathin TiO2 shell can improve the light transmission capacity
and less reflectance of visible light would be realized. However,
how to obtain the ultrathin-layer TiO2 shell of TiO2-based
CSNs is often technologically difficult in an aqueous phase.
Recently, Lou and his co-workers have reported that the thin
carbon coating on CdS could improve visible-light photo-
activity toward degradation of dyes.42 It is therefore of interest
to develop suitable surface engineering methods to design
efficient core−shell photocatalysts. In this regard, coating CdS
with an ultrathin layer of TiO2 shell may be an effective method
to improve both the light transmission capacity and photo-
catalytic performance. Importantly, in view of the matchable
energy band position between TiO2 and CdS, the shell of TiO2
nanoparticles coated onto the CdS core matrix might result in
efficient photoinduced charge carriers transfer, which is
distinctly different from the carbon coating onto CdS.42

Toward this end, we herein demonstrate a new, simple, and
viable strategy for fabrication of semiconductor CdS nano-
spheres@semiconductor TiO2 core−shell nanocomposite
(CSN) via an interface self-assembly process and its utilization
as a highly efficient visible-light photocatalyst for selective
organic transformations and environmental remediation. The
use of titanium(IV) bis(ammonium lactato)dihydroxide
(TALH), a water-stable titania precursor, can realize an easy
control of ultrathin layer coating of TiO2 shell onto the CdS
core. Dressing the CdS core with such an ultrathin TiO2 layer
can efficiently improve the lifespan and transfer of photo-
induced electrons from CdS core to the surface of TiO2 shell,
thereby leading to the high photocatalytic efficiency for
photoredox reactions over CdS nanospheres@TiO2 CSNs.
Thus, this work not only shows a simple ultrathin layer coating
strategy for controllable aqueous phase synthesis of highly
efficient CdS NSPs@TiO2 CSN with improved photoactivity

but also highlights the prospective scope to develop the
potential applications of CSNs in photocatalytic selective
transformation for fine chemicals synthesis and reduction of
heavy metal ions for environmental remediation.

■ EXPERIMENTAL SECTION
Materials. Thiourea (NH2CSNH2), cadmium acetate dihydrate

(Cd(CH3COO)2·2H2O), ethanol (C2H6O), (3-aminopropyl) trie-
thoxysilane (C9H23NO3Si, APTES), ammonium oxalate, AgNO3,
benzoquinone, and tert-butyl alcohol were purchased from Sinopharm
Chemical Reagent Co., Ltd. Additionally, titanium(IV) bis(ammonium
lactato)dihydroxide was obtained from Alfa Aesar. Deionized water
was from local sources. All reagents were analytical grade and used
without further purification.

Synthesis. The CdS NSPs@TiO2 CSN photocatalyst has been
prepared by a simple yet efficient interface self-assembly method,
followed by the formation of TiO2 shell through a facile refluxing
process.

(I) Synthesis of CdS Nanospheres (CdS NSPs). Uniform CdS NSPs
were fabricated via a simple hydrothermal method,43,44 as illustrated in
Scheme S1 (Supporting Information). The details for preparing CdS
NSPs are presented in the Supporting Information.

(II) Fabrication of CdS NSPs@TiO2 CSN by the Interface Assembly
of TiO2 Nanoparticles on the Surface of CdS NSPs. Amine-
functionalized CdS NSPs were prepared via a facile refluxing method44

and presented for the following reaction. Negatively charged
titanium(IV) bis(ammonium lactato)dihydroxide (TALH) 50% w/w
aqueous solution (0.4 g) was added into positively charged CdS NSP
(0.15 g) dispersion. After being vigorously stirred at pH = 6 for 30
min, the mixed suspension was refluxed at 100 °C for 24 h, which
allowed the formation of TiO2 shell. The solution was then cooled to
room temperature. Finally, the yellow precipitate was centrifuged and
washed with distilled water and then dried in an oven at 60 °C.

