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ABSTRACT: One-dimensional (1D) CdS@TiO, core—shell nanocomposites
(CSNs) have been successfully synthesized via a two-step solvothermal method.
The structure and properties of 1D CdS@TiO, core—shell nanocomposites (CdS@
TiO, CSNs) have been characterized by a series of techniques, including X-ray
diffraction (XRD), ultraviolet—visible-light (UV-vis) diffuse reflectance spectra
(DRS), field-emission scanning electron microscopy (FESEM), photoluminescence
spectra (PL), and electron spin resonance (ESR) spectroscopy. The results
demonstrate that 1D core—shell structure is formed by coating TiO, onto the
substrate of CdS nanowires (NWs). The visible-light-driven photocatalytic activities
of the as-prepared 1D CdS@TiO, CSNs are evaluated by selective oxidation of
alcohols to aldehydes under mild conditions. Compared to bare CdS NWs, an
obvious enhancement of both conversion and yield is achieved over 1D CdS@TiO,
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CSNs, which is ascribed to the prolonged lifetime of photogenerated charge carriers over 1D CdS@TiO, CSNs under visible-
light irradiation. Furthermore, it is disclosed that the photogenerated holes from CdS core can be stuck by the TiO, shell, as
evidenced by controlled radical scavenger experiments and efficiently selective reduction of heavy-metal ions, Cr(VI), over 1D
CdS@TiO, CSNs, which consequently leads to the fact that the reaction mechanism of photocatalytic oxidation of alcohols over
1D CdS@TiO, CSNs is apparently different from that over 1D CdS NWs under visible-light irradiation. It is hoped that our
work could not only offer useful information on the fabrication of various specific 1D core—shell nanostructures, but also open a
new doorway of such 1D core—shell semiconductors as visible-light photocatalysts in the promising field of selective

transformations.
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1. INTRODUCTION

Core—shell nanocomposites (CSNs), including multiphase
semiconductors, metal—semiconductors, and metal—metal
nanocomposites, have been the subject of extensive research,
because of their tunable surface properties, enhanced optical,
electronic, catalytic properties, and their potential applications
in many areas such as microelectronics, optoelectronics, optical
devices, and catalysis in the past decades.'™"® Compared to the
single-component counterparts, CSNs exhibit improved phys-
ical and chemical properties, thus providing a new way to tailor
the properties of the nanomaterials.'”” For example, semi-
conductor—semiconductor CSNs with matchable band struc-
tures and metal—semiconductor CSNs are of particular interest
to photocatalytic applications.”~"'*">* As a member of core—
shell structural nanocomposites family, one-dimensional (1D)
core—shell nanocomposites that are utilized as photocatalysts
have received a great deal of research interest, because of their
unique structural and electronic properties in recent years.24_26
In contrast to nanoparticles or bulk materials, 1D structural
CSNs have unique advantages as potential photocatalysts.””~>°
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First, the 1D geometry leads to a fast and long-distance electron
transport. Second, the light absorption and scattering can be
obviously enhanced because of the high length-to-diameter
ratio of the 1D structure. Third, 1D structures are expected to
have larger specific surface area and pore volume, compared to
the particle counterparts. Thus, the 1D CSNs combined the
core—shell structure with 1D structure are expected to be
worthy of intriguing exploration. Furthermore, the photo-
catalytic applications for the 1D CSNs often involve “non-
selective” degradation of pollutants or water splitting,*>>%' =33
However, the application of CSNs in the field of photocatalytic
selective transformation still remains very limited."

