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ABSTRACT: Core—shell structural CdS@SnO, nanorods
(NRs) were fabricated by synthesizing SnO, nanoparticles
with a solvent-assisted interfacial reaction and further
anchoring them on the surface of CdS NRs under ultrasonic
stirring. The morphology, composition, and microstructures of
the obtained samples were characterized by field-emission
scanning electron microscopy, transmission electron micros-
copy, X-ray diffraction, X-ray photoelectron spectroscopy, and
nitrogen adsorption—desorption. It was found that SnO,
nanoparticles can be tightly anchored on the surface of CdS
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NRs, and the thickness of SnO, shells can be conveniently adjusted by simply changing the addition amount of SnO, quantum
dots. UV—vis diffuse reflectance spectrum indicated that SnO, shell layer also can enhance the visible light absorption of CdS
NRs to a certain extent. The results of transient photocurrents and photoluminescence spectra revealed that the core—shell
structure can effectively promote the separation rate of electron—hole pairs and prolong the lifetime of electrons. Compared with
the single CdS NRs, the core—shell structural CdS@SnO, exhibited a remarkably enhanced photocatalytic activity for selective
oxidation of benzyl alcohol (BA) to benzaldehyde (BAD) under visible light irradiation, attributed to the more efficient
separation of electrons and holes, improved surface area, and enhanced visible light absorption of core—shell structure. The
radical scavenging experiments proved that in acetonitrile solution, -O,— and holes are the main reactive species responsible for
BA to BAD transformation, and the lack of -OH radicals is favorable to obtaining high reaction selectivity.
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1. INTRODUCTION

Core—shell nanocomposite photocatalysts have attracted much
attention for their potential applications in solving serious
environmental and energy crises owing to their improved
surface, optical, electronic, and photocatalytic properties
compared with single materials.' > Until now, they have been
researched in a wide variety of fields, such as environment
remediation,”” hydrogen production,®® and selective organic
synthesis.'>"" Indisputably, the heterostructure of core—shell
semiconductor materials can facilitate the separation of
photogenerated electron—hole pairs by creating a staggered
band gap offset and thus making the photogenerated electrons
in one semiconductor be injected into the lower-lying
conduction band of the second semiconductor. Therefore, the
core—shell heterostructure photocatalysts with suitable band
gap offsets often exhibit enhanced photocatalytic performances
compared to those of the single photocatalyst.

In addition to the core—shell structure, the photocatalytic
materials with one-dimensional (1D) nanostructure have also
attracted a great deal of research interest for their unique
structural and electronic properties in recent years.''”"?
Compared with nanoparticles and bulk materials, 1D structural
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materials have several advantages as photocatalysts:'*'> First,
the 1D geometrical structure can provide a large aspect-ratio,
which may enhance the capacity of light absorption. Second,
the separation efficiency of electron—hole pairs can be
improved due to their considerably higher electron mobility
and straight transport pathway. Third, 1D nanomaterials can be
easily recycled without the decrease of photocatalytic activity."”
For instance, Zhang et al. synthesized N,F-codoped TiO,
nanowires by a hydrothermal route and found that N,F-
codoped TiO, nanowires showed much higher photocatalytic
performance for the degradation of atrazine under UV and
visible light irradiation in comparison with N,F-codoped TiO,
nanoparticles.'®

Due to so many advantages of core—shell and 1D structural
materials, the synthesis and photocatalytic performance of 1D
core—shell structural materials have gradually become one of
research hotspots.'” "> However, these studies mainly focused
on “nonselective” degradation of organic pollutants'”'® and
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water splitting."”*® Research works on “selective” photo-

catalytic oxidation reaction with 1D core—shell structural
materials have rarely been reported. Oxidation of alcohols to
aldehydes is an important organic reaction because carbonyl
compounds are widely used as the intermediates for many
fragrances, drugs, and vitamins.*' ™ However, traditional
organic synthesis of aldehydes from corresponding alcohols
not only involves toxic or corrosive oxidants (such as ClO~,
Cr*, and Cl,), but also consumes a great deal of energy to
provide the temperature and pressure needed by the
reactions.”**> To overcome these drawbacks, tremendous
efforts have been devoted in the past decade* ™’ Among
the various available strategies, utilizing semiconductor photo-
catalysts for organic synthesis has attracted much attention due
to the several advantages, such as energy efficiency, environ-
mental friendliness, reusability, and durability. However, the
rapid recombination of photogenerated electron—hole pairs
always results in a relatively low efliciency in photocatalytic
reactions. Therefore, optimizing the charge carrier transfer
process to inhibit the recombination of electrons and holes is
an important theme for selective organic syntheses using solar
energy in future.”®

