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Porous CdO–CdS core–shell nanoboxes with uniform morphology

and good structural stability were facilely prepared by microwave-

assisted in situ surface sulfidation of CdCO3 nanocubes followed by

annealing treatment. The as-obtained products exhibit much higher

visible-light-driven photocatalytic activity in the reduction of

aqueous Cr(VI) than pure CdS. It is believed that this novel strategy

is highly scalable, and can be extended for the fabrication of other

binary porous hybrids with well-defined non-spherical shapes on

large scales by using perfect carbonate templates.
As a unique class of nanostructured materials, inorganic hollow

structures have attracted enormous research interest due to their

numerous potential applications in adsorbents, catalysis, drug

delivery, microreactors, etc.1–4 The template-assisted strategy is

a convenient and versatile method for the fabrication of hollow

nanostructures. Based on the template materials employed, the

methods can be simply classified into two major groups: hard tem-

plating and soft templating.5 Inorganic and inorganic–organic hybrid

materials are usually used for the hard templates, typically including

silica particles, polymer latex spheres and carbon nanospheres,6–8

while soft templates are usually emulsion droplets, micelles/vesicles

and gas bubbles.9–11

Although many kinds of hollow structures have been fabricated to

date, the obtained geometry from template-engaged approaches is

mostly spherical. This is simply due to the difficulty to find non-

spherical templates that can be generally used for the synthesis.12,13

Recently, a variety of novel approaches, including galvanic replace-

ment, chemical etching, Kirkendall effect, solid-state decomposition,

and self-assembly of nanoparticles, have been employed to fabricate

non-spherical nanocages of various materials such as noble metals,

transition metal oxides and sulfides.14–19 However, most of the

reported non-spherical hollow nanostructures are usually simple

compounds, and complex ones have not been investigated. Thus,

how to integrate complex compounds into individual hollow nano-

structures through facile chemical processes is still a challenging and

exciting issue in materials science. The microwave-assisted route is an
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attractive and facile method for rapid synthesis of nanocrystals with

small particle size, narrow particle size distribution, and high

purity.20,21More recently, we reported a microwave-assisted route for

uniform coating of sulfide nanocrystals onto carbon spheres andZnO

nanorods.22,23 Herein, we demonstrate a facile strategy for preparing

uniform porous CdO–CdS core–shell nanoboxes through micro-

wave-assisted in situ surface sulfidation of CdCO3 template followed

annealing treatment. Distinguished from conventional templating

methods, the CdCO3 template in this case not only provides the

scaffold for the creation of hollow structures, but also directly

participates in the formation of the CdO core during the annealing

process. Scheme 1 illustrates the procedure for the fabrication of

porous CdO–CdS core–shell nanoboxes. Firstly, uniform CdCO3

nanocubes were obtained via a precipitation method, acting as the

precursors in the synthesis. Secondly, a conformal CdS nanocrystal

layer was deposited on the CdCO3 nanocubes and CdCO3–CdS

core–shell nanocubes were produced via microwave-assisted in situ

surface sulfidation (irradiated at 400W for 15min). Finally, CdCO3–

CdS core–shell nanocubes were converted to porous CdO–CdS core–

shell nanoboxes via thermal decomposition at 450 �C for 2 h. The

cubicmorphologywas retained after the annealing processing. Owing

to the release of CO2 during the thermal decomposition, the obtained

CdO–CdS hybrids are highly porous. More experimental details are

provided in the ESI.† As an example, we show that the as-prepared

hybrids exhibit much higher visible-light-driven photocatalytic

activity in the reduction of aqueous Cr(VI) than pure CdS under the

same conditions.

The crystallographic structure and phase purity of the as-prepared

CdCO3 nanocubes, CdCO3–CdS core–shell nanocubes, and porous

CdO–CdS core–shell nanoboxes were examined by X-ray powder

diffraction (XRD), and the typical result is shown in Fig. 1. For

CdCO3 nanocubes, all the peaks can be well indexed to the pure
Scheme 1 Schematic illustration of the conversion processes from

CdCO3 nanocubes to porous CdO–CdS core–shell nanoboxes via

a microwave-assisted route.
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Fig. 1 XRD patterns of the as-prepared CdCO3 nanocubes, CdCO3–

CdS core–shell nanocubes, and porous CdO–CdS core–shell nanoboxes.

Fig. 2 Low-magnification SEM images of (a) the as-prepared CdCO3

nanocubes (inset: high-magnification image); (b) the as-prepared

CdCO3–CdS core–shell nanocubes obtained by a microwave-assisted

route (inset: high-magnification image); (c) the porous CdO–CdS core–

shell nanoboxes (inset: high-magnification image); and the TEM images

of (d) porous CdO–CdS nanoboxes (inset: EDS pattern); (e) an individual

porous nanobox; and (f) shell structures of a porous nanobox (inset:

HRTEM image).
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hexagonal structure of CdCO3 (JCPDS. 72-1939) with lattice

constants a ¼ 4.923 �A, and c ¼ 16.287 �A. No impurity peaks are

detected which implies that the final products are of pure phase. For

CdCO3–CdS core–shell nanocubes, in addition to the obvious

CdCO3 patterns, broadened diffraction peaks at 2q values of 26.4�,
43.9�, and 51.9� are observed, which match well with the crystal

planes of the (111), (220), and (311) of face-centered cubic (fcc) CdS

(JPCDS. 89-0440, a¼ 5.811 �A). Because the diffraction peak of CdS

(220) crystal plane is very adjacent to that of CdCO3 (202) plane, they

are overlapped together. For porous CdO–CdS core–shell nano-

boxes, no diffraction from CdCO3 or fcc CdS can be observed and

only the patterns of CdO and hexagonal CdS are present. The

diffraction peaks marked by circles can be indexed as the fcc phase of

CdO (JCPDS. 75-0594, a ¼ 4.695 �A) and those marked by triangles

correspond to hexagonal CdS (JCPDS. 41-1049, a¼ 4.140�A and c¼
6.719 �A), which indicate the successful combination of CdO–CdS

hybrids by calcination at 450 �C for 2 h. In addition, the XRD

patterns of the as-prepared pure CdS obtained via the microwave-

assisted method,22 before and after calcination at 450 �C for 2 h, are

shown in Fig. S1 (see ESI†). It can be seen that the pure CdS easily

transforms from cubic to hexagonal phase after the annealing

treatment.

The morphology and structure of the as-prepared CdCO3 nano-

cubes, CdCO3–CdS core–shell nanocubes and porous CdO–CdS

core–shell nanoboxes are studied by the scanning electron micros-

copy (SEM) and transmission electronmicroscopy (TEM) images, as

shown in Fig. 2. A panoramic view of the pure CdCO3 templates in

Fig. 2a reveals entirely uniform nanocubes with an edge length of

about 500 nm, without any impurity particles or aggregates. Fig. 2b

shows the SEM image of CdCO3–CdS core–shell cubes obtained via

microwave-assisted in situ surface sulfidation of the CdCO3

templates. The high-magnification image (inset) obviously reveals the

morphological change: the surface of the CdCO3 templates becomes

rough and thick, implying the successful formation of CdCO3–CdS

hybrid by the surface sulfidation. After calcined at 450 �C for 2 h, the

well-definedCdCO3–CdS core–shell nanocubes are fully converted to

porous CdO–CdS nanoboxes, with the cubic morphology completely

retained, as displayed in Fig. 2c. The SEM image of the pure CdS

synthesized from a direct microwave-assisted reaction is shown in

Fig. S2 (see ESI†). The geometrical structure and hollow interior of
13896 | J. Mater. Chem., 2012, 22, 13895–13898
as-obtained porous CdO–CdS nanoboxes are further elucidated by

TEM results. Fig. 2d shows the incorporation of CdS nanocrystals

into the porousCdO framework, and the resultant porous nanoboxes

well duplicate the cubic morphology of CdCO3 templates. This result

is in good agreement with the SEM analysis. The energy dispersive

X-ray spectrometry (EDS) pattern of the surface layer of the as-

prepared CdO–CdS nanohybrids is inset in Fig. 2d, which further

confirms the co-existence of CdS and CdO components. Fig. 2e

shows a typical free-standing porous nanobox with an edge length of

about 500 nm. The TEM and high-resolution TEM (inset) images of

the shell of the nanobox are shown in Fig. 2f, which also demonstrate

the CdS nanocrystals incorporated into the framework of CdO and

the thickness of CdS shell layer is about 15 nm. Additionally, EDS

line scan profile along one axis of the porous nanobox and the cor-

responding EDS element mappings of O, S, and Cd are shown in

Fig. S3 (see ESI†). It further reveals composition variations and clear

interface elements distributed regions. For the present strategy,

compared with traditional template methods, a CdS layer of

continuous phase was produced on the surface of CdCO3 templates

via themicrowave-assisted in situ sulfidation process. This continuous

phase layer will reduce the impact force created in the calcination

process where carbon was converted into CO2.
24 As a result, the final

as-prepared hollow nanostructures did not suffer distortion or

collapse, and underwent lower shrinkage. From comparison, the

SEM image of the as-prepared CdO directly calcinated from CdCO3
This journal is ª The Royal Society of Chemistry 2012
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Scheme 2 Schematic diagram representing the charge-transfer process

in the CdO–CdS nanohybrids.
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templates at 450 �C for 2 h is shown in Fig. S4 (see ESI†), apparently

revealing the collapse of all the template cubes.

