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Inorganic oxides with porous structures have been prepared extensively for applications in electronics, sensors,
and catalysis.1-4 Porous inorganic oxides can possess chemical
and physical properties that are different to those of nonporous inorganic oxides because of their high surface areas
and low densities. Recently, template-free methods for the
synthesis of porous inorganic oxides have been developed,
such as oriented attachment, Ostwald ripening, and the
Kirkendall process.5 Dandelion-like structures of CuO with
hollow interiors were obtained through the self-assembly
via oriented attachment of nanoribbons of CuO.6 Hollow
anatase TiO2 nanospheres were prepared via Ostwald ripening under hydrothermal conditions.7 Micrometer-scale
hollow ZnO dandelions with single-crystalline nanorod and
nanoplate building units were constructed via the Kirkendall
process in solution.8 However, all of these hollow structures
only have intrastructural spaces between the individual
crystalline moieties of the inorganic oxides.
In general, porous inorganic oxides with interstructural
spaces are synthesized with the aid of hard and soft
templates.9 Porous anodic aluminum oxides (AAOs) are
widely used for the preparation of cylindrical pores.10,11
Close-packed colloidal crystals such as polymeric beads and
silica balls have been used in the preparation of three-dimensional periodic porous structures.12,13 Three-dimensionally interconnected nanosponge-like TiO2 was synthesized
through wet oxidation from an array of 10 µm square Ti
film pads followed by thermal annealing.14 However, these
methods have drawbacks including the complications of
their template implementation and removal processes.
Therefore, a simple method that does not use any hard or
soft templates is required for the synthesis of porous inorganic oxides with interstructural spaces. Porous inorganic
oxides with interstructural spaces can be prepared by using
crystalline inorganic oxide moieties with imperfect packing
as the building blocks. Large perfect cubes and close-packed
structures with maximum packing densities of 100% and
74% can be prepared from simple filled shapes such as
cubes and spheres respectively. Therefore, branched shapes
such as hexapods and octapods could be used as imperfect
building blocks for the preparation of porous inorganic
oxides with interstructural spaces.
Cuprous oxide (Cu2O) has cubic crystal symmetry, and
has been extensively used in the preparation of branched

shapes, such as star-like crystals, hexapods, and octapods.
The star-like Cu2O crystals were synthesized by reducing a
copper citrate complex with glucose.15 Hexapod Cu2O crystals
were prepared under γ-irradiation.16 Various Cu2O morphologies including hexapods were obtained by controlling the
reaction temperature and time.17 We have also reported the
systematic morphological evolution of Cu2O products from
8-pods to octahedral via 12-pods, (6 × 4)-pods, 6-pods, starlike crystals, and concave octahedra by performing microwave-assisted reactions.18 We found that branched shapes
such as 8-pods, 12-pods, (6 × 4)-pods, 6-pods, and star-like
crystals are formed by a branching crystal growth mechanism at lower reactant concentrations. In this study, we
attempted to prepare porous structures through the assembly
of highly branched Cu2O crystals under various reaction
conditions. To the best of the authors’ knowledge, this is the
first report of the preparation of porous Cu2O with interstructural spaces without the use of a hard template.
We used CuCl2·2H2O, glucose, N,N,N′,N′-tetramethyl ethylenediamine (TMEDA), and polyethylene glycol (PEG) as
reactants. TMEDA acts as a hydroxide ion (OH−) generator.
Glucose was used in the reduction of Cu2+ ions to Cu+ ions.
The final Cu2O products were prepared by combining the
reduction and dehydration of Cu(OH)42− ions, which were
produced by the reaction of Cu2+ ions and OH− ions. The
branched shapes of the Cu2O products are produced by a
kinetically controlled reaction, so reaction conditions consisting of a high temperature and a short reaction time are
required. Therefore, we used a microwave-assisted reaction
because of its short reaction time and high reactivity.19,20
Figure 1 shows SEM images of the Cu2O products prepared with various reactant concentrations. When the concentration of CuCl2 is 1.11 mM, macron-sized macroporous
structures of Cu2O are formed, as shown in Figure 1(a). The
average porous length is approximately 1 µm. Each Cu2O
crystal has six arms, and thus resembles a hexapod structure.
The length of each arm is approximately 1.5 µm. There are
bundles of nanowires in each arm. A high magnification
SEM image of the highly branched Cu2O crystals can be
seen in the inset in Figure 1(a). Each individual Cu2O microcrystal has a three-dimensional structure with branched
wires along each of the six directions. The six directions
correspond to those of the ± x, ± y, and ± z Cartesian coordinates. This macroporous structure is formed by the assembly
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Figure 1. SEM images of the Cu2O products obtained after
microwave irradiation for 240 s with various concentrations of
CuCl2·2H2O: (a) 1.11 mM, (b) 2.22 mM, (c) 4.44 mM, and (d)
13.3 mM. The inset in (a) shows a high magnification SEM image
of a Cu2O product.

