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a b s t r a c t

In this paper, we report a simple two-step approach to prepare porous octahedron- and rod-shaped ZnO

architectures. The morphology of porous ZnO particles can be conveniently tuned by controlling

morphologies of the ZnC2O4 �2H2O precursor. SEM and TEM characterization results indicate that these

porous ZnO architectures are built up by numerous ZnO primary nanoparticles with random

attachment. Based on thermogravimetry analysis, we believe that the release of water vapor, CO and

CO2 leads to the formation of high-density pores in shape-controlled particles during the calcination

process. Further experimental results indicate that as-prepared porous ZnO particles exhibit good

photocatalytic activity due to large surface area.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Due to large surface area, high porosity and low density,
porous materials have practical applications in many fields,
ranging from bioengineering, catalysis, separation, and environ-
mental engineering to chemical and gas sensors [1–4]. Up to now,
kinds of methods, such as hard templates [5,6], soft templates
[7,8], directional freezing [9], ultrasonic spray pyrolysis [10] and
so on, have been explored to fabricate various materials with
porous structures. Recently, morphology-controlled syntheses of
porous materials are gaining more and more attention because
porous materials of different macroscopic morphology are found
to present different properties, which greatly affect their practical
applications [7,11–18]. For example, spherical porous particles and
capsules have superiority in applications for drug delivery and
release [4,14] whereas one-dimensional porous nanostructures
(i.e., nanowires and nanotubes) in comparison are more suitable
for optoelectronic nanodevices, such as sensors [16,17]. In a recent
literature [18], Dai and co-workers demonstrated that porous ZnO
particles with a tetragonal pyramid shape have better biosensing
properties than spherical ZnO nanoparticles. Except silica-based
porous materials [11–14], however, there are few successful cases
about precise and tunable control over the morphology of porous
materials. For this reason, to explore a simple strategy for
ll rights reserved.

),
morphology-controlled synthesis of porous materials is still a
significant challenge for modern synthetic science.

Zinc oxide (ZnO), a remarkable II–VI semiconductor with a
direct wide band gap of 3.37 eV and large exciton binding energy
of 60 meV at room temperature, has attracted considerable
interests due to potential applications in laser [19], solar cells
[20], sensors [21,22], photocatalysts [23], etc. As a result of unique
anisotropic features of wurtzite structure, ZnO is probably the
richest family of nanostructures among all materials including
carbon nanotubes [24]. Among diverse morphologies of ZnO, ZnO
particles with a porous structure have attracted increasing
attention in recent years since porous particles may present
potential properties superior to corresponding solid structures.
For example, porous ZnO nanotubes, which have been reported by
Wang et al. [25], exhibit superior photocatalytic activity in the
degradation of methyl orange compared to commercial ZnO
powders, ZnO double layer microdisks, and even anatase TiO2

nanoparticles. As far as we know, there are no successful cases
at present for morphology-controlled synthesis of porous ZnO
particles through a versatile strategy although various porous
ZnO structures, including porous pyramids [18], porous nano-
tubes [25], mesoporous polyhedral cages [26], porous hexagonal
disks [27–29], porous nanowires [30], and porous nano-
belts [31–33], have successfully prepared by means of various
methods.

In this paper, we report a simple approach to prepare porous
ZnO particles with two kinds of regular morphologies, i.e.,
octahedron and nanorods. The morphology of as-prepared porous
ZnO particles can be conveniently tuned by controlling morphol-
ogies of zinc oxalates as precursors. Based on thermogravimetric
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analysis, we proposed a rational mechanism for explaining
evolution of porous ZnO particles with regular morphologies
from the precursors to final products. Photocatalytic activity of as-
prepared porous ZnO particles has also been evaluated by
investigating degradation of methyl orange under UV irradiation.
2. Experimental section