Characterization. The Fourier transformed infrared spectroscopy
(FTIR) was carried out on a Nicolet Nexus 670 FTIR spectropho-
tometer at a resolution of 4 cm−1. Zeta potential (ξ) measurements of
the samples were performed by dynamic light scattering analysis (Zeta
sizer 3000HSA) at room temperature (ca. 25 °C) according to the
previous works.44,45 The crystal phase properties of the samples were
analyzed with a Bruker D8 Advance X-ray diffractometer (XRD) using
Ni-filtered Cu Kα radiation at 40 kV and 40 mA in the 2θ, ranging
from 5° to 80° with a scan rate of 0.02° per second. Field-emission
scanning electron microscopy (FESEM) was used to determine the
morphology of the samples on a FEI Nova NANOSEM 230
spectrophotometer. Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM) images, and
energy-dispersive X-ray spectroscopy (EDX) were obtained using a
JEOL model JEM 2010 EX instrument at an accelerating voltage of
200 kV. X-ray photoelectron spectroscopy (XPS) measurements were
carried out on a Thermo Scientific ESCA Lab250 spectrometer which
consists of a monochromatic Al Kα as the X-ray source, a
hemispherical analyzer, and sample stage with multiaxial adjustability
to obtain the surface composition of the sample. The optical properties
of the samples were analyzed by UV−vis diffuse reflectance
spectroscopy (DRS) using a UV−vis spectrophotometer (Cary 500,
Varian Co.). Raman spectroscopic measurements were performed on a
Renishaw inVia Raman System 1000 with a 532 nm Nd:YAG
excitation source at room temperature. The Brunauer−Emmett−
Teller (BET) specific surface area (SBET) of the samples was analyzed
by nitrogen adsorption in a Micromeritics ASAP 2020 apparatus. The
electrochemical impedance spectroscopy (EIS) experiments were
conducted on a Precision PARC workstation. The photoluminescence
(PL) spectra for solid samples were measured on an Edinburgh FL/
FS900 spectrophotometer under an excitation wavelength at 468 nm.
Electron spin resonance (ESR) spectra were investigated using a
Bruker A300 EPR electron paramagnetic resonance spectrometer, and
the irradiation wavelength was >420 nm, the same light source as that
for the photocatalytic redox reactions.
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Catalyst Performance. Photocatalytic selective oxidation of
alcohols to corresponding aldehydes was carried out as in previous
research works.27−31,46−49 The tests of photocatalytic performance for
selective oxidation of alcohols are presented in the Appendix of the
Supporting Information. Controlled photoactivity experiments using

different radical scavengers (ammonium oxalate as photogenerated
holes scavenger,46,47,50 AgNO3 as electrons scavenger,46,47,51 benzo-
quinone as superoxide radical species scavenger,52,53 and tert-butyl
alcohol as hydroxyl radical species scavenger46,47) were performed
according to the previous research works.46,47 Conversion of alcohol,

Scheme 1. Scheme Illustrating Interface Assembly Synthesis of CdS Nanospheres@TiO2 CSN

Figure 1. SEM images of (A) bare CdS NSPs and (B) CdS NSPs@TiO2 CSN (the insets of A and B are the corresponding model illustrations).
(C−E) TEM images and (F,G) HRTEM images of CdS NSPs@TiO2 CSN.
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yield of aldehyde, and selectivity for aldehyde were calculated as the
follows:

= − ×C C Cconversion (%) [( )/ ] 1000 alcohol 0

= ×C Cyield (%) / 100aldehyde 0

= − ×C C Cselectivity (%) [ /( )] 100aldehyde 0 alcohol

where Calcohol and Caldehyde are, respectively, the concentration of the
substrate alcohol and the corresponding aldehyde at a certain time
after the photocatalytic reaction, and C0 is the initial concentration of
alcohol.
As to photocatalytic reduction of Cr(VI) to Cr(III), the

photoactivity was performed in light of previous research works.54

The tests of photocatalytic performance for reduction of Cr(VI) are
also presented in the Appendix of the Supporting Information.