In recent years, a great deal of attention has been devoted to
utilization of photocatalytic processes for oxofunctionalization
of hydrocarbons, namely, selective organic transformations
under ambient conditions because of its environmental
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Figure 1. Schematic flowchart for two-step synthesis of 1D CdS@TiO, CSN.

friendliness and promising potential as a green techni-
que.2°’34_37 Among the various organic reactions, selective
oxidation of alcohols to carbonyls is a fundamental but
significant transformation for the synthesis of fine chemicals,
because carbonyl compounds such as ketone and aldehyde
derivatives are widely utilized in the fragrance, confectionary,
and pharmaceutical industries.”**** Thus, increasing efforts
have been paid to the photocatalytic selective oxidation of
alcohols.””**** However, most of the reports on photo-
catalysis used for selective oxidation of alcohols are focused on
TiO, or TiO,-based materials.>”>° Therefore, it is of
fundamental interest to exploit new type visible-light-driven
photocatalysts, e.g., the aforementioned semiconductor 1D
CSNs, for photocatalytic selective transformations under
ambient conditions.

As two of the mostly studied semiconductor photocatalysts
in practical applications, CdS and TiO, have attracted great
attention, and to make better use of them, these two
semiconductors are often coupled each other, because of
their matched band structures. Hitherto, many attempts have
been explored to fabricate and utilize the CdS/TiO, 1D CSNs
as photocatalysts.”>*">">* For instance, Misra and co-workers
synthesized 1D CdS@TiO, CSNs by filling 1D TiO, nanotubes
with CdS nanoparticles.”® The 1D CdS@TiO, CSNs exhibited
obvious enhanced activity for H, generation from water,
compared to TiO, nanotubes.”® Cho et al. reported self-
organized TiO, nanotube arrays decorated by CdS quantum
dots uniformly via a sonication-assisted sequential chemical
bath deposition (S-CBD) approach.*" The obtained products
possessed higher activity than TiO, nanotube arrays for
photocatalytic degradation of Methyl Orange (MO) under
visible-light illumination.>" However, most reports often involve
1D TiO, as building blocks, whereas the use of 1D CdS as
substrates is scarce.”>*"*37%% In addition, the 1D structure
building blocks are often synthesized by a chemical vapor
deposition (CVD) method,* an electrochemical method>*’
and a template method,>® which frequently involve high
temperature, multiple steps, and long periods of time. Thus,
it is desirable to exploit a facile and template-free way to
synthesize 1D CSNs. In particular, the use of 1D CSNs for
photocatalytic selective transformation has been unavailable so
far in heterogeneous photocatalysis.

Herein, we report a facile, template-free synthesis of 1D
CdS@TiO, core—shell nanocomposites (CdS@TiO, CSNs)
via a two-step solvothermal method. Taking photocatalytic
selective oxidation of alcohols as probing reactions, the
photoactivity has been investigated under visible-light irradi-
ation. The results show that the 1D CdS@TiO, CSNs exhibit
enhanced photocatalytic performance, compared to that of bare
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CdS nanowires (NWs), toward selective oxidation of alcohols
to corresponding aldehydes under ambient conditions (ie.,
room temperature and atmospheric pressure). The TiO, shell
in 1D CdS@TiO, CSNs not only allows the photogenerated
electrons from CdS core to transfer to its conduction band, but
also suppresses the tunneling of the photogenerated holes from
the CdS core to the surface of the TiO, shell. Therefore, the
photogenerated holes do not play a distinct role in selective
oxidation of alcohols over 1D CdS@TiO, CSNs under visible-
light irradiation, which is evidenced by the controlled radical
scavengers experiments and efficiently selective reduction of
heavy-metal ions, Cr(VI), over 1D CdS@TiO, CSNs. To the
best of our knowledge, this work represents the first example to
use the 1D core—shell semiconductor composite photocatalyst
for selective oxidation and reduction reaction. It is expected
that our work could open a new stepping stone for the
utilization of such 1D core—shell semiconductor composites as
visible-light photocatalysts for selective organic transformations.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium diethyldithiocarbamate trihydrate
(C4H(NNa$,-3H,0), tetrabutyl titanate (TBOT, C,;H,c0,Ti),
cadmium chloride (CdClL,-2.5H,0), ethylenediamine (C,HgN,), and
ethanol (C,H¢O) were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All materials were used as received
without further purification. Deionized water that was used in the
synthesis was obtained from local sources.