Cr(VI) is one of themost toxic pollutants found in the underground

water sources and has been classified as carcinogenic and muta-

genic.25,26 How to economically and efficiently treat the Cr(VI)-con-

taining waste water has attracted intense interest from both academic

and industrial societies. A common method of treating aqueous

Cr(VI) is to convert it into Cr(III) which is considered as a nontoxic

and essential tracemetal in human nutrition. Furthermore, Cr(III) can

be precipitated as Cr(OH)3 in neutral or alkaline solutions and

removed as a solid waste. Recently, the semiconductor photocatalytic

reduction method is widely used in treating aqueous Cr(VI), because

of the attractive advantages such as simple operation, ambient

conditions, low cost, high efficiency, and direct use of natural solar

energy.27 Herein, we used the as-prepared porous CdO–CdS core–

shell nanoboxes to investigate their application in photocatalytic

reduction of aqueous Cr(VI) under visible-light irradiation. Pure CdS

was also synthesized by a microwave-assisted reaction of the CdS

precursor for comparison.

Fig. 3a shows the UV-vis diffuse reflectance spectra of the as-

prepared pure CdS, CdO and porous CdO–CdS core–shell nano-

boxes. For pure CdS, its absorption exhibits a characteristic cut-off

feature near 500 nm, dropping rapidly at longer wavelengths.28

However, CdO–CdS nanohybrids exhibit extended absorption range

to the visible region. This result may be attributed to the smaller band

gap and large absorption coefficient of CdO, modifying the funda-

mental process of electron–hole pair formation under the visible-light

illumination. As a result, the photocatalytic activity of as-prepared

porous CdO–CdS hybrids is improved. Photocatalytic reduction of

Cr(VI) in the absence of any photocatalyst (the blank test), in the

presence of the as-prepared pure CdS, CdO and porous CdO–CdS

core–shell nanoboxes after exposure to visible light irradiation is

shown in Fig. 3b, where C is the concentration of Cr(VI) after light

irradiation and C0 is the initial concentration of Cr(VI) before dark

adsorption. In the absence of the catalysts, there is no obvious change

in the Cr(VI) concentration after visible-light irradiation. After irra-

diation for 30 min, nearly 97.5% of Cr(VI) is photocatalytically

reduced by the porous CdO–CdS nanohybrids, while the removal

rate of Cr(VI) by pure CdS and CdO is only about 30.3% and 16.5%

under the same conditions. Significantly enhanced photocatalytic

activity can be seen with the porous CdO–CdS nanoboxes.

The superior photocatalytic reduction performance of these hybrid

structures may be ascribed as follows. A schematic diagram repre-

senting charge transfer process in the CdO–CdS hybrids is illustrated

in Scheme 2. The conduction band of CdS lies at a more negative
Fig. 3 (a) UV-vis diffuse reflectance spectra of the as-prepared pure

CdS, CdO and porous CdO–CdS core–shell nanoboxes; (b) photo-

catalytic reduction of Cr(VI) in the absence of any photocatalysts (the

blank test) and in the presence of different photocatalysts.

This journal is ª The Royal Society of Chemistry 2012
potential than that of CdO, while the valence band of CdO is more

positive than that of CdS. Under visible-light irradiation, photo-

generated electrons in the conduction band of CdS go to the

conduction band of CdO and hole transfer occurs from the valence

band of CdO to that of CdS. The simultaneous transfer of electrons

and holes in the CdO–CdS hybrids system increase both the yield and

the lifetime of charge carriers by separating the photo-induced elec-

trons and reducing charge recombination in electron-transfer

process,28 and therefore enhance the photocatalytic performance.

In summary, using CdCO3 nanocubes as the template, porous

CdO–CdS core–shell nanoboxes have been successfully fabricated via

a simple microwave-assisted in situ surface sulfidation strategy fol-

lowed by annealing treatment. By this method, the as-prepared

hybrid structures preserved the uniformity of the initial CdCO3

templates. In evaluating the visible-light-driven photocatalytic

activity in the reduction of aqueous Cr(VI), the hybrids show

enhanced activity as high as 3.2 times that of pure CdS under the

same conditions. We believe that this rapid, facile surface sulfidation

method may be applied to the synthesis of other highly porous

composites with well-defined non-spherical shapes with a wide range

of applications.

This work is financially supported by the Natural Science Foun-
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