2.1. Chemicals and synthesis

All the reagents used in experiments were of analytical grade,
and used as received without further purification. Zinc chloride
(ZnCl2) was purchased from Shantou Xilong Chemical Co., Ltd.
Sodium sulfate (Na2SO4), oxalic acid dihydrate (H2C2O4 �2H2O),
N, N-dimethylformamide (DMF) and methyl orange (MO) were
purchased from Sinopharm Chemical Reagent Co., Ltd. The syn-
thetic procedure of porous ZnO particles involves two steps, i.e.,
solvothermal synthesis of precursors and sequent calcination at
high temperature. A typical synthetic experiment was as follows:
(1) 0.5 g of Na2SO4, 0.068 g of ZnCl2 and 0.126 g of H2C2O4 �2H2O
were added to 5 mL of ethanol and 5 mL of DMF under magnetic
stirring. Then the solution was transferred into a Teflon-lined
stainless autoclave with a capacity of 25 mL. After being sealed,
the autoclave was heated at 180 1C for 24 h and then was naturally
cooled to room temperature. After the reaction was completed, a
powder was collected from the solution by centrifugation, and
rinsed with aether, ethanol and deionized water in sequence. (2)
The as-prepared powder was calcined at 500 1C for 1 h under
normal atmospheric conditions, and finally a white product was
obtained.

In our experiments, porous ZnO architectures with octahe-
dron- and nanorod-like shapes were obtained by simply changing
molar ratio of reactants (ZnCl2/H2C2O4 �2H2O) as well as their
growth environment. Table 1 lists detailed synthetic conditions of
two kinds of porous ZnO architectures.
2.2. Characterization

The products were characterized by X-ray diffraction (XRD,
PANalytical X-Pert diffractometer with Cu-Ka radiation), field
emission scanning electron microscopy (FESEM, LEO1530) equipped
with energy-dispersive spectrometer (EDS), and high resolution
TEM (HRTEM, FEI Tecnai-F30 FEG) with an acceleration voltage
of 300 kV. Thermogravimetry (TG) analysis was carried out on
a NETZSCH TG 209 F1 analyzer under a nitrogen atmosphere at a
heating rate of 10 1C min�1 from 30 to 600 1C. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a scanning
ESCA microprobe (PHI Quantum 2000) with Al Ka radiation. The
binding energy was calibrated with a C1s photoelectron peak at
284.6 eV. UV–Vis spectra were recorded on a spectrophotometer
(Shimadzu UV-2501 PC) at room temperature. Photoluminescence
(PL) spectrum was measured at room temperature with a lumin-
escence spectrometer (Hitachi F-4500) using a Xenon discharge
lamp as the excitation light source, and excitation wavelength was
325 nm.
Table 1
A brief summary of synthetic conditions of porous ZnO particles with different morph

Sample no. Morphology of the product Morphology of the precursor

1 Octahedron Octahedron

2 Nanorod Nanorod
2.3. Photocatalytic activity measurements

Photocatalytic activity of as-prepared ZnO porous architectures
was tested by decomposing MO in water under UV irradiation of a
300 W high-pressure Hg lamp (the strongest emission at 365 nm).
The temperature of photocatalytic reaction was kept at about
25 1C. In a typical experiment, as-prepared porous ZnO particles
(5 mg) as photocatalysts were added into a series of Pyrex glass
vessels containing 5 mL of MO (10 mg L�1) to obtain suspensions
for degradation reaction. Prior to UV irradiation, the suspensions
were stirred in the dark for 5 min to ensure an adsorption/
desorption equilibrium of MO on surfaces of porous ZnO particles.
After a given irradiation time, the suspensions were withdrawn,
and centrifuged to remove the particles. The degradation process
as a function of irradiation time was monitored by measuring the
absorption of MO in the solution at 463 nm with UV–Vis
absorption spectra.
3. Results and discussion