2.2. Catalyst Preparation. The 1D CdS@TiO, core—shell
nanocomposites (CSNs) have been fabricated by a facile and
template-free two-step solvothermal method, as illustrated in Figure 1.

(a). The First Step is the Synthesis of CdS Nanowires. Uniform
CdS NWs were grown through a modified method.** In a typical
process, 1.124 g of cadmium diethyldithiocarbamate (Cd(S,CNEt,),),
prepared by precipitation from a stoichiometric mixture of sodium
diethyldithiocarbamate trihydrate and cadmium chloride in deionized
water, was added to a Teflon-lined stainless steel autoclave with a
capacity of SO mL. Then, the autoclave was filled with 40 mL of
ethylenediamine to ~80% of the total volume. The autoclave was
maintained at 180 °C for 24 h and then allowed to cool to room
temperature. A yellowish precipitate was collected and washed with
absolute ethanol and deionized water to remove residue of organic
solvents. The final products were dried in an oven at 60 °C for 12 h.

(b). The Second Step is the Synthesis of 1D CdS@TiO, CSNs. The
composites were synthesized by a wet-chemistry method and
tetrabutyl titanate (TBOT) was used as the titania source. First, a
certain amount of the CdS NWs and TBOT were sonicated
thoroughly in SO mL of absolute ethanol for 15 min. Then, 30 mL
of deionized water was added dropwise, with magnetic stirring. After
stirring for 2 h, the yellow solution was transferred into a 100-mL
stainless steel autoclave with a Teflon liner and kept at 180 °C for 15
h. The yellow precipitates thus obtained were collected, washed
thoroughly with deionized water, and then dried in an oven at 60 °C.
The molar ratio of CdS to TiO, was 1:3.
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2.3. Catalyst Characterization. The crystal phase properties of
the samples were analyzed with a Bruker D8 Avance X-ray
diffractometer (XRD) using Ni-filtered Cu Ka radiation at 40 kV
and 40 mA in the 26 range of 20°—80°, with a scan rate of 0.02° per
second. The optical properties of the samples were characterized by a
Cary 500 UV-vis ultraviolet/visible diffuse reflectance spectropho-
tometer (DRS), during which BaSO, was employed as the internal
reflectance standard. Field-emission scanning electron microscopy
(FESEM) was used to determine the morphology of the samples on a
FEI Nova NANOSEM 230 spectrophotometer. The photolumines-
cence (PL) spectra for solid samples were investigated on a Cary
Eclipse Fluorescence spectrophotometer. The electron spin resonance
(ESR) signal of the radicals spin-trapped by S,5-dimethyl-l-pyrroline-
N-oxide (DMPO, supplied from Sigma Co., Ltd.) was recorded on a
Bruker EPR A300 spectrometer. In detail, the sample (5 mg) was
dispersed in 0.5 mL of purified benzotrifluoride (BTF), into which 25
uL of DMPO/benzyl alcohol solution (1:10, v/v) was added. The
mixture was oscillated to obtain a well-blended suspension. The
irradiation source (4 = 520 + 15 nm) was a 300 W Xe arc lamp
system, which was the very light source for our photocatalytic selective
oxidation of alcohols. The settings for the ESR spectrometer were as
follows: center field = 3512 G, microwave frequency = 9.86 GHz, and
power = 2.00 mW.

