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In recent years, there has been
growing interest in the fabrica-
tion of hollow nanostructures
owing to their important appli-
cations in catalysis, sensors,
controlled release, and elec-
tronic and optical devices.[1] To
date, methods for the fabrica-
tion of the hollow nanostructures have mainly been based
on the self-assembly or deposition on surfaces of colloidal
particles.[2] However, these methods are relatively compli-
cated; surface modification of colloid particles is often re-
quired to ensure the coating of shell substances, and chemi-
cal etching or calcinations are required to remove the cores
in order to obtain the final hollow structures. It is highly de-
sirable to develop an efficient and facile method to prepare
hollow materials.

Soft-template methods provide a simple and general
process for generating hollow structures. Surfactants and
other polymer molecules can self-assemble into rodlike or
sphere-shaped mesophase structures. These structures can
serve as soft templates, around which the desired materials
are generated in situ and shaped into hollow structures with
a morphology complementary to that of the templates.[3] In
addition, some metallic hollow structures have recently
been prepared by a method involving the conversion of sac-
rificial metal templates.[4] During the conversion reaction,
the metal templates can be gradually evacuated through sur-
face defects while the resultant metal shells preserve the
shapes of original templates.

Combining the soft template with the sacrificial tem-
plate, we have designed a novel double-template route to
fabricate hollow structures. The fabrication process is illus-
trated in Scheme 1. First, a sacrificial template with desired
shape is prepared. Based on the sacrificial template, the soft
template is constructed by coating appropriate molecules

onto it and thus the double template is fabricated. During
the following conversion reaction, the internal sacrificial
template is consumed to form a hollow interior. The resul-
tant material then simultaneously grows on the external soft
template and forms a shell with a shape complementary to
that of the original sacrificial template.

Gelatin is an amphoteric polyelectrolyte consisting of
amino acid groups. It has good biodegradable properties
and has been widely used as a colloidal protective agent due

to its good adsorption properties.[5] Many studies have been
performed on the adsorption of gelatin on various surfa-
ces.[6] The adsorption can be driven by electrostatic and/or
hydrophobic interactions depending on the nature of the
surface and the medium. Moreover, the gelatin chains can
also interact with each other in aqueous solution through
hydrogen bonding.[7] Herein, using biodegradable gelatin as
a soft template, we have successfully fabricated a Cd(OH)Cl
nanorod/gelatin double-template system and used the tem-
plate to synthesize CdS nanotubes.

It is well known that the optical and electronic proper-
ties of materials are dependent on both the initial particle
sizes and the manner in which they organized. The results
of studies on the electrogenerated chemiluminescence
(ECL) of CdS spherical assemblies have been reported in a
communication from our laboratory, [8] in which we pro-
posed that the aggregation morphology of the CdS assem-
blies played an important role in generating the lumines-
cence. Here, we describe the stable and highly enhanced
ECL from as-prepared CdS nanotubes, composed of highly
compacted nanocrystals, which further supports our propos-
al.

A TEM image of the Cd(OH)Cl sacrificial template is
shown in Figure 1a. In the figure, it can be observed that
the as-prepared Cd(OH)Cl shows a rodlike structure with a
diameter of about 110 nm. The XRD pattern of the
Cd(OH)Cl nanorods is shown in Figure 1b. All of the dif-
fraction peaks of the XRD pattern can be indexed to the
hexagonal phase of Cd(OH)Cl (JCPDS: 74-1047). The CdS
nanotubes were synthesized by the conversion of the
Cd(OH)Cl nanorods in an aqueous gelatin solution using
thioacetamide (TAA) as a S2� source. The XRD pattern of
the as-prepared CdS nanotubes is shown in Figure 2a, which
is consistent with the hexagonal CdS structure (JCPDS: 41-
1049). The apparently broadening of the peaks indicate that
the products are composed of small nanocrystalline parti-
cles. The average size of these nanocrystals is estimated to
be about 7 nm according to the Debye–Scherrer formula.[9]

The morphology and microstructure of the CdS nanotubes
were characterized by TEM and SEM measurements. As