Against this background, we herein explore a facile procedure
to fabricate core—shell structural CdS@SnO, nanorods (NRs)
for selective oxidation of alcohols to aldehydes, in which SnO,
quantum dots (QDs) were prepared by a solvent-assisted
interfacial reaction and further anchored on the surface of CdS
NRs under ultrasonic stirring. The morphology, composition,
and structures of the obtained samples were characterized by
the means of field-emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and nitrogen adsorption—desorption. Meanwhile, UV—vis
diffuse reflectance spectrum (DRS), transient photocurrents,
and photoluminescence (PL) spectrum tests were carried out
to investigate the influence of SnO, shell layer on the light
absorption and photoelectric properties of CdS NRs. Photo-
catalytic oxidation of benzyl alcohol (BA) was selected as a
probe reaction to evaluate the reactive activity and selectivity of
CdS@SnO, NRs. Moreover, the reactive species were studied
by radical-trapping experiments.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Sodium diethyldithiocarbamate (NaS,CNEt,:
3H,0), cadmium chloride (CdCl,-2.5H,0), SnCl,-SH,0, chloroform
(CHCly), ethylenediamine (EDA), and ethanol (C,H;OH) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All chemicals were analytical grade and used directly without
further purification.

2.2. Fabrication of Core—Shell Structural CdS@SnO, NRs.
Core—shell structural CdS@SnO, NRs were fabricated via a facile two-
step method:

2.2.1. Synthesis of CdS NRs. CdS NRs were synthesized by a
modified method.* In a typical procedure, 1.686 g of Cd(S,CNEt,),
was beforehand prepared by a stoichiometric precipitation reaction
between NaS,CNEt,-3H,0 and CdCl,-2.5H,0 in deionized water.
Then, the obtained precipitation was dispersed in 60 mL of EDA and
further transferred into a 100 mL Teflon-lined stainless steel autoclave.
After the hydrothermal reaction was maintained at 180 °C for 24 h,
the autoclave was cooled to room temperature. A yellowish precipitate
was collected and washed with absolute ethanol and deionized water
for several times to remove the residual organic solvents. Finally, the
obtained product was dried in an oven at 60 °C for 8 h.

2.2.2. Preparation of SnO, Quantum Dots (QDs). SnO, quantum
dots were synthesized by a one-step carrier solvent-assisted interfacial

reaction method at room temperature.**The detailed procedures are as
follows: First, 186.1 mg of SnCl,;-SH,O was dissolved in 4 mL of
ethanol and subsequently mixed with 4 mL of CHCI; solution. Then,
8 mL of water was added into the above solution to produce an
interface between water and CHCl; because they are immiscible. Since
SnCl,-5H,0 is diffluent in ethanol and insoluble in chloroform as well
as ethanol has higher affinity toward water than chloroform, ethanol
will transfer from the chloroform domain to water domain, together
with SnCl, precursor. At last, SnCl, will hydrolyze in the interface of
CHCI; and water to produce SnO, QDs. By adjusting the reaction
time and temperature, the particle size of SnO, quantum dots can be
tuned. Here, the reaction temperature and time were 30 °C and 2 h,
respectively.

2.2.3. Preparation of Core—Shell Structural CdS@SnO, NRs.
Core—shell structural CdS@SnO, NRs were fabricated with the
following procedures:*>*' 50 mg of CdS NRs was added into 10 mL of
ethanol solution (99.5%), followed by adding a desired amount of
SnO, QDs. Specifically, the addition amounts of SnO, suspension are
0, 0.375, 0.75, 1.125, 1.5, and 1.875 mL, respectively, corresponding to
0, 2.5, 5.0, 7.5, 10, and 12.5 mg of SnO, nanoparticles. Then, the
mixture was treated under ultrasonic stirring for 2 h at room
temperature. The final product was washed with absolute ethanol and
deionized water for several times, and dried at 60 °C for 8 h. The
obtained samples were denoted as CdS@x%SnO,, in which x refers to
the nominal mass ratio of SnO, to CdS in CdS@x%SnO,. The
corresponding samples include CdS, CdS@5%Sn0O,, CdS@10%Sn0O,,
CAS@15%Sn0,, CAS@20%Sn0,, and CAS@25%Sn0,.