■ RESULTS AND DISCUSSION
A schematic diagram of the interface self-assembly formation of
CdS NSPs@TiO2 CSN is illustrated in Scheme 1. In the first
stage, the CdS NSPs prepared by a facile hydrothermal
method43,44 are refluxed in ethanol with the addition of (3-
aminopropyl)triethoxysilane (APTES). The positively charged
CdS NSPs are obtained by the modification of APTES,
endowing the surface of CdS full of amine functional groups.
This is precisely corroborated by the FTIR spectra (Figure S1,
Supporting Information) and Zeta potential analysis (Figure
S2A, Supporting Information). Following removal of the excess
APTES after centrifugation and ethanol washing of the
particles, the amine-functionalized CdS NSPs are exposed to
an aqueous solution to get homogeneous suspension by
ultrasonication. Then, TALH, a chelating compound provided
with the carboxyl groups,39,55−58 is added to the suspension.
The adsorption of negative charged TALH (Figure S2B,
Supporting Information) on the surface of amine-functionalized
CdS NSPs would occur, which could establish a solid and valid
basis for such an interface self-assembly strategy. Subsequently,
refluxing of the TALH-coated CdS NSPs particles results in the
formation of three-dimensional (3D) CdS NSPs@TiO2 CSN.
The success of this method for forming the CdS NSPs@TiO2
core−shell hybrid relies on the utilization of water-stable TALH
that can be assembled with APTES. While titanium alkoxides or
titanium chloride hydrolyze rapidly in the existence of water,
TALH is stable at ambient temperature in neutral solu-
tion.39,55,58 Significant hydrolysis and condensation reactions
could be effectively suppressed via using TALH as titania
precursor, which can further prevent precipitation of TiO2 in
aqueous solution and possible aggregation of the coated TiO2
particles. Therefore, TALH is an ideal candidate for use in
controllable interface engineering as it can be deposited and
hydrolyzed in a uniform way. Furthermore, as compared to
preparation using titanium alkoxides in organic or mixed phase,
controllable synthesis of TiO2-based CSNs via using TALH in
aqueous phase possesses several merits, e.g., environmental
friendliness, biocompatibility, water solubility, and low cost.41

More importantly, it is conceivable that such an interface
assembly method by using TALH holds significant potential to
construct TiO2-based core−shell photocatalysts in aqueous
phase for photocatalytic target reactions.
The field-emission scanning electron microscopy has been

utilized to directly analyze the morphology of the CdS NSP@
TiO2 CSN. From the comparison of Figure 1A,B, we could
clearly observe that nanosized TiO2 particles are uniformly
decorated on the CdS NSPs substrate, suggesting that the

core−shell structure with close interfacial contact between two
components is constructed. The morphology and structure of
these particles are further elucidated by transmission electron
microscopy (TEM), as shown in Figure 1C−E. An ultrathin
TiO2 layer enwrapped in the CdS NSPs strongly confirms the
formation of core−shell architecture, which is well consistent
with the SEM results. Figure 1F,G displays the high-resolution
TEM (HRTEM) images of CdS NSPs@TiO2 CSN. The
identified lattice spacings of 0.352 and 0.316 nm in HRTEM
images correspond to the (101) facet of TiO2 and (101) facet
of CdS, respectively. Moreover, the energy-dispersive X-ray
analysis (Figure 2A,B) on the selected interfacial area between

the TiO2 shell and CdS core demonstrates clearly that the CdS
NSPs@TiO2 CSN composites contain Ti, O, Cd, and S
elements. To further corroborate the formation of CdS NSPs@
TiO2 core−shell structure, the elemental mapping has also been
carried out to disclose the element distribution in the CdS
NSPs@TiO2 spheres, as shown in Figure 2C−G. The results
elucidate that the Ti, O, Cd, and S elements exist in the
composite and the distribution range of TiO2 is slightly larger
than that of CdS located in the inner center of the spheres,
which confirms the ultrathin-layer TiO2 nanocoating onto the
CdS core for the CdS NSPs core@TiO2 shell structure
nanocomposites and is well consistent with the TEM and
HRTEM analysis in Figure 1.
As confirmed by the above SEM, TEM, and elemental

mapping results, interfacial engineering of CdS NSPs@TiO2
CSN can be achieved by such a simple assembly approach,
which offers a doable way for coating semiconductor
nanoparticles with a thin-layer TiO2 shell. To further
demonstrate the superiority and efficiency of this facile strategy,
a set of comparative experiments has been performed using
CdS NSPs without any pretreatment of amine-functionalized
CdS NSPs, as depicted in Figure 3. In Route (I), the amine-
functionalized CdS NSPs can be readily assembled with TALH;
then after refluxing, the core−shell architecture with uniform
TiO2 shell coating is obtained. Nevertheless, the CdS NSPs in
Route (II) go through no pretreatment and fail to interact well
with TALH, thus resulting in few scattered TiO2 nanoparticles
decorated with CdS NSPs after refluxing. Thus, it is clear that
our current, rational interface self-assembly strategy has a