Fig. 1a shows a typical SEM image of the precursor in the case
of porous ZnO octahedra (sample 1). From this image, it can be
found that the precursor is composed of micro-particles with an
octahedron shape, the average size of which is about 2mm. As
shown in corresponding XRD pattern (Fig. 1b), all diffraction peaks
of the precursor can be indexed to ZnC2O4 �2H2O �with a
monoclinic structure (JCPDS No. 25-1029). Fig. 1c is a typical
SEM image of final products after the calcination at 500 1C for 1 h,
which shows that the final products still retain an octahedral
morphology of the precursor. High-magnification SEM image
(Fig. 1d) clearly shows that these octahedron-shaped particles are
of porous structure, and are constructed with large numbers of
nanoparticles with the size between 40 and 50 nm. Abundant
pores were observed in the particles. The composition and phase
of final products can be further determined by EDS spectrum and
XRD pattern. The EDS spectrum (inset of Fig. 1c) indicates that
these octahedron-shaped particles consist of Zn element and O
element (the peak of Si originates from the Si substrate to support
the sample). In the XRD pattern of the final products (Fig. 1e), all
diffraction peaks agree well with ZnO of wurtzite structure (JCPDS
No. 36-1451) and no peaks from other impurities are detected.
In addition, a significant widening of the diffraction peaks is
observed in the XRD pattern of the final products. According to
Scherrer Equation, the mean size of primary nanoparticles
constructing porous octahedra is calculated to be about 40 nm,
consistent with the observed size in SEM image.

More structural information of as-prepared porous octahedra
was provided by the TEM characterization. Fig. 1f is a typical TEM
image, clearly showing that these porous octahedra are poly-
crystalline, and constructed with numerous nanoparticles. Sharp
diffraction rings in corresponding selected-area electron diffrac-
tion (SEAD) pattern (inset of Fig. 1f) suggest that primary
nanoparticles are randomly attached together, instead of follow-
ing oriented attachment mechanism.

Fig. 2a shows a typical SEM image of the precursor obtained
under synthetic conditions of sample 2, which clearly shows that
the precursor is of a one-dimensional rod-like shape. The average
ologies

ZnCl2 H2C2O4 �2H2O Na2SO4 Solvents

0.068 g 0.126 g 0.5 g 5 mL ethanol, 5 mL DMF

0.272 g 0.126 g 0 g 10 mL ethanol



ARTICLE IN PRESS

Fig. 1. (a) Low-magnification SEM image and (b) XRD pattern of the octahedron-like precursor; (c) low-magnification SEM image and (d) high-magnification SEM image of

porous octahedra obtained by calcination at 500 1C. The inset is corresponding EDS spectrum; (e) XRD pattern of as-prepared porous ZnO octahedra; (f) TEM image of

porous ZnO octahedra and corresponding SEAD pattern (the inset).
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diameter of these rod-like precursors is about 200 nm, and
the length is up to several micrometers. Corresponding XRD
pattern (Fig. 2b) confirms that these nanorod-like precursors are
also monoclinic ZnC2O4 �2H2O. As shown in Fig. 2c, the whole
morphology of final products after calcination still shows a rod-
like shape, and the diameters are about 180 nm. According to
high-magnification SEM image (Fig. 2d), these nanorods are built
up by primary nanoparticles of 40–50 nm in size, and thus own
numerous pores. Both corresponding EDS spectrum (inset of
Fig. 2c) and XRD pattern (Fig. 2e) further indicate that these rod-
like particles are pure ZnO. Similar with porous ZnO particles with
octahedral shapes, as-prepared porous ZnO nanorods are also
polycrystalline (see Fig. 2f).