2.3. Characterization. The crystalline structures of the samples
were analyzed by a Rigaku Ultima IV X-ray diffractometer equipped
with a graphite monochromator. The X-ray diffraction (XRD) patterns
were recorded at room temperature in the angular range of 10—80°
(20), using Cu Ka radiation (a = 0.15406 nm), operated at 40 kV and
40 mA. The morphologies of the samples were observed with a field-
emission scanning electron microscope (FESEM, FEI NOVA Nano
SEM450) and a transmission electron microscope (TEM, JEOL
JEM2000EX). The EDS analysis was performed on an EDAX-9100
energy-dispersive spectrometer equipped on the FESEM, while
selected area electron diffraction (SAED) pattern was also obtained
on the JEOL JEM2000EX TEM. UV—vis diffuse reflectance spectra
(DRS) were measured with a SHIMADZU UV-2450 spectroscopy
equipped with an integrating sphere assembly, using BaSO, as the
reference material. The data were collected in the range of 400—800
nm. XPS spectra were recorded on a Thermo Fisher ESCALAB 250Xi
system with Al Ko radiation, operated at 250 W. The shift of the
binding energy scale caused by relative surface charging was corrected
by referencing the C 1s level at 284.8 eV. BET surface area (Sgpr)
measurements were carried out by N, adsorption—desorption at 77 K
using a Micromeritics ASAP2020 instrument. The photoluminescence
(PL) spectra and time-resolved fluorescence (TRPL) decays were
investigated on an EDINBURGH FLS980 fluorescence spectropho-
tometer. The actual Cr contents in CdS@SnO, and solution were
measured by an Agilent 725ES Inductively coupled plasma atomic
emission spectrometer.

2.4. Photocatalytic Activity and Photocurrent Measure-
ments. The photocatalytic selective oxidation of BA was performed
in a S0 mL three-necked flask at room temperature and oxygen
atmosphere (1 bar). A 300 W xenon arc lamp with a UV-cutoff filter (4
> 420 nm) was used as the visible light source to trigger the
photocatalytic reaction. Acetonitrile, a cheaper and less toxic solvent,
was selected as the reaction medium for BA selective oxidation. For
each measurement, S0 mg of as-synthesized catalyst was dispersed in
the mixed solution of acetonitrile (20 mL) and BA solution (208 uL, 2
mmol). Prior to light irradiation, the mixture was stirred for 1 h in the
dark to attain the adsorption—desorption equilibrium for BA and
dissolved oxygen on the surface of photocatalyst. At a given time
interval, about 4 mL of suspension was withdrawn and centrifuged
(12000 rmp, 15 min) to remove the remained particles. The
concentrations of BA and BAD were measured with a SHIMADZU
SPD-M20A high-performance liquid chromatograph (HPLC). The
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Figure 1. FESEM images of (A) CdS and (B) CdS@15%Sn0O,. TEM images of (C) CdS, (D) CdS@5%Sn0,, (E) CdS@10%Sn0,, (F) CdS@15%
Sn0,, (G) CdS@20%Sn0,, and (H) CdS@25%Sn0,. (I) HRTEM image of CdS@10%SnO,.

conversion rate of BA, the yield of BAD, and reaction selectivity were
calculated with the following equations:

(Co _ Cl)

0

BA conversion (%) = X 100

C
BAD yield (%) = [C—Z] x 100
0

C
—2 %100

selectivity (%) =
(Co - Cl)

Here, C, is the initial concentration of BA; C, and C, are the
concentrations of BA and BAD, respectively, after the photocatalytic
reactions.>

The photocurrents were measured with an electrochemical station
(ZAHNER, Germany) in a standard three-electrode system, using the
sample as the working electrode with an active area of 1.0 cm?, a Pt foil
as the counter electrode, a saturated calomel electrode (SCE) as the
reference electrode, and 0.5 M Na,SO, as the electrolyte. A 300 W Xe
arc lamp with a UV cutoff filter (1 > 420 nm) was used as the visible
light source.