2.4. Catalyst Activity. The photocatalytic selective oxidation of
various alcohols was performed as follows. A mixture of alcohol (0.1
mmol) and 8 mg of catalyst was dissolved in the solvent of
benzotrifluoride (BTF, supplied from Alfa Aesar with a purity of
>99%) (1.5 mL), which was saturated with pure molecular oxygen.
The choice of solvent BTF is because of its inertness to oxidation and
high solubility for molecular oxygen.****”** The above mixture was
transferred into a 10-mL Pyrex glass bottle filled with molecular
oxygen at a pressure of 0.1 MPa and stirred for half an hour to make
the catalyst blend evenly in the solution. The suspensions were
irradiated by a 300 W Xe arc lamp (PLS-SXE 300, Beijing Perfectlight
Co., Ltd.) with a UV-CUT filter and a band-pass filter to make the
wavelength of incident light at A = 520 & 15 nm. After the reaction, the
mixture was centrifuged at 12000 rmp for 20 min to completely
remove the catalyst particles. The remaining solution was analyzed
with an Agilent gas chromatograph (Model GC-7820, with a capillary
FFAP analysis column). Controlled photoactivity experiments using
different radical scavengers (ammonium oxalate as a scavenger for
photogenerated holes, ¢! AgNO; as a scavenger for electrons,**%>%3
tert-butyl alcohol as a scavenger for hydroxyl radicals,>** and
benzoquinone as a scavenger for superoxide radical species®®®)
were performed, similar to the above photocatalytic oxidation of
alcohols, except that the radical scavengers (0.1 mmol) were added to
the reaction system. The conversion of alcohol, the yield of aldehyde,
and the selectivity for aldehyde were defined as follows:

C,—C
conversion (%) = (Ocialc‘)hol] X 100

0

aldehyde

C
—= | x 100
C0

Caldehyde
C, - C

alcohol

yield (%) = [

)XIOO

where C, is the initial concentration of alcohol; Cycopol and Ciigehyde are
the concentrations of the substrate alcohol and the corresponding
aldehyde, respectively, at a certain time after the photocatalytic
reaction.

selectivity (%) = (

3. RESULTS AND DISCUSSION

The crystallographic structure of the as-prepared CdS NWs and
1D CdS@TiO, core—shell nanocomposites (CdS@TiO,
CSNs) are examined by powder X-ray diffraction (XRD).
The XRD data are shown in Figure 2. The as-prepared CdS
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Figure 2. XRD patterns of the as-prepared samples of CdS NWs and
1D CdS@TiO, CSNs.

NWs and 1D CdS@TiO, CSNs exhibit similar diffraction
peaks, in terms of CdS framework, in which the peaks at 20
values of 24.8° 26.5° 28.2°, 36.6° 43.7°, 47.9°, 50.9°, 51.8°,
52.8°, 66.8°, 69.2°, 70.9°, 72.3°, and 75.4° can be attributed to
the (100), (002), (101), (102), (110), (103), (200), (112),
(201), (203), (210), (211), (114), and (10S) crystal planes of
greenokite structure CdS (JCPDS No. 41-1049), respectively.
The weaker diffraction peaks of CdS in the 1D CdS@TiO,
CSNs than those of CdS NWs may result from the possible
structure that TiO, is densely coated on the surface of the CdS
NWs, which is verified by the following scanning electron
microscopy (SEM) analysis. In addition, a typical diffraction
peak of TiO,, located at 26 = 25.3° is observed in 1D CdS@
TiO, CSNs, which is attributed to the (101) crystal planes of
anatase-phase TiO, (JCPDS No. 21-1272).

Figure 3 shows the typical SEM images of 1D CdS NWs and
1D CdS@TiO, CSNss resulting from the coating of TiO, onto
1D CdS NWs. As seen in Figures 3A and 3B, the as-prepared
CdS NWs exhibit the 1D morphology with an average length of
ca. 2—3 ym and an average diameter of ca. 50—100 nm. The
dimensions are highly uniform among individual NWs, which is
consistent with the previous report.>” After the deposition of
TiO, onto the CdS NWs, it can be seen from Figures 3C and
3D that TiO, particles are densely coated onto the wall of CdS
NWs, thereby forming the 1D CdS@TiO, CSNs. It is clear
that, during the formation process of 1D CdS@TiO, CSNs, the
uniformly dispersed 1D CdS NWs in solution serve as
heterogeneous seeds around which TiO, shell grows, ie., a
well-known heterogeneous seeded growth process.’*”*® The
SEM results suggest that the 1D CdS@TiO, CSNs have been
achieved via a carefully controlled two-step solvothermal
process.