Figure 2. (A) Typical TEM image, (B) the EDX spectrum for selected
interfacial area between the ultrathin TiO2 shell and CdS core in CdS
NSPs@TiO2 CSN, (C) the high angle annular dark field-scanning
transmission electron microscopy image and mapping results of the
elements (D) Ti, (E) O, (F) Cd, and (G) S.
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prominent advantage in a controllable manner, thereby leading
to the formation of TiO2-based CSNs with a uniform
morphology and thin layer shell coating.
The XRD diffraction peaks (Figure 4A) of the CdS NSPs and

CdS NSPs@TiO2 CSN are all in accordance with a hexagonal
CdS phase (JCPDS #41-1049). The characteristic diffraction
peaks for TiO2 could not be seen from the pattern due to its
relatively low diffraction intensity. Besides, the (100) peak of
hexagonal CdS might also overlap with the primary character-
istic peak of TiO2 at approximately 25.4°. Nevertheless, the
presence of TiO2 can be verified by the Raman analysis. As
depicted in Figure 4B, the characteristic Raman mode of the
TiO2 nanoparticles coated on CdS NSPs can be readily
identified as compared to the pure CdS NSPs. The results
demonstrate that the formation of an anatase TiO2 is evident
from the low frequency anatase Eg mode (ca. 146 cm−1) with
low intensity,59 manifesting that the TiO2 with poor

crystallization can be achieved through refluxing treatment at
100 °C. In addition, the resonantly excited longitudinal optical
(LO) phonon of CdS NSPs locates at ca. 300 cm−1, and
resonant excitations located at 604 and ca. 900 cm−1

correspond to the first (2 LO) and second (3 LO) overtones
of the CdS NSPs, respectively.60,61

Further evidence for ultrathin TiO2 layer coated-CdS NSPs
could come from the XPS analysis. Obvious photoelectron
peaks of Ti, O, Cd, and S elements are observed in the XPS
survey spectra (Figure S3, Supporting Information) for the
surface of CdS NSPs@TiO2 CSN. It can be observed from
Figure 5A that two typical peaks of Ti 2p located at
approximately 459.2 and 464.8 eV correspond to the Ti 2p3/2
and Ti 2p1/2 binding energies,

62−64 respectively. The O 1s peak
in Figure 5B could be further divided into two different peaks
with binding energy at ca. 530.7 and 532.2 eV, which could be
ascribed to the Ti−O in TiO2 and hydroxyl groups,

Figure 3. Synthetic flowchart for (I) interface assembly synthesis of CdS NSPs@TiO2 core−shell nanohybrid and (II) direct synthesis of CdS
NSPs−TiO2 nanocomposite without pretreatment of CdS NSPs by APTES.

Figure 4. (A) XRD patterns and (B) Raman spectra (532 nm laser excitation wavelength) at room temperature of bare CdS NSPs and CdS NSPs@
TiO2 CSN.
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respectively.63,64 The spectra of Cd 3d in Figure 5C show two
different peaks Cd 3d5/2 and Cd 3d3/2 with binding energies
405.5 and 412.2 eV, respectively.62 The S 2p spectrum in
Figure 5D includes two individual peaks S 2p3/2 and S 2p1/2
with respective binding energies 161.6 and 162.8 eV, indicating
that the valence state of element S is −2.31,65 As known to all,
the elements for core in the CSNs can not generally be
analyzed by the XPS surface analysis (its detection depth is
usually <10 nm) unless the thickness of shell is thin enough.
Herein, the Cd and S elements of CdS core can be observed by
XPS, which is clearly due to the ultrathin TiO2 shell
nanocoating in good accordance with the TEM results.
For investigating the optical properties of the photocatalysts,