3. RESULTS AND DISCUSSION

3.1. Morphology and Crystal Structure. The morpho-
logical structures of CdS and core—shell structural CdS@SnO,
NRs were observed with FESEM and TEM. Figure 1A,B shows
the FESEM images of CdS and CdS@15%SnO,. The length of
as-prepared CdS NRs is in the range of 0.3—1 pm while their
diameter varies from 30 to 80 nm. Different from the smooth
surface of CdS NRs (Figure 1A), the surface of CdS@15%Sn0O,
NRs becomes rougher (Figure 1B), indicating that SnO, QDs
have been successfully loaded on the surface of CdS NRs. The
self-assembly of CdS@SnO, core—shell structure is probably
relative to the force of minimizing surface free energy and
intermolecular force between CdS NRs and SnO, QDs.>
Probably due to the very small particle size, it is easier for QDs
to access the defect positions and further anchor on these

defect positions when compared with the bigger particles. In
addition, the ultrasound irradiation probably plays an important
role for promoting the tightly combination between SnO, and
CdS. First, the ultrasound irradiation can promote the collision
and contact between SnO, and CdS, which is favorable to the
close combination between SnO, and CdS. Second, ultrasound
irradiation can generate local hotspots where the high
temperature and pressure might be favorable to the
combination between SnO, and CdS.>*

The chemical composition of CdS@15%SnO, NRs was
analyzed by EDS technique (Figure S1, Supporting Informa-
tion), which confirmed that there are Sn, Cd, S, and O
elements. The calculated molar ratios of tin to oxygen and Cd
to S are 1:1.8 and 1:1.1, respectively, near to their
stoichiometric values. Moreover, the actual content of SnO,
in CdS@15%Sn0O, was analyzed with ICP-AES, to be 12.8 wt
%, which is nearly equal to the nominal SnO, content in CdS@
15%Sn0, (13.04 wt %), indicating that almost all of the added
SnO, QDs have been loaded on CdS surface.

Figure 1C—F shows the TEM images of CdS and CdS@
SnO, NRs with different SnO, dosages. When the addition
dosage SnO, is 5%, only some burrs can be found on the
surface of CdS rod (Figure 1C). Further increasing the dosage
of SnO, to 10%, it can be seen that most part of the CdS rod
surface are covered by SnO, shell layer while some area is still
bare (Figure 1D). When the dosage of SnO, reaches 15%, the
entire surface of the CdS NRs is homogeneously coated with a
uniform SnO, shell layer (Figure 1D—F). Additionally, the
thickness of the SnO, layer exhibits an increase trend with the
increase of SnO, dosage, indicating that the thickness of SnO,
shell layer can be conveniently adjusted by changing the
addition amount of SnO, nanoparticles.

HRTEM analysis was carried out to investigate the crystal
structures of CdS and SnO, in CdS@10%Sn0,, As shown in
Figure 11, the lattice spacing of outer SnO, layer is about 0.331
nm, corresponding to the (110) crystal plane of a tetragonal
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rutile phase.®® At different positions, the lattice fringes of SnO,
arrange along different directions, which reveals that SnO, shell
layer is composed of many individual SnO, nanoparticles. As
for the CdS nanorod, all of the lattice fringes arrange along a
same direction, implying that the CdS nanorod is single crystal
structure, which is further confirmed by SAED technology
(Figure S2, Supporting Information). The measured lattice
spacing is about 0.316 nm, which is well matched to the (101)
lattice plane of hexagonal CdS.*°

The phase composition, purity, and crystallinity of the as-
synthesized samples were analyzed by XRD. The XRD pattern
of the as-prepared SnO, is shown in Figure S3 (Supporting
Information), in which all diffraction peaks match well with the
characteristic peaks of tetragonal rutile phase SnO, (JCPDS 41-
1445). The low and broad diffraction peaks imply the low
crystallinity and small particle size, which is favorable to loading
on CdS surface. As shown in Figure 2a, the uncoated CdS

100)
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Figure 2. XRD patterns of (a) CdS, (b) CdS@5%Sn0O,, (c) CdS@
10%Sn0,, (d) CdS@15%Sn0,, (¢) CdS@20%Sn0,, and (f) CdS@
25%Sn0,.

shows a highly crystalline hexagonal phase with lattice constants
of a = 04140 nm and ¢ = 0.6719 nm (JCPDS card No. 41-
1049). Notably, there is no obvious diffraction peak ascribed to
SnO, that can be distinguished in all CdS@SnO, samples,
probably due to the relatively low crystallinity and low content
of SnO, in CdS@SnO, composites. By careful observation, it
can be seen that the intensity of CdS diffraction peaks gradually
decreases with increasing the content of SnO,, probably
resulting from the influence of SnO, shell layer on the X-ray
transmission.

