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Synthesis of Ordered Macroporous Co3;04 Microspheres
via an Easