JOURNAL OF

Fabrication of macroporous cadmium sulfide with three-dimensional

structure by solvothermal synthesis

L)

Zhibin Lei,” Jianmin Li,** Yanxiong Ke,” Yugen Zhang,” Hua Wang“ and Gaofei He"

“Department of Chemical Physics, University of Science and Technology of China, Hefei,

Anhui, 230026, P.R.China. E-mail: jmli@ustc.edu.cn

(L)
o

UOINBOIUNWIWOY
9]

CHEMISTRY

bDepartment of Chemistry, University of Science and Technology of China, Hefei, Anhui,

230026, P.R.China

Received 11th April 2001, Accepted 10th May 2001

First published as an Advance Article on the web 22nd May 2001

A three-dimensional well-ordered network of macro-
porous CdS has been fabricated by a novel solvothermal
synthesis route using SiO, beads as a template; the CdS
particles, which were introduced in the voids of the
template and used as crystal seeds for the further growth
of CdS from the liquid phase, were found to play a very
important role in the formation of the final pore
structure.

Currently there exists an increasing interest in new methods for
the fabrication of diverse macroporous periodic structures. The
main thrust of these intensive investigations stems from their
wide range of applications such as separation,' chemical
sensors> and membranes. However, the most important
application of these three-dimensionally (3D) periodic materi-
als relates to the field of photonic bandgap technology.’®
Compared with lithographic techniques,® chemical methods
based on recently developed colloidal crystal templates have
apparent advantages in fabricating really 3D macroporous
materials due to their versatile and cost-effective procedures.
So far, various macroporous materials, including oxides,*® gra-
phite and diamond,® BaTiOs,'® polymers,''™!° semiconductor
Si,'0 Ge,'” CdSe,'® metals'*2? and alloys,23 have been fabricated
by this universally applied template-directed synthesis.

The optimum choices for the matrix in photonic bandgap
materials, however, are wide bandgap semiconductors such as
diamond,’ TI-VI semiconductors,'® titania® and tin dioxide.
Among these, CdS is one of the most promising candidates
because of its high refractive index (n=2.5 at 600 nm), its
optical transparency in the visible and near IR regions,** as
well as its semiconductor and photoelectric properties. It has
been, however, difficult to fabricate 3D interconnected
macroporous CdS by template-directed methods because
during fabrication there are many factors to be taken into
account. Owing to the sublimation and easy oxidation of CdS
in air at elevated temperatures, calcining a composite of CdS
and a polymer template in a protective atmosphere will result in
the loss of CdS and incomplete degradation of the organic
compound. For instance, in macroporous Ni/PS samples, 39%
carbon remained after heating in N, at 450 °C for 10 h.2° In
addition, unlike SiO,* and TiO,,>¢ the interaction between
CdS molecules is mainly dominated by weak van der Waals
forces, which readily results in pore collapse when the template
is eliminated. Although Norris and coworkers®® have success-
fully introduced semiconductor nanoparticles CdSe into the
voids of an SiO, template, due to the weak molecule
interactions, the skeleton of macroporous CdSe manifests
itself as locally unconnected fragments. This property is
detrimental to photonic bandgap materials, which need a
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completely interconnected structure. 3D macroporous CdS and
CdSe have been fabricated by electrochemical deposition.'®
However, difficulties often arise from the preparation of
working electrodes, control over the wall thickness and
purification of the final products.'” In this communication
we report a novel solvothermal synthesis route for the
preparation of macroporous CdS using SiO, beads as a
template. Compared with other methods, the present synthesis
route has the advantages that it is easy-to-handle, cost-effective
and may provide a new route for the fabrication of other
macroporous sulfides.

Nearly monodisperse SiO, spheres with relative standard
deviations smaller than 5% are obtained by hydrolyzing
tetraethyl orthosilicate under basic conditions,?” followed by
a seed growth polymerization reaction.”® The SiO, templates
are assembled by a vertical deposition technique as previously
reported.? Firstly, we introduce CdS particles in the voids of
the SiO, template. This procedure can be readily accomplished
by successively soaking the dried SiO, template in 10% aqueous
CdCl, and the dried CdCl,-SiO, template in 5% (NH4),S
aqueous  solution. About 0.35g analytically pure
CdCl,-0.5H,0, 0.18 g thiourea (NH,CSNH,), 1 g CdS-SiO,
template and 5 ml CS, were mixed and put into a Teflon-coated
steel autoclave (designated as no. 1) of 8 ml capacity and then
heated at 160°C for 24h. After washing the resulting
composite with deionized water, the SiO, template was
removed by immersing the composite in 10% aqueous HF
overnight.