3.2. Chemical Composition and Surface Property. The
composition and element valence states of CdS@15%Sn0O,
were investigated by XPS technique and the results are
exhibited in Figure 3. In Figure 3A, there exist two symmetric
peaks at 486.85 and 495.25 eV, which should be ascribed to the
Sn 3d;), and Sn 3d,,, respectively.”” The gap between Sn 3ds),
peak and Sn 3d;,, peak is 8.0 eV, consistent with the value of
Sn in commercial SnO,.*” As shown in Figure 3B, the O 1s
profile is broad and asymmetric, implying that there exist at
least two different kinds of O species in the sample. According
the previous reports,38’3’9 the O 1s peak can be fitted into two
peaks, in which the peak at 530.7 eV is assigned to the lattice
oxygen (Op) of SnO, while the other at 532.0 eV is attributed
to the chemisorbed oxygen (Oy) of the surface hydroxyl.
Figure 3C shows the Cd 3d XPS spectrum of CdS@15%SnO,.

There are two peaks located at 405.0 and 411.7 eV, which are
attributed to Cd 3ds,, and Cd 3d,,, respectively.** In Figure
3D, the S 2p spectrum is composed of two individual peaks of S
2p3/, and S 2p, 4, at 161.6 and 162.8 eV, resg)ectively, indicating
that the valence state of element S is —2."

It is known that a larger surface area can offer more
adsorption and reactive sites for photocatalytic reactions,
leading to an enhancement of reactive activity."' Consequently,
it is indispensable to investigate the surface area of as-
synthesized samples before moving toward the photocatalytic
study. In this case, we adopted the nitrogen adsorption—
desorption to characterize the surface area and porosity of the
as-synthesized samples. As shown in Figure 4, both CdS NRs
and CdS@15%Sn0, display a type IV isotherm with a typical
H3 hysteresis loop (at P/P, > 0.80), implying the presence of
interparticle and nonordered mesopores in the samples
according to the IUPAC classification.” The BET surface
areas (Sppr) of CdS and different CdS@SnO, samples are listed
in Table 1, which indicates that the Sgzp of CAS@SnO,
gradually increases with the increase of SnO, loading amount.
This result implies that the core—shell structural CdS@SnO,
should have a higher adsorption capacity than blank CdS.
Accordingly, it can be anticipated that the core—shell structure
is favorable to the improvement of photocatalytic performance.

3.3. Light Absorption Property. UV-—vis diffuse
reflectance spectroscopy (DRS) was employed to characterize
the light absorption properties of CdS and different CdS@
SnO, samples. As shown in Figure 5, the absorption curves of
CdS@SnO, composite exhibit a red-shift at the bottom portion
compared to the pure CdS NRs. Because SnO, cannot absorb
visible light because of its wide band gap, the red-shift of
absorption for CdS@SnO, composite is probably relative to the
modification of SnO, shell layer. According to previous
reports,”*~* the enhancement of visible light absorption is
probably due to following reasons: First, an increase in the local
refractive index of the surrounding medium for CdS NRs after
replacing air with SnO, shell may result in such shift."**
Second, the growth of SnO, shell will put pressure on the CdS
core. Under shell-induced strain, the band gap of CdS should
decrease, and therefore, the absorption shifts to long wave-
length direction.** Third, the red shift of the spectrum is a
typical characteristic of core—shell nanocrystals, originating
from the lowering of exciton confinement energy after the core
nanocrystals were capped by a higher band gap shell.***’

3.4. Photocatalytic Activity and Photostability. The
photocatalytic performances of as-synthesized CdS and differ-
ent CdS@SnO, samples were evaluated by the selective
oxidation of BA to BAD under visible-light irradiation (1 >
420 nm). Figure 6 presents the BA conversion rates, BAD
yields, and reaction selectivities over different photocatalyst
samples after visible light irradiation for 8 h. It can be seen that
both BA conversion rate and BAD yield gradually improve with
increasing the content of SnO, at the beginning, and then have
a downtrend after the optimum SnO, content of 15%.
Especially, the BA conversion rate and BAD yield over CdS@
15%8n0, are nearly 2 times higher than those over pure CdS.
As for the reactive selectivity from BA to BAD, it can be seen
that CdS and different CdS@SnO, samples have no evident
difference (~90%). We further investigated the photocatalytic
activity of mechanically mixed CdS—15%SnO, which has the
same SnO, content as CAS@15%Sn0,. As shown in Figure S4
(Supporting Information), the photocatalytic activity of the
mixing CdS—15%Sn0, is obviously higher than CdS but far
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Figure 3. High-resolution XPS spectra of (A) Sn 3d, (B) O 1s, (C) Cd 3d, and (D) S 2p of CdS@15%SnO,.