The UV-vis diffuse reflectance spectra (DRS) are used to
determine the optical properties of the samples. Figure 4 shows
that the dense coating of TiO, onto 1D CdS NWs has a
significant effect on the optical property of light absorption for
the as-prepared 1D CdS@TiO, CSNs in the ultraviolet (UV)
region. It is clear that the 1D CdS@TiO, CSNs exhibit
significantly enhanced light absorption capacity in the UV
region, compared to 1D CdS NWs. With the addition of TiO,,
there is enhanced absorption intensity for UV light. This is
understandable because TiO, by itself has strong UV light
absorption. In contrast, because TiO, does not have visible-
light absorption, the coating of TiO, onto yellow 1D CdS NWs
will decrease the visible-light absorption capacity of 1D CdS@
TiO, CSNs, compared to the original 1D CdS NWs. In
addition, the DRS spectra indicate that both 1D CdS@TiO,

dx.doi.org/10.1021/am302074p | ACS Appl. Mater. Interfaces 2012, 4, 6378—6385
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Figure 3. Typical SEM images of the as-prepared samples of (A, B) CdS NWs and (C, D) 1D CdS@TiO, CSNs at different magnifications; the

insets of B and D are the corresponding schematic models.
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Figure 4. UV-vis diffuse reflectance spectra (DRS) of the samples of
CdS NWs and 1D CdS@TiO, CSNs.

CSNs and CdS NWs are able to be photoexcited by visible-light
irradiation, by which chemical redox reactions could be
triggered.

The photocatalytic activity of 1D CdS@TiO, CSNs has been
evaluated by the aerobic selective oxidation of alcohols to
corresponding aldehydes under visible-light irradiation under
ambient conditions, ie., room temperature and atmospheric
pressure. As shown in Table 1, it can be observed that both the
CdS NWs and 1D CdS@TiO, CSNs are visible-light-active for
the photocatalytic selective oxidation of alcohols into
corresponding aldehydes. The 1D CdS@TiO, CSNs exhibit
higher photoactivity than CdS NWs in all selected reactions of
oxidation of various alcohols. For example, under visible-light
irradiation for 8 h, the conversion for benzyl alcohol (BA) and
yield for benzaldehyde (BAD) are ~34% and ~33% over the
1D CdS@TiO, CSNs, respectively, which is much higher than
the values obtained over CdS NWs (13% conversion and 12%
yield). The similar photoactivity enhancement trend can also be
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Table 1. Photocatalytic Selective Oxidation of a Series of
Alcohols into Corresponding Aldehydes over CdS NWs and
1D CdS@TiO, CSNs under Visible Light (A = 520 & 15 nm)
Irradiation for 8 h

Conversion Yield Selectivity

Entry Substrate Product (%) (%) (%)

CdS CdS@TiO, CdS CdS@TiO, CdS CdS@TiO,

CH,0H

S R 34 12 33 97 97
D

2 [ Cl 7 41 4 30 60 74
G, i
/THZOH ?HO

3 [ 2 39 8 25 36 65
gcn, \(V)CH3
CH,OH CHO

O O 30 5 a0 0B 70
NO, NO,
(fH;_DH ?lo

5 r 4 38 3 33 88 87
Cl cl
CH,0H CHO

6 ] S 37 5 36 97 96
F

found in selective oxidation of other alcohols, such as p-fluoro
benzyl alcohol, p-nitro benzyl alcohol, p-chloro benzyl alcohol,
p-methyl benzyl alcohol, and p-methoxyl benzyl alcohol. Thus,
it can be concluded that coating TiO, onto the 1D CdS NWs
can significantly enhance the photocatalytic activity of semi-
conductor CdS NWs toward selective oxidation of alcohol

dx.doi.org/10.1021/am302074p | ACS Appl. Mater. Interfaces 2012, 4, 6378—6385
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under visible-light illumination. In addition, it should be noted
that no conversion of alcohols is observed in the blank
experiments performed in the absence of catalyst and/or visible
light, which confirms that the reaction is really driven by a
photocatalytic process.