of individual highly branched Cu2O crystals. Such macroporous structures can have irregular empty shapes including
honeycomb-like and rectangular, and are formed due to the
steric restrictions and limitation of their free rotation in
space that arise from the highly branched Cu2O crystal
morphology. Therefore, the long branched wires of each arm
play important roles in the formation of macroporous structures. When the CuCl2 concentration is increased to 2.22
mM, hexapod Cu2O crystals with shorter arms are formed,
as shown in Figure 1(b). Each arm consists of a bundle of
short rods rather than wires. The length of each rod is
approximately 500 nm. The angle between the adjacent arms
is almost 90°. The shorter arms of the hexapod Cu2O crystals
experience less steric restriction and limitation of their free
rotation in space, so the porosity of the resulting structures is
diminished. When the CuCl2 concentration is 4.44 mM,
Cu2O products with more complicated shapes are formed, as
shown in Figure 1(c). Most of the Cu2O crystals resemble
simple aggregated spheres and polyhedra with very short
multiple arms. When the concentration of CuCl2 is increased
further to 13.3 mM, thick hexapod Cu2O crystals with a
mean pod length of 2.0 µm are formed. The end of each pod
has a square morphology. These results show that highly
branched morphologies with thin nanowires (or nanorods) in
each arm are formed at lower reaction concentrations.
Figure 2 shows a typical X-ray diffraction (XRD) pattern
for the Cu2O products. All the peaks in Figure 2 are in good
agreement with the reported data for cubic Cu2O (JCPDS
05-0667, a = 0.4269 nm). No other peaks were observed, so
the Cu2O products were successfully prepared without any
impurities.
To investigate the effects of varying the microwave
irradiation time on the shapes of the Cu2O products, we
tested various microwave irradiation times: 180 s, 210 s, 240
s, and 300 s with the CuCl2·2H2O concentration fixed at 1.11
mM. Figure 3 shows SEM images of Cu2O microcrystals
prepared with four different microwave irradiation times.
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Figure 2. Typical XRD pattern for the Cu2O product obtained
after microwave irradiation for 240 s with 1.11 mM CuCl2·2H2O
concentration.

After 180 s, particles consisting of aggregated Cu2O microcrystals with very short arms are formed, as shown in Figure
3(a). The length of each particle is approximately 300 nm.
When the microwave irradiation time is increased to 210 s,
branched particles consisting of Cu2O microcrystals with six
arms are formed, as shown in Figure 3(b). There are some
bundles of rods at the end of each arm. The angle between
each arm is 90°. When the microwave irradiation time is
increased further to 240 s, branched particles consisting of
Cu2O microcrystals similar to those prepared after 210 s are
observed, as shown in Figure 3(c). However, the branched
rods are longer and thinner than those prepared after 210 s.
Moreover, the formed rods have bent ends, which indicate
that the thick and short branched rods have become thin and
long branched nanowires with bent ends. When the microwave irradiation time is increased finally to 300 s, sharper
and longer branched wires are observed, as shown in Figure
3(d). Therefore, the components of the aggregated particles
vary from thick branched rods to thin branched rods and
finally to thin and long branched wires with the increases in

Figure 3. SEM images of Cu2O products obtained with the
CuCl2·2H2O concentration fixed at 1.11 mM and various microwave irradiation times: (a) 180 s, (b) 210 s, (c) 240 s, and (d) 300 s.
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Figure 4. (a) Low magnification and (b) high magnification TEM
images of Cu2O products obtained after microwave irradiation for
210 s. (c) HRTEM image of the tip of the nanowire at the end of
an arm of a Cu2O crystal. (d) FFT pattern for the HRTEM image.