lower than the conversion rate over CdS@15%Sn0O,. For
sample CdS—15%Sn0,, some SnO, QDs may be adsorbed on
the surface of CdS NRs in the photocatalytic reaction, leading
to the improvement of photocatalytic activity in a certain
extent. However, both the SnO, loading amount and the
compact degree between CdS and SnO, are probably far lower
than those in core—shell structural CdS@15%Sn0O,. Con-
sequently, the photocatalytic activity of the mechanically mixed
CdS—15%Sn0, falls between the two other samples.

It is well-known that CdS is prone to taking place
photocorrosion, which usually shortens its service life in the
photocatalytic applications. Some studies have reported that
coating the stable metal oxide semiconductors such as ZnO,
TiO,, and Nb,Ojy can effectively inhibit the photocorrosion of
CdS.**>! Here, we investigated the influence of SnO, shell
layer on the photostability of CdS NRs by recycle photo-
catalytic experiments and Cd ion leaching tests. Figure S5
(Supporting Information) shows the BAD yields of four recycle
runs over CdS and CdS@15% SnO,. After four recycle runs,
the loss percentage of BAD vyield over core—shell structural
CdS@15%Sn0, is 27.1%, which is much lower than that over
CdS NRs (52.5%). The leaching amounts of Cd ions during the
reaction toward CdS and CdS@15% SnO, were obtained by
measuring the Cd ion concentrations with ICP-AES. From
Table S1 (Supporting Information), it can be seen that the
leaching amounts of Cd ions toward CdS@SnO, is far lower
than that toward CdS. The results of the recycle experiments
and Cr leaching test indicated that covering the SnO, shell layer
can effectively improve the photostability of CdS. However, it
should be pointed out that loading SnO, shell layer is still hard
to completely solve the problem of CdS photocorrosion.

Solving this problem probably needs the cooperation of other
strategies, such as utilizing sacrificial scavengers,sz’53 combing
with other semiconductor with higher valence band posi-
tion,>** confining CdS clusters in porous supports,56 and so
on.

3.5. Photocatalytic Mechanism. It is well-known that the
photocatalytic performance of a photocatalyst is closely relative
to its light absorption ability, specific surface area, and
photogenerated charge separation efficiency.*”*”*® As shown
in Figure 6, the photocatalytic activity of CdS@15%SnO, is
nearly 2 times higher than that over pure CdS. However, as
illustrated in Figure 5, their light absorption properties in the
visible region have no evident difference. On the other hand, as
displayed in Table 1, although the specific surface area of
CdS@SnO, has an increasing trend with the increase of SnO,
content, the variation trend of photocatalytic activity is not
always consistent with the change of specific surface area. So,
the improvement of photocatalytic activity for CdS@SnO,
composites cannot be assigned only to the influence of light
absorption property and specific surface area. Thus, the result
that CdS@SnO, composite exhibits higher photocatalytic
activity than pure CdS is probably ascribed to the core—shell
structure of CdS@SnO, composite, by which the photo-
generated electrons and holes can be effectively separated.
Here, we use transient photocurrent and PL spectrum analyses
to identify the influence of core—shell composite structure on
charge separation.

Figure 7A shows the photocurrent—time (I—t) curves of CdS
and CdS@15%Sn0O, with typical on—off cycles of intermittent
visible light irradiation (4 > 420 nm). The photocurrent boosts
rapidly once the light is turned on and remains a relative

13853 DOI: 10.1021/acsami.5b04128
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Figure 4. N, adsorption—desorption isotherms of (A) CdS NRs and
(B) CdS@15%Sn0O, NRs.