The photoactivity testing on used 1D CdS@TiO, CSNs
shows this photocatalyst is stable and reusable in the reaction
medium of BTF solvent. As shown in Figure SI in the
Supporting Information, after recycling photoactivity test for
the selective oxidation of benzyl alcohol (BA) 4 times, the yield
of benzaldehyde (BAD) over used 1D CdS@TiO, CSNs is
similar to that over fresh 1D CdS@TiO, CSNs. Therefore, the
as-prepared 1D CdS@TiO, CSNs semiconductor is a stable
visible-light-driven photocatalyst for the selective oxidation of
BA in the reaction medium of BTF solvent under ambient
conditions.

To further understand the higher photocatalytic activity of
1D CdS@TiO, CSNis for selective oxidation of alcohols than
the original 1D CdS NWs, we probe into a possible reason on
the basis of theoretical and experimental analysis. TiO, has the
band structures with suitable position for CdS in the CdS—
TiO, integrated system; the conduction band (CB) of TiO, is
less negative than the CB of CdS. Therefore, the photo-
generated electrons from CdS could transfer to the CB of TiO,.
Thus, the separation of photoinduced electron—hole pairs is
improved and the lifetime of the carriers is prolonged,
indicating that the recombination of photogenerated elec-
tron—hole pairs is hampered in the 1D CdS@TiO, CSNs,
compared to the 1D CdS NWs. This prolonged lifetime of the
photogenerated charge carriers can be confirmed by the
photoluminescence (PL) spectra. As displayed in Figure S,

—— CdS nanowires
—1D CdS@TiO2 CSNs
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Figure S. Photoluminescence (PL) spectra of CdS NWs and 1D
CdS@TiO, CSNs.

under an excitation wavelength of 403 nm, the PL intensity
obtained over 1D CdS@TiO, CSNs is much weaker than that
of CdS NWs, thus suggesting the longer lifetime of photo-
generated charge carriers from 1D CdS@TiO, CSNs. The two
distinct green emission bands at ~528 and 550 nm can be
observed, which is consistent with the previous reports.””~”!
The former one can be assigned to near-band-edge emission,
and the latter is associated with structural defects that may arise
from the excess of sulfur or core defects on the nanowire
surfaces.”” 7" The charge carriers with prolonged lifetime
photoinduced from 1D CdS@TiO, CSNs are beneficial for the
enhanced photocatalytic activity over the original 1D CdS
NWs.
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For an in-depth understanding of the role of photogenerated
radical species on the selective oxidation of alcohols over the
1D CdS@TiO, CSNs photocatalyst, we have further performed
a series of controlled experiments. A controlled experiment,
carried out in the presence of nitrogen, shows that only trace
conversion of benzyl alcohol is detected, demonstrating that
oxygen as a primary oxidant is essential during the photo-
catalytic process. Controlled experiments using different radical
scavengers help us to further understand the role of
photogenerated radical species and the underlying reaction
mechanism for the selective oxidation of alcohols over the 1D
CdS NWs and 1D CdS@TiO, CSNs under visible-light
irradiation.