kinetic crystal growth that arise with the increases in the
microwave irradiation time. As the lengths of the branched
wires (or rods) increase, porous spaces between the Cu2O
microcrystals start to form. At 300 s, macroporous structures
of interconnected Cu2O microcrystals with thin and long
branched wires in each arm are evident, as shown in Figure
3(d). Macroporous structures with large porous spaces are
more likely to assemble when the branched wires in each
arm of the Cu2O microcrystals are longer. Therefore, the
long branched wires in the arms induce the formation of
macroporous structures for long microwave irradiation times.
Figures 4(a) and 4(b) show transmission electron microscopy (TEM) images at low and high magnifications respectively of Cu2O microcrystals with bundles of branched nanowires in each arm. The branched wires are aligned in the six
coordinate directions. Figure 4(c) shows a high resolution
TEM (HRTEM) image of the tip of an individual wire. The
fringe pattern of the tip of the individual wire confirms that it
has a lattice spacing of 0.21 nm, which corresponds to the
(200) plane of the cubic crystal structure of Cu2O. The (200)
plane is aligned with the longest axis of the individual wire,
as confirmed by the fast Fourier transform (FFT) pattern of
the (200) plane of Cu2O shown in Figure 4(d). Since the
Cu2O crystals are cubic, the branched nanowires grow along
the six crystallographic directions [100], [010], [001], [100],
[010], and [001]. Directions with the same indices are equivalent in the cubic crystal system regardless of order or sign,
so all of the branched nanowires grow along crystallographic directions in the <100> family. Therefore, each Cu2O
microcrystal has a three-dimensional structure with branched
wires at the ends of the six arms that lie along the <100>
directions of the crystallographic coordinates.
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Figure 5. Schematic illustration of the changes in crystal shape
with the reaction conditions.

Therefore, the long branched nanowires in the arms of the
Cu2O microcrystals play important roles in the formation of
the macroporous structures. This Cu2O microcrystal morphology can only be obtained with a kinetically controlled
reaction system at low reactant concentrations with long
microwave irradiation times. A schematic illustration of the
changes in crystal shape with the reaction conditions is
presented in Figure 5.
In conclusion, we have presented a simple and facile
method for the formation of Cu2O products with macroporous structures. Cu2O microcrystals with long and sharp
branched nanowires in each arm provide effective building
blocks in this template-free method. These Cu2O shapes
were obtained at the lowest reactant concentration with a
long microwave irradiation time. The geometric restriction
and limitation of the free rotation in space of the highly
branched nanowires in the six-armed Cu2O crystals induces
the formation of Cu2O products with macroporous structures.
Experimental
CuCl2·2H2O (99%, Aldrich), polyethylene glycol (PEG,
Mw 20,000, Aldrich), D-(+)-glucose (ACS reagent, Aldrich),
and N,N,N′,N′-tetramethyl ethylenediamine (TMEDA, 98%,
TCI) were used as received. The microwave-assisted method
used here for the preparation of the Cu2O products is similar
to that of our previous study.18 In a typical preparation of a
Cu2O product, 10 mL of a 4.16 mM aqueous D-(+)-glucose
solution and 0.2 g PEG were added to 139.9 mL of a 1.19
mM CuCl2·2H2O aqueous solution with stirring at room
temperature for 30 min. Then, 0.0622 mL TMEDA was added to the solution. The total volume of the aqueous solution
was fixed at 150 mL. In this case, the final reactant concentrations of CuCl2·2H2O, D-(+)-glucose, TMEDA, and PEG
were 1.11 mM, 0.277 mM, 2.77 mM, and 66.0 mM, respectively. To investigate the variation in the branched shapes
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of the Cu2O products, four different concentrations of
CuCl2·2H2O (1.11 mM, 2.22 mM, 4.44 mM, and 13.3 mM)
were used while keeping the relative reactant concentrations
constant. The final mixed solution was placed into a commercial microwave oven (Magic MWO-230KD, 2.45 GHz,
800 W). When we examined the effects of varying the
CuCl2·2H2O concentration on the shapes of the Cu2O
products, the microwave irradiation time was set at 240 s.
Powder forms of the Cu2O products were obtained by using
a centrifuge at 4000 rpm for 10 min. The Cu2O products
were then washed several times with ethanol and water, and
then dried at 60 °C for 12 h in a drying oven.
The crystal structures of the Cu2O products were characterized by using powder X-ray diffraction (XRD, PANalytical,
X’Pert-proMPD). The morphologies of the Cu2O products
were examined by performing scanning electron microscopy
(SEM, Hitachi S-4300) and high-resolution transmission
electron microscopy (HRTEM, JEOL JEM-3010).
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