In order to make clear the evolution process from the precursor
(i.e., ZnC2O4 �2H2O) to the final product (i.e., ZnO), thermal
decomposition of the precursor was investigated by TG analysis.
Fig. 3 is a TG curve of the octahedral precursor under a nitrogen
atmosphere, showing the presence of two large weight loss stages.
According to previous study [34], the first large stage of 20%
weight loss at the range of 100–240 1C corresponds to the loss
of two crystallization water of the precursor (i.e., ZnC2O4 �2H2O-

ZnC2O4), and the second large stage of 38% weight loss at
the range of 350–410 1C is ascribed to decomposition reaction of
ZnC2O4 (i.e., ZnC2O4-ZnO). Total weight loss of 58% from the
precursor to the final product is consistent with theoretical
weight loss of the reaction from ZnC2O4 �2H2O to ZnO. Based
on above TG analysis, a rational mechanism is proposed for
explaining the formation of porous structures in ZnO architectures
from the octahedral precursors through a calcination process.
During the calcination process, the ZnC2O4 �2H2O precursors
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Fig. 2. (a) Low-magnification SEM image and (b) XRD pattern of the nanorod-like precursor; (c) low-magnification SEM image and (d) high-magnification SEM image of

porous ZnO nanorods obtained by calcination at 500 1C. The inset is corresponding EDS spectrum; (e) XRD pattern of as-prepared porous ZnO nanorods; (f) TEM image of

porous ZnO nanorods and corresponding SEAD pattern (the inset).
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undergo dehydration and decomposition, and simultaneously
release some gases including water vapor, CO and CO2, which
would lead to the formation of high-density pores in the
precursor. Because nucleation and growth of ZnO primary
particles uniformly occur in particles of the precursor, the whole
particles are able to keep the same morphology as the precursor.
Based on the above mechanism, thermal decomposition of
ZnC2O4 �2H2O precursors is indeed an efficient way to obtain
porous ZnO particles. Similar strategy has been successfully
applied in the fabrication of porous NiO and MnOx with a regular
morphology [15].

Controlling morphology of the precursor is crucial for obtain-
ing porous particles with a regular morphology. As is well known,
growth environments severely affect surface energy and growth
speed of crystal planes during the growth of nanocrystals, which
accordingly determines final morphology of products. Recently,
solvent-assisted syntheses under ionic conditions, such as ionic
liquids [35,36] and molten salts [37], have become a kind of
promising strategy for preparing nanoparticles with special
morphologies. In our experiments, the presence of Na2SO4 in the
solution also plays an important role in formation of octahedral
precursors. No octahedral particles can be found in the precursor
if it is without Na2SO4 in the solution during the hydrothermal
process.

Calcination temperature is another key factor for controlling
porous structure of as-prepared ZnO particles because sizes
of nanoparticles prepared via thermal decomposition depends
on decomposition temperature. Fig. 4a shows a typical SEM image
of porous ZnO particles calcined at 700 1C, using the same ZnO
octahedra as the precursor in sample 1. Although these particles
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still keep an octahedral shape, the average size of ZnO primary
nanoparticles constructing porous structures greatly increases up
to 110 nm, and stacked more tightly when calcination temperature
was raised to 700 1C from 500 1C.

ZnO is a kind of promising photocatalyst for dye degradation
due to high photosensitivity and wide band gap of 3.37 eV
[23,38–40]. Considering large surface area resulting from porous
structures, as-prepared octahedron- and rod-like ZnO particles
may exhibit good photocatalytic ability for dye degradation.
Fig. 4b shows photodegradation curves of MO using three kinds
of porous ZnO particles as photocatalysts. For all samples, photo-
degradation processes completed within 20 min. Porous ZnO
octahedra calcined at 500 1C exhibit the best photocatalytic
abilities whereas porous ZnO octahedra calcined at 700 1C is
much slower in the photodegradation rate. The photocatalytic rate
of porous ZnO nanorods calcined at 500 1C is in the middle of two
different porous ZnO octahedra.

It is well known that photodegradation activity of photocata-
lysts has a close relation with their specific surface area, which
determines the quantities of dye molecules adsorbed on the
surface of photocatalysts. In our experiments, the diameters of
primary nanoparticles constructing porous octahedra and nanor-
ods obtained at 500 1C range from 40 to 50 nm. For the sample
Fig. 3. TG curve for as-synthesized precursor with an octahedral shape.