The quality of any materials formed via template-directed
method depends mainly on the order and properties of the
starting template. According to a convective self-assembly
technique,’®>? SiO, nanospheres can self-assemble into
opalescent colloidal crystals. Before fabrication these colloidal
crystals were sintered at 820°C for 3h.** This thermal
treatment leads to the formation of small necks between the
SiO, spheres and thereby provides the template with mechan-
ical robustness and makes it easy to transport. The necks (see
the small pores in Fig. 2c) also allow the HF solution to flow
through the whole structure to dissolve away the SiO, template.
Fig. 1 is the SEM image of SiO, spheres of 546 nm diameter on
the (100) plane of the face-centered cubic (f.c.c.) template after
heat treatment. The SiO, beads are in physical contact with
each other and assemble into a close-packed structure.
Different crystalline terraces prove that the template is long-
range ordered in three dimensions.

Fig. 2 shows typical SEM images of macroporous CdS
fabricated by using SiO, beads of various sizes as templates.
The honeycomb structure confirms that CdS has retained the
morphology of the starting template, see Fig. 2a. Fig. 2b shows
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Fig. 1 Scanning electron micrograph of 546 nm SiO, beads on the (100)
plane of f.c.c. template after sintering at 820 °C for 3 h. Many steps
confirm the long-range order and three-dimensional structure.

that the open voids and interconnected walls extend this
honeycomb structure over a range of tens of microns in three
dimensions. Average pore diameters of about 504 nm were
obtained by using 596 nm SiO, spheres as the template,
indicating that the pore shrinkage during the removal of the
template by chemical etching is less than that by calcining at
higher temperature.'® The next lower layer of pores is clearly
seen in the high-magnification image of Fig.2c. These
windows, formed around the points where the starting SiO,
beads had touched, are clearly seen as three dark areas within
each pore. The dimensions of these windows largely depended
on the degree of physical contact between adjacent colloidal
spheres, and can be adjusted over a certain range by sintering
the template at different temperatures and times.** Elemental
analysis (found Cd, 78.54%; S, 20.59%; Si, 0.02%. calc. Cd,
77.80%; S, 22.20%) found only trace amounts of silica,
suggesting that the template has been completely removed.
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Fig. 3 Powder X-ray diffraction patterns of (a) as-prepared CdS in the
voids of the SiO, template and (b) the resulting macroporous CdS.

The strongest (101), and the second strongest (100) and (002)
diffraction peaks (Fig.3) are in good agreement with bulk
hexagonal CdS. Both of these results indicate that the final
product is pure CdS rather than any other cadmium
compound.

During the whole fabrication process, the CdS particles
initially introduced in the voids of the template play important
roles in the formation of the pore structure. Firstly, they
mineralize a portion of the space within the template. Besides
this, they provide crystal seeds for the further growth of CdS
from the liquid phase. This mechanism is confirmed by the
following parallel experiments. In a second autoclave (no. 2),
0.35 g CdCl,-0.5H,0, 0.18 g thiourea, 1 g bare SiO, template
(without CdS in the voids) and 5 ml CS, were mixed, while 5 ml
CS, and 1g CdS-SiO, template were placed in a third
autoclave (no. 3). Along with autoclave no. 1, these autoclaves
were simultaneously heated at 160 °C for 24 h. SEM results

Fig. 2 SEM images of the resulting macroporous CdS fabricated by using SiO, beads of various sizes as template. (a) Pore sizes about 467 nm were
obtained with 546 nm SiO, spheres. (b) Details of the honeycomb structure confirm that the walls are interconnected in three dimensions. (¢) High-
magnification micrograph of CdS. Windows which formed around the points where the starting SiO, spheres had touched are clearly seen as three

dark areas in each pore.
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show that the sample in autoclave no. 2 has a small number of
unconnected pores, which indicates that the CdS tends to be
deposited in the voids. In autoclave no. 3, however, we did not
observe any apparent pores, which suggests that most of the
pores have collapsed because of the incomplete filling. In
addition, the XRD patterns also support this mechanism.
Fig. 3 shows the XRD patterns®* of as-prepared CdS in the
CdS-SiO, template and of the final macroporous CdS. Despite
the different peak intensities, the reflections can be indexed to
the same hexagonal phase. In other words, the CdS phase
within the CdS-SiO, template is hexagonal even under ambient
conditions and can act as crystal seeds, around which CdS can
grow within the voids of the template. Based on these points,
our method is very analogous to the electrochemical deposition
technique because both methods have the common feature that
they allow for the mineralization of voids as completely as
possible.

The solvent CS, may serve as an inert medium rather than
guiding the crystal growth direction. For comparison, CS, was
replaced by ethylenediamine while keeping the other experi-
mental conditions the same. Almost the same results were
obtained as those for autoclave no. 3. A possible reason for this
is that Cd>* was chelated by ethylenediamine, which disperses
CdS in the liquid rather than in the voids of the template.

In summary, we have fabricated 3D ordered macroporous
CdS by a convenient and cost-effective solvothermal synthesis
route. This framework will confer upon CdS many interesting
applications such as in photoelectron devices and as photonic
crystals. Further investigations involving the physical and
chemical properties of macroporous CdS and the extension of
the present method to the fabrication of other chalcogenides
are under way.
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