Table 1. Sgpr and Pore Sizes of CdS and Different CdS@
SnO, Samples

sample 3Sper (m’g™") pore size (nm)
CdSs 19.5 26.9
CdS@5%SnO, 206 165
CdS@10%Sn0O, 29.7 14.1
CAS@15%5n0, 38.1 125
CdS@20%Sn0, 47.0 9.8
CdS@25%5n0, 576 77

constant value while the light is on. It instantaneously declines
to zero when the light is turned off. It has been considered that
the initial current is due to the separation of electron—hole
pairs at the semiconductor/electrolyte interface: holes are
trapped by the reduced species in the electrolyte, while
electrons are transported to the back contact substrate.***
From Figure 7A, it can be seen that the core—shell structural
CdS@15%Sn0, exhibits much higher photocurrent than pure
CdS, implying that the CdS@SnO, core—shell structure
possesses higher separation efficiency for the photogenerated
electron—hole pairs. This result can be explained by the
staggered band gap offset between the two semiconductors:
because the conduction and valence band edges of CdS are
respectively higher than those of SnO,, the electrostatic
potential gradient across the interface tends to rapidly separate
electrons and holes to different sides of the composite,
favorable to reducing the combination of electron—hole pairs.

1.4
1.0 — CdS@15%Sn02
o
=] —— CdS@5%Sn02
c 0.8 @
g —— CdS@20%Sn02
S 0564 — CdS@10%Sn02
g —— CAS@25%Sn02
0.41 — Cds
0.2
0.0 +——+—"+—"+—"F"—"—""""T"—"T""T"T"TTT7
400 450 500 550 600

Wavelength (nm)

Figure 5. UV—vis DRS spectra of CdS and different CdS@SnO,
samples.
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Figure 6. Photocatalytic oxidation of BA to BAD over CdS and
different CdS@SnO, samples under visible light irradiation (4 > 420
nm): (a) CdS; (b) CAS@5%Sn0,; (c) CdS@10%Sn0,; (d) CdS@
15%Sn0,; (e) CdS@20%Sn0,; (f) CAdS@25%Sn0,.

As a result, the core—shell structural CdS@SnO, shows higher
photocatalytic performances when compared to the single CdS.

Because PL emission mainly results from the recombination
of free carriers, PL spectrum has been considered to be a useful
technique to investigate the efficiency of charge carrier
trapping, migration and transfer, and the lifetime of the
photogenerated charge carriers in semiconductor particles.*”*°
Figure 7B shows the PL spectra of CdS and core—shell
structural CdS@15%Sn0,, obtained at room temperature with
an excitation wavelength of 403 nm. Compared to CdS, CdS@
15%Sn0O, shows a significant quenching in the photo-
luminescence emission, indicating the electrons and holes in
CdS@15%Sn0, have been more efficiently separated. This
conclusion can be further confirmed by room-temperature
TRPL decay analysis. As shown in Table 2, the core—shell
structural CdS@15%Sn0O, exhibits a longer PL lifetime (0.462
ns) than the pure CdS (0.267 ns), revealing that the core—shell
structure is more favorable to carrier transport.

The reasons for the markedly enhanced photocatalytic
performances of core—shell structural CdS@SnO, could be
explained as follows: First, SnO, shell layer can evidently
increase the specific surface area, favorable to the adsorption of
oxygen and reactants. Second, SnO, shell layer can enhance the
visible light absorption of CdS in a certain extent. From the
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Figure 7. (A) Transient photocurrents of (a) CdS and (b) CdS@15%
SnO, under visible light irradiation. (B) PL spectra of (a) CdS and (b)
CAS@15%Sn0,.

perspective of geometry, the SnO, particles dispersed on CdS
NRs could increase light trappincTr by multiscattering, increasing
the photon utilization efficiency.””®" Most important of all, the
CdS@SnO, core—shell structure can effectively separate the
photogenerated electron—hole pairs. This fleet separation could
be explained by the formed staggered band alignment between
the two semiconductors at the core—shell interface.> In this
band gap configuration, when electron—hole pairs are
generated in CdS NRs under visible light irradiation, the
electrons transfer swiftly to the conduction band of SnO, via
interfaces, while the holes remain in the valence band of CdS,
thus restraining the recombination of the photogenerated
carriers.