Fig. 4. (a) Typical SEM image of porous ZnO particles after a calcination at 700 1C; (b) p

when using (�) ZnO porous octahedra calcined at 500 1C, (’) ZnO porous octahedra cal
obtained at 700 1C, however, primary nanoparticles constructing
porous structures became larger in size with increase in calcina-
tion temperature, up to about 110 nm. The increase in diameters
of primary nanoparticles would inevitably reduce surface area of
porous ZnO particles. As a result, porous ZnO particles obtained at
relatively low calcination temperature of 500 1C have higher
photocatalytic activities for MO degradation in comparison with
porous ZnO octahedra calcined at 700 1C.

In addition, photocatalytic activities of metal oxides are closely
related with surface structures of them. In our studies, XPS
analysis was applied to acquire detailed information about surface
structures of as-prepared porous ZnO particles. Fig. 5a and c show
XPS spectra for the Zn2p3/2 core level taken from samples 1 and 2.
The binding energies are 1021.9 and 1022.0 eV, respectively. And
XPS spectra for the O1s core level are shown in Fig. 5b and d,
respectively. For both samples, the peaks for O1s center around
530.6 eV, and the peak profiles are asymmetric, a shoulder peak
appearing at higher binding energy. XPS spectra for the O1s core
level suggest the presence of at least two different kinds of O
species in the samples. According to previous study [41], the peak
of O1s around 530.6 eV should be indexed to lattice oxygen (OL) of
ZnO, and the shoulder peak at higher binding energy should
be associated with O2� ions in oxygen-deficient regions and
chemisorbed and dissociated oxygen species on the surface of
ZnO. The peak distributions of O1s peaks for porous octahedra and
nanorods are almost the same, suggesting that surface structures
of them are similar to each other.

ZnO is also a kind of promising materials for short-wave laser
and light emitting diode due to high exciton binding energy,
intense stimulated emission, low lasing threshold, and high
working temperature. Herein, PL spectrum was recorded to
investigate luminescence properties of as-prepared porous ZnO
particles. Fig. 6 shows a typical PL spectrum of porous ZnO
octahedra measured at room temperature using the excitation
wavelength of 325 nm. It can be found that a broadened peak
around 400 nm was observed, which is attributed to the near
band-edge emission of ZnO. In addition, a broadened blue–green
emission peak is found around 450 nm, which is thought to
be associated with structural defects, especially interstitial zinc
defects in crystals [42]. Because porous ZnO particles were
synthesized via a solid state reaction at relatively low temperature
(500 1C), diffusion length of atoms during decomposition reaction
of the precursor is relatively short. It is therefore reasonable to
believe that large number of structural defects exist in the final
products, which result in blue-green emission around 450 nm.
hotocatalytic degradation curves of MO as a function of the time of UV irradiation

cined at 700 1C, and (m) porous ZnO nanorods calcined at 500 1C as photocatalysts.
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Fig. 5. (a) Zn2p3/2 and (b) O1s XPS spectra of porous ZnO octahedra (sample 1); (c) Zn2p3/2 and (d) O1s XPS spectra of porous ZnO nanorods (sample 2).

Fig. 6. Room temperature PL spectrum of as-prepared porous ZnO octahedra using

an excitation wavelength of 325 nm.

J. Zheng et al. / Journal of Solid State Chemistry 182 (2009) 115–121120
4. Conclusion

In summary, two kinds of porous ZnO particles with different
morphologies have been successfully fabricated via a similar
synthetic process by controlling morphology of the precursors.
These porous particles are constructed with numerous primary
nanoparticles, and their pores originate from releasing of some
gases during the calcination process of precursors. At the same
time, photocatalytic studies showed that as-prepared porous
ZnO particles have good photocatalytic performance due to large
surface area resulting from porous structure. In principle, this
synthetic route can be extended to the preparation of other metal
oxide nanomaterials with porous morphologies. Therefore, the
present study opens a new path toward the synthesis of porous
metal oxide with special morphologies and related applications.
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