a comparison of the UV−vis diffuse reflectance spectra over
CdS NSPs and CdS NSPs@TiO2 CSN is depicted in Figure 6.
An enhanced absorbance in the ultraviolet region can be
observed after incorporation of CdS NSPs with TiO2, thus
allowing more efficient utilization of the solar energy for
trigging chemical redox reactions. This is understandable
because TiO2 by itself has strong UV light absorption. It
could be deduced from the joint SEM and TEM analysis that
most of the visible light could transmit through the ultrathin
TiO2 shell, thus leading to no evident decrease in the
absorption capacity of visible light over CdS NSPs@TiO2
CSN despite TiO2 having no visible-light absorption. In
addition, slight variation in the band gap is observed from
the inset of Figure 6. More specifically, the band gap over CdS
NSPs@TiO2 CSN is approximately 2.29 eV, which is narrowed
slightly in comparison with that of pure CdS nanospheres at
2.31 eV. The results indicate that both CdS nanopheres and
CdS nanospheres@TiO2 CSN can be photoinduced under the

illumination of visible light, by which photocatalytic redox
reactions can be driven.
The photocatalytic performance of CdS NSPs and CdS

NSP@TiO2 CSN toward selective redox reactions, i.e.,
photocatalytic oxidation of alcohols and reduction of Cr(VI),
has been investigated under visible-light illumination. It can be
observed obviously, from Figures 7 and 8 and Table S1
(Supporting Information), that CdS NSPs@TiO2 CSN
demonstrates significantly improved photocatalytic perform-
ance in comparison with blank CdS NSPs for selective redox
reactions. Therefore, we can draw the conclusion that coating
CdS NSPs with an ultrathin TiO2 layer could lead to the

Figure 5. XPS analysis of the as-obtained CdS NSPs@TiO2 CSN: the peak deconvolution for (A) Ti 2p, (B) O 1s, (C) Cd 3d, and (D) S 2p.

Figure 6. UV−vis diffuse reflectance spectra of the as prepared CdS
NSPs and CdS NSPs@TiO2 CSN (the inset is the plot of transformed
Kubelka−Munk function vs the energy of light).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4043068 | ACS Appl. Mater. Interfaces 2013, 5, 13353−1336313358



obvious photoactivity enhancement toward selective redox
reactions. The results indicate that the effective interfacial
hybridization between CdS NSPs and TiO2 contributes to the
remarkably enhanced photoactivity, thus making CdS NSPs@
TiO2 CSN be an efficient photocatalyst for selective redox
reactions.
The aim of investigating the reasons for obvious photo-

activity enhancement toward selective redox reactions over the
photocatalysts, the surface area measurement, photolumines-
cence (PL) spectra, and electrochemical impedance spectra
(EIS) has been performed. The Brunauer−Emmett−Teller
(BET) surface areas and porous structures over CdS NSPs@
TiO2 CSN and pure CdS NSPs have been investigated using
nitrogen adsorption−desorption experiments (Table S2,
Supporting Information). The results indicate that ultrathin
TiO2 nanocoating onto CdS NSPs results in a larger surface
area than that of bare CdS NSPs. The photoactivity
enhancement of photocatalysts is often related to a larger
specific surface area, which could provide more surface active
sites, resulting in enhanced adsorptivity for reactants and
improved transfer of charge carriers.66,67 Therefore, coating
TiO2 on the matrix of CdS NSPs might play an important role
in improving the photoactivity. In addition, the difference in the
adsorptivity toward reactants can be confirmed by the

adsorption experiments for benzyl alcohol and Cr(VI). It can
be concluded from Figure 9 that the existence of TiO2
nanocoating could enhance the adsorptivity toward reactants,
which might contribute to the actions of selective redox
processes.
It is well established that CdS and TiO2 are provided with