Figure 6 shows the results of adding different radical
scavengers over the 1D CdS NWs photocatalyst reaction
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Figure 6. Controlled experiments using different radical scavengers for
the photocatalytic selective oxidation of benzyl alcohol (BA) over CdS
NWs in the BTF solvent; (a) reaction with AgNOj; as a scavenger for
photogenerated electrons, (b) reaction with benzoquinone (BQ) as a
scavenger for superoxide radicals, (c) reaction with tert-butyl alcohol
(TBA) as scavenger for hydroxyl radicals, (d) reaction with
ammonium oxalate (AO) as a scavenger for photogenerated holes,
and (e) the reaction in the absence of radical scavengers under visible-
light irradiation for 8 h.

system under visible-light irradiation. When the radical
scavenger, ammonium oxalate (AO), for holes>®®®! is added
into the reaction system, the conversion of benzyl alcohol is
significantly inhibited (entry d in Figure 6). A similar and
obvious inhibition phenomenon for the photocatalytic reaction
is also observed when the AgNOj scavenger for electrons®*>%3
and the benzoquinone (BQ) scavenger for superoxide radicals
(0,° 7)°%% are added into the reaction system (see entries a
and b in Figure 6, respectively). These results clearly suggest
that the photocatalytic oxidation of benzyl alcohol over the 1D
CdS NWs is primarily driven by photogenerated holes,
electrons, and O,° ~. Notably, the existence of O,* ~ in the
reaction system has been verified by the electron spin
resonance (ESR) spectra (see Figure S2 in the Supporting
Information). However, strong and nonselective hydroxyl
radicals are not detected by the ESR analysis, which is
consistent with previous works regarding the photocatalytic
selective oxidation of alcohols in a solvent of benzotrifluoride
(BTF).***”? Indeed, the addition of the scavenger, tert-butyl
alcohol (TBA), for hydroxyl radicals,”®* into the reaction
system has a negligible effect on the conversion of benzyl
alcohol, as reflected by entry c in Figure 6, which is consistent
with the absence of hydroxyl radicals in the BTF solvent.*”*>”?
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Interestingly, a different phenomenon is achieved from the
controlled experiments over 1D CdS@TiO, CSNs photo-
catalysts. As shown in entries a and b in Figure 7, when the
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Figure 7. Controlled experiments using different radical scavengers for
the photocatalytic selective oxidation of benzyl alcohol (BA) over 1D
CdS@TiO, CSNs in the BTF solvent; (a) reaction with AgNO; as a
scavenger for photogenerated electrons, (b) reaction with benzoqui-
none (BQ) as a scavenger for superoxide radicals, (c) reaction with
tert-butyl alcohol (TBA) as a scavenger for hydroxyl radicals, (d)
reaction with ammonium oxalate (AO) as a scavenger for photo-
generated holes, and (e) reaction in the absence of radical scavengers
under visible-light irradiation for 8 h.

radical scavenger of AgNO; for electrons®®®%* and BQ_for
0,°* " are added,so’65 respectively, the photocatalytic reaction is
significantly inhibited. However, there is almost no change for
the conversion of benzyl alcohol when using AO as the radical
scavenger for holes (entry d in Figure 7).>°*°" This
phenomenon can be due to the fact that the thick TiO, shell
suppresses the tunneling of the holes from the CdS NWs to the
surface atoms of the shell, resulting in the blockage of holes.** It
should be noted that, under visible light (A = 520 + 15 nm)
irradiation, only the semiconductor CdS NWs in the core is
able to be “band-gap-photoexcited” to produce electron—hole
pairs while the semiconductor TiO, in the shell cannot be
photoexcited. Thus, although the TiO, shell improves the
lifetime of photogenerated charge carriers of 1D CdS@TiO,
CSNs resulting from the transfer of photoexcited electrons
from CdS core, it can also block the photoexcited holes from
CdS core moving to the surface of TiO, shell. As a result, the
contribution of photogenerated holes to photocatalytic
oxidation of alcohols over 1D CdS@TiO, CSNs is significantly
weakened, compared to 1D CdS NWs. The reaction over 1D
CdS@TiO, CSNs is primarily driven by photogenerated
electrons and O,* . In addition, similar to the observation
over 1D CdS NWs photocatalyst, the addition of tert-butyl
alcohol (TBA)>** does not almost affect the photocatalytic
conversion over 1D CdS@TiO, CSN, as reflected by entry ¢
in Figure 7, which is in agreement with the absence of hydroxyl
radicals in the BTF solvent.>”**7>