To understand the primary reactive species involved in the
selective oxidation of BA over CdS@SnO, under visible light
irradiation, we performed a series of control experiments under
N, atmosphere or in the presence of different radical
scavengers. Here, benzoquinone (BQ) was introduced to
scavenge -O,”, ammonium oxalate (AO) for h*, K,S,0; for e,
and +-BuOH for -OH in the solution.®** As shown in Figure
8, in N, atmosphere, the conversion of BA can be ignored,

80+
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Figure 8. BA conversion rates over CdS@15%SnO, under N,
atmosphere or in the presence of different radical scavengers after
visible light irradiation for 8 h.

implying that oxygen is an essential oxidant substance in the
photocatalytic oxidation of BA. The additions of K,S,04 and
BQ drastically decrease the conversion rate of BA, indicating
that -O, is an important reactive species for BA oxidation. A
similar inhibition effect is observed with the introduction of
AO, manifesting that the photogenerated holes are also
involved in the oxidation of BA. There are many stacked
pores in SnO, shell layer so that BA molecules can easily pass
through these pores and further react with the holes on CdS
core. However, the addition of t-butanol almost has no
influence on the conversion rate of BA, proving that -OH is not
the reactive species for BA oxidation. This is because the
reactions were carried out in acetonitrile solution and -OH
radicals cannot be produced. Based on the above experiment
results, we can deduce that in this reaction system -O,” and
hole are the main reactive species for BA oxidation.
Additionally, it is well-known that -OH radicals are nonselective
species during photocatalysis process.*® Thus, the absence of -
OH in this reaction system may be another import reason for
obtaining high selectivity.

On the basis of the above experiment results, a plausible
mechanism for photocatalytic oxidation of BA over the core—
shell structural CdS@SnO, NRs is proposed and illustrated in
Figure 9. Under visible light irradiation, the electrons are
excited from the valence band (VB) of CdS to its conduction
band (CB) and rapidly transfer to the CB of SnO, owing to
their matching energy band positions and close contact. Thus,
the electrons concentrate on SnO, while holes remain on CdS,
favorable to separation of electrons and holes. Subsequently,
the electrons would be trapped by the adsorbed oxygen to form
-0, radicals. Both O, radicals and holes take part in the
oxidation reaction from BA to BAD.

In addition, we propose a plausible explanation to clarify the
influence of SnO, content on the photocatalytic properties. The
surface of the CdS NRs cannot be entirely covered by SnO,
until the addition amount of SnO, reaches 15%. Thus,
increasing the additional amount of SnO, can increase the
contact area between CdS and SnO,, favorable to the more

Table 2. PL Lifetimes of CdS and CdS@15%Sn0, Determined by TRPL Decay Analysis

sample 7, (ns; f;) 7, (ns; £,) T (ns) fit parameter (y?)
cds 0.06 (0.9418) 3.61 (0.0582) 0267 1.178
CAS@15%Sn0, 0.08 (0.9029) 401 (0.0971) 0.462 1.108
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Figure 9. Proposed reaction mechanism from BA to BAD over CdS@
SnO, photocatalyst.

efficient separation of electron—hole pairs. Consequently, the
photocatalytic activity increases with the increase of SnO,
addition amount. However, when the addition amount is
beyond 15%, the photocatalytic activity of CdS@SnO, shows a
downtrend instead due to the excessively thick SnO, shell. This
phenomenon may be ascribed to the following reasons: First,
the excessively thick SnO, shell will restrain the transfer of
reactants toward CdS surface. As a consequence, the holes
produced in CdS cannot totally participate in the oxidation
reaction, resulting in the decline of photocatalytic activity.
Moreover, it should be noticed that only CdS core can absorb
visible light in core—shell structural CdS@SnO,. Thus, the
excessively thick SnO, shell layer also block the transmission of
visible light, which further decrease the photocatalytic activity.

4. CONCLUSIONS

In summary, we developed a facile route for fabricating core—
shell structural CdS@SnO, nanorods, in which SnO, nano-
particles were synthesized by a solvent assisted interfacial
reaction and further anchored on the surface of CdS nanorods.
The thickness of SnO, shells can be conveniently adjusted by
simply changing the additional amount of SnO, nanoparticles.
The SnO, shell layer has been found to have multiple
functions: increasing specific surface area, enhancing visible
light absorption, and facilitating the separation of photo-
generated charges. Compared with the single CdS NRs, the
core—shell structural CdS@SnO, exhibited remarkably en-
hanced photocatalytic activity and improved stability for
selective oxidation of benzyl alcohol to benzaldehyde under
visible light irradiation. It was revealed that in acetonitrile
solution, -O,” and holes are the main reactive species
responsible for benzyl alcohol to benzaldehyde transformation
and the lack of -OH radicals is favorable to obtaining high
reaction selectivity. The synthetic route reported here can
potentially be used to synthesize other core—shell structural
photocatalysts for green organic syntheses and other photo-
catalytic applications.
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