matchable energy band position, together with intimate
interfacial contact confirmed by our TEM results, which is
able to result in the efficient charge carriers transfer. This
reference is verified by the PL spectra and electrochemical
impedance spectra. It can be evidently observed from Figure S4
(Supporting Information) that the obviously lower emission
intensity over CdS NSP@TiO2 than pure CdS NSPs represents
an effective interfacial charge-transfer process, which could be
primarily ascribed to the efficient transfer of electrons from the
conduction band (CB) of CdS NSPs to the CB of TiO2.
Moreover, it can be obviously seen from Nyquist impedance
plots (Figure S5, Supporting Information) that the CdS NSP@
TiO2 CSN shows depressed semicircles at high frequencies as
compared to blank CdS nanospheres, suggesting that the
charge-transfer resistance decreases.68,69 Therefore, a consensus
is reached that the integration of CdS NSPs with TiO2 could
improve the transfer of charge carriers, thereby efficiently
hampering the recombination of electron−hole pairs.
A sequence of controlled experiments using different radical

scavengers has been carried out in order to deeply understand
the role of photogenerated radical species in the photocatalytic
oxidation of alcohols over the photocatalysts. The results of
adding different radical scavengers over CdS NSPs and CdS
NSPs@TiO2 reaction systems under the illumination of visible
light are shown in Figure 11. When the radical scavengers,
ammonium oxalate (AO) for holes,46,47,50 AgNO3 for
electrons46,47,51 and benzoquinone (BQ) for superoxide
radicals (O2

•−)52,53 are added into the two reaction systems,
the conversion of benzyl alcohol and the yield of benzaldehyde
remarkably decrease, manifesting that the selective oxidation of
benzyl alcohol is mainly related to photoinduced holes,
electrons (the activation of molecular oxygen to form active
oxygen species, e.g., O2

•−), and O2
•−. In particular, the presence

of O2
•− has been confirmed by the electron spin resonance

(ESR) spectra. As shown in Figure 10, six characteristic peaks
of the DMPO-O2

•− adducts are both observed on CdS NSPs@
TiO2 CSN and CdS NSPs suspensions in the BTF solution
under visible-light irradiation. In contrast, no obvious signals

Figure 7. Photocatalytic selective oxidation of alcohols to correspond-
ing aldehydes over the CdS NSPs and CdS NSPs@TiO2 CSN
photocatalysts under visible-light irradiation (λ > 420 nm) for 2h
under ambient conditions: (A) p-chloro benzyl alcohol, (B) p-methyl
benzyl alcohol, (C) p-methoxyl benzyl alcohol, (D) p-fluoro benzyl
alcohol, (E) benzyl alcohol, and (F) 3-methyl-2-buten-1-ol.

Figure 8. (A) Photocatalytic reduction of Cr(VI) and (B) results of time-online profiles of photocatalytic selective oxidation of benzyl alcohol over
pure CdS NSPs and CdS NSPs@TiO2 CSN under the visible-light illumination (λ > 420 nm).
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are detected in the dark. The results elucidate that O2
•− is

generated in the reaction systems over CdS NSPs@TiO2 CSN
and CdS NSPs under visible-light illumination. During the
oxidation reaction, it is worth noting that the photogenerated
holes in the CdS NSPs@TiO2 system can also contribute to
selective oxidation of benzyl alcohol, which can be due to the
ultrathin TiO2 shell enhancing the adsorption for alcohols and
not suppressing the contact of the alcohols with the holes from

CdS core, thus making the holes take part in oxidation of
alcohols. Moreover, the photocatalytic conversion and yield
over CdS NSPs@TiO2 CSN are almost unaffected by the
addition of tert-butyl alcohol (TBA) as scavenger for hydroxyl
radical species,46,47 which is similar to the observation over
blank CdS NSPs, as reflected in Figure 11. This is consistent
with the inexistence of hydroxyl radicals in the BTF solvent
reported by the previous works.28,48,70

Figure 13 illustrates a tentative reaction mechanism proposed
according to the above results. Under the illumination of visible
light, the electrons (e−) are photoexcited from the valence band
of CdS NSPs to its conduction band, thus forming the
electron−hole pairs. Subsequently, the photogenerated elec-
trons could transfer to the conduction band of TiO2 due to
their matchable energy band position and intimate interfacial
contact, thus resulting in the improved fate of photogenerated
electron−hole pairs. As illustrated in Figure 12, the efficient
two-level charge transfer from CdS to TiO2 is formed under the
illumination of visible light for photocatalytic reactions. With
regard to the oxidation reaction, the photogenerated electrons
can be accepted by molecular oxygen in the reaction system to
form activated oxygen, e.g., O2