As mentioned above, since the holes photoexcited from CdS
core can be stuck by the TiO, shell for 1D CdS@TiO, CSNs
while electrons are able to move to the surface of TiO, shell,
the 1D CdS@TiO, CSNs should be also efficient for
photocatalytic selective reduction reaction. This inference is
faithfully evidenced by photocatalytic reduction of heavy-metal
ions, Cr(VI), as displayed in Figure S3 in the Supporting
Information. It is observed that 1D CdS@TiO, CSNs exhibit

6383

an excellent photocatalytic performance for selective reduction
of Cr(VI) to Cr(Ill) under visible-light irradiation; within 30
min, the conversion reaches 100%, which is significantly much
higher than 1D CdS NWs. This is understandable because (i)
the photogenerated electrons from 1D CdS@TiO, CSNs are
more easily accessible than that for 1D CdS NWs under visible-
light irradiation, which results in more-efficient reduction of
Cr(VI) via capturing electrons; (ii) the lifetime of charge
carriers over 1D CdS@TiO, CSNs is enhanced, compared to
1D CdS NWs under visible-light irradiation.

Based on the above discussion, a tentative reaction
mechanism has been proposed, as illustrated in Figure 8.

Figure 8. Illustration of the proposed reaction mechanism for selective
oxidation of alcohols to corresponding aldehydes over the 1D CdS@
TiO, CSNs under visible-light irradiation.

Under the visible-light irradiation (1 = 520 = 1S5 nm), the
electrons are excited from the valence band (VB) of CdS NWs
as the core in 1D CdS@TiO, CSNs to the conduction band
(CB) of CdS, thereby forming the electron—hole pairs.
Simultaneously, the photogenerated holes from the core of
CdS NWs are stuck by the TiO, shell while the photogenerated
electrons can transfer to the TiO, shell, because of their
intimate interfacial contact and matchable energy band
position.”””* This results in both the enhanced lifetime of
charge carriers and the easy access to photogenerated electrons
instead of holes. Molecular oxygen in the reaction system can
be activated by accepting the photogenerated electrons, for
example, the formation of superoxide radicals (O,"~), as
evidenced by the ESR analysis in Figure S2 in the Supporting
Information. The substrate alcohols adsorbed on the surface of
1D CdS@TiO, CSNs can be oxidized by activated oxygen to
give the target products: the corresponding aldehydes.

4. CONCLUDING REMARKS

In summary, 1D CdS@TiO, core—shell nanocomposites
(CSNs) are successfully synthesized via a simple two-step
solvothermal method. A uniform layer of TiO, shell is coated
onto the CdS core, thus forming the 1D CdS core@TiO, shell
semiconductor nanocomposites. Compared to the original 1D
CdS nanowires (NWs), the as-obtained 1D CdS@TiO, CSNs
show much-enhanced photocatalytic activities for selective
oxidation of alcohols into corresponding aldehydes under
visible-light irradiation. The enhanced photocatalytic perform-
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ance can be attributed to the longer lifetime of photogenerated
electron—hole pairs from the 1D CdS@TiO, CSNs, compared
to the original 1D CdS NWs. In addition, it is interesting to
find that the TiO, shell can also block the photogenerated holes
from the CdS core, which leads to the conclusion that the
reaction mechanism of photocatalytic oxidation of alcohols over
1D CdS@TiO, CSNs is apparently different from that over 1D
CdS NWs under visible-light irradiation. It is hoped that our
work could not only offer useful information on the fabrication
of various specific 1D core—shell semiconductor nanostruc-
tures, but also open a new doorway to the use of such 1D
core—shell semiconductors as visible-light photocatalysts in the
field of selective transformations.
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