Scheme 1. Schematic illustration of the fabrication of hollow structures via a double-template method.
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shown in Figure 2b, The CdS nanotubes have an external di-
ameter of about 140 nm and an internal diameter of about
100 nm, which is consistent with the diameter of the
Cd(OH)Cl nanorods. A typical SEM image shown in Fig-
ure 2c reveals that the tube wall is composed of numerous
highly compacted nanoparticles. From TEM and SEM ob-
servations, more than 95% of the sample has the tubular
structure. The HRTEM investigation, as shown in Figure 2d,
provides further information about the microstructures of a
wall of the nanotubes. The HRTEM image exhibits a clear
lattice fringe with a d spacing of 0.358 nm, which corre-
sponds to the (100) reflection of the hexagonal CdS struc-
ture. The HRTEM image also indicates that the diameter of
the individual CdS nanocrystal is about 7–8 nm, which is in
agreement with the XRD results.

The probable reaction process for the conversion from
Cd(OH)Cl nanorods to CdS nanotubes can be summarized
as follows:

CH3CSNH2 þH2O! CH3CONH2 þH2S ð1Þ

H2S! Hþ þHS� ! 2 Hþ þ S2� ð2Þ

CdðOHÞCl! Cd2þ þOH� þ Cl� ð3Þ

Cd2þ þ S2� ! CdS ð4Þ

If the reaction is carried out in the absence of gelatin,
conversion takes place directly on the surface of the
Cd(OH)Cl nanorods to form a CdS shell. Figure 3a shows

the tubular structures formed im-
mediately after the addition of
TAA without the addition of gel-
atin. The higher magnification
image in the inset indicates that
the tube wall has a porous struc-
ture. The pores in the wall are
produced because of two factors:
one is the large crystal mismatch
between hexagonal Cd(OH)Cl
(a=0.366 nm and c=1.027 nm)
structure and hexagonal CdS
(a=0.414 nm and c=0.672 nm)
structure,[10] and the other is the
continuous diffusion of Cd2+ and
S2� across the tube wall.[4] The
XRD patterns (Figure 3c) shows
that immediately after the addi-
tion of TAA, the Cd(OH)Cl has
been almost completely convert-
ed, but the CdS tubes obtained
are poorly crystalline. The pores
and the poor crystallization re-
sulted in a metastable tube wall.
As observed in Figure 3b, all the
tubes collapsed after reaction for
15 min. The higher magnification
image in the inset clearly shows
the collapse of the tubular struc-

Figure 1. a) TEM image and b) XRD pattern of the as-prepared
Cd(OH)Cl nanorods.

Figure 2. a) XRD pattern, b) TEM image, and c) SEM image of the as-prepared CdS nanotubes;
d) HRTEM image of the wall of the CdS nanotubes.
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tures. This kind of collapse can be attributed to the aging
effect.[11] In the aging process, the poorly crystalline CdS
particles that compose the tube walls recrystallize into
larger compact crystals. As a result, the pores between the
particles coalesce into larger ones, and further enlargement
of the pores leads to the final collapse of the tube walls.[4]

The addition of gelatin as the soft template prevents this
kind of collapse because of the existence of hydrogen bond-
ing between Cd(OH)Cl and the gelatin chains. When the
Cd(OH)Cl sacrificial template was added into the gelatin
aqueous solution, stable tubelike gelatin layers were con-
structed along the surfaces of the Cd(OH)Cl nanorods. In
the conversion process of the CdS nanotubes, due to the
high surface activity, once the nascent CdS particles were
formed, they would adsorb onto the gelatin layer to form a
tubular structure. The gelatin template, serving as a “sup-
porter”, maintains the tubular structure in this conversion
process. In the subsequent aging process, the nascent parti-
cles that compose the tube walls undergo an Ostwald ripen-
ing process and intergrow with one another to form more
stable compact walls.[7] It should be noted that elemental
analysis indicates that there is no residual gelatin in the
final product, which means that the final tubular product is
not supported by gelatin; the tubular product is stable by
itself.

The ECL behavior of the CdS nanotubes at a carbon-
paste electrode in aqueous solution was studied under con-
ventional cyclic voltammetry (CV). Figure 4 shows the ECL
emission of CdS nanotubes under continuous potential scan-
ning for six cycles. The electrode potential was cycled be-
tween 0.1 V and �1.2 V at a scan rate of 100 mVs.�1 ECL is
generated by relaxation of excited-state molecules that are
produced through electron-transfer annihilation of electro-
generated anion and cation radicals.[12] As the electrode po-
tential is made more negative, electrons are injected into

the CdS nanocrystals and electrogenerated anion radicals
(CdS�C) are formed. Concurrently, S2O8

2� ions were added
as a co-reactant to produce a strong oxidant, SO4

�C. The
formed sulfate radicals can react with the negatively charg-
ed CdS nanocrystals to produce excited states and then gen-
erate high-intensity light emission.

S2O8
2� þ e� ! SO4

2� þ SO4
� C ð5Þ

CdS� C þ SO4
� C ! CdS* þ SO4

2� ð6Þ

In the ECL curve, the light emission shows quite good
stability and enhanced intensity. This can be attributed to
the aggregation morphology of the CdS nanotubes and the
addition of the co-reactant, which helps to overcome the
poor radical anion and cation stability.

In summary, a double-template method for the fabrica-
tion of hollow structures has been designed and successfully

Figure 3. TEM images of CdS products without gelatin at a) the start of the reaction and b) after 15 min reaction time; the insets in (a) and (b)
show inverted images at higher magnification; c) corresponding XRD patterns for samples shown in (a) and (b).

Figure 4. ECL emission from CdS nanotubes in 0.1m K2S2O8 + 0.1m

KOH aqueous solution containing 0.1m KCl under continuous cyclic
voltammetry for six cycles.
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used in the synthesis of CdS nanotubes. The double-tem-
plate method involves the construction of the soft template
on the sacrificial template, the consumption of the sacrificial
template and the growth of the resultant materials on the
soft template. The morphology of the sacrificial template
determines the structure of the soft template and thus the
hollow structure of the final product. Therefore, finding a
reactive sacrificial template to form the desired product and
fabricating a suitable soft template on the sacrificial tem-
plate are two key prerequisites for obtaining the final
hollow structures. The method demonstrated here opens a
new avenue for the fabrication of hollow structures with
various shapes. The CdS nanotubes composed of compact
nanocrystals exhibit strong ECL, which may find useful ap-
plications in biodetection.

Experimental Section

All chemicals were of analytical grade and used as received
without further purification. In a typical synthesis, the Cd(OH)Cl
precursor was prepared by adding an aqueous solution of NaOH
(1.7m, 30 mL) to an aqueous solution of CdCl2 (1.7m, 30 mL).
The obtained white precipitate was aged at 90 8C for 12 h, fil-
tered, washed with distilled water, and then dried in vacuum.
The Cd(OH)Cl obtained (7.5 g) was dispersed into 25 mL of a 3%
aqueous gelatin solution while stirring, and then thioacetamide
(3.8 g) was added to the mixture; the reaction was performed
for one hour at room temperature while stirring. When the reac-
tion was finished, a yellow precipitate was obtained. The precipi-
tate was separated by centrifuging at a rotation rate of
10000 rpm, washed with distilled water, and dried in vacuum at
room temperature to give the final product in 80% yield. The
final product was in the form of a yellow powder, and was char-
acterized by XRD, SEM, TEM and HRTEM. Electrogenerated chemi-
luminescence measurements were carried out in 0.1mK2S2O8 +

0.1m KOH aqueous solution containing 0.1m KCl on a Model
MPI-A Electrochemiluminescence Analyzer Systems (Xi’An Remax
Electronic Science & Technology Co. Ltd., Xi’An, China). A three-
electrode system was employed with Pt wire as a counter elec-
trode, Ag/AgCl as a reference electrode, and a carbon-paste elec-
trode as a working electrode. The carbon-paste electrode was
fabricated as follows: graphite powder (75 mg) and the as-pre-
pared CdS nanotubes (25 mg) were thoroughly mixed in ethanol
solvent by ultrasonic dispersion. After drying under stirring, a ho-
mogenized graphite/CdS mixture was achieved. Subsequently,
paraffin oil was added to the mixture (oil/mixture=1:4 w/w)
and mixed fully until a homogeneous paste was obtained. The
prepared paste was packed into a glass tube with a 4 mm inner
diameter and electrical contact was established with a copper
rod through the back of the homemade electrode. The electrode
surface was polished with smoothing paper.
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