•−. The as-formed activated
oxygen can oxidize the alcohols adsorbed on the surface of 3D
CdS NSPs@TiO2 CSNs to generate the corresponding
aldehydes. Furthermore, on account of the ultrathin TiO2
shell, the alcohols can also come into contact with the holes
from CdS NSPs and be directly oxidized, which has been
verified by the controlled experiments. As to the reduction
process, the photogenerated electron across the surface of

Figure 9. Column plots showing the remaining (A) benzyl alcohol and (B) Cr(VI) in solution after being kept in the dark for 2 h until adsorption
equilibrium of the reactants solution over pure CdS nanospheres and CdS nanospheres@TiO2 CSN.

Figure 10. ESR spectra of radical adducts trapped by DMPO (DMPO-
O2

•−) over CdS NSPs@TiO2 CSN and CdS NSPs suspensions with or
without the illumination of visible light.

Figure 11. Controlled experiments using different radical scavengers for photocatalytic selective oxidation of benzyl alcohol over (A) CdS NSPs and
(B) CdS NSPs@TiO2 CSN under the illumination of visible light for 2 h.
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photocatalysts could directly reduce the adsorbed Cr(VI) to
Cr(III).
On the basis of the above discussions, it is necessary to make

a scientific summary for the main effect of the thin TiO2 layer
coated on the CdS NSPs substrate in the CdS NSPs@TiO2

CSN with remarkable photocatalytic performance enhance-
ment. (I) The light transmission property of visible light can be
optimized in the presence of the ultrathin TiO2 layer
nanocoating, by which more absorbance and less reflectance
of visible light are achieved. (II) On account of the TiO2

nanocoating, the resulted enhancement of surface area greatly

enlarges the reaction space, thereby providing a sufficient
opportunity of spatial contact between photocatalytic active
species and reactants (alcohols and Cr(VI)). Moreover, the
TiO2 nanocoating onto CdS NSPs can also enhance the
adsorption capacity of reactants. (III) The thin TiO2 layer
enwrapping CdS NSPs could efficiently accept the electrons to
boost the separation of the photogenerated electron−hole
pairs, thus effectively prolonging the fate of the charge carriers.
To sum up, the above synthetic factors could give rise to the
remarkably enhanced photoactivity of CdS nanospheres@TiO2

CSN in comparison with pure CdS nanospheres.

Figure 12. Scheme illustrating the transfer of charge carriers in CdS nanospheres@TiO2 CSN under the visible-light illumination (λ > 420 nm).

Figure 13. Scheme illustrating the proposed reaction mechanism for photocatalytic selective oxidation of a series of alcohols and reduction of Cr(VI)
over the CdS nanospheres@TiO2 CSN under the visible-light illumination.
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■ CONCLUSION
In summary, the rational engineering of CdS NSPs coated by
the ultrathin TiO2 layer with a core−shell structure has been
realized via a facile interfacial self-assembly strategy, by which
we for the first time use TALH to fabricate such a core−shell
photocatalyst with a finely controllable uniform morphology
and ultrathin-layer TiO2 coating toward selective redox
reactions. The TiO2 nanocoating serves multiple functions,
including tuning the light transmission capacity, enhancing
adsorption capacity of reactants, and facilitating the separation
of photogenerated charge carriers. As a result, the as-
synthesized CdS NSPs@TiO2 CSN, formed by the thin-layer
TiO2 nanoparticles encircling the CdS NSPs matrix, demon-
strates excellent photocatalytic performance for selective redox
reactions under visible-light irradiation. The simple design for
encapsulating CdS NSPs core into the thin-layer TiO2 shell
could give rise to efficient two-level charge transfer and
remarkable photoactivity enhancement during photocatalytic
reactions. Hopefully, this work would inspire us to effectively
utilize such a facile yet efficient interface assembly method to
fabricate TiO2-based CSNs by using TALH in aqueous phase
and, more significantly, provide new advances into efficient
design and utilization of CSNs as visible-light photocatalysts for
a wide variety of selective transformations and environmental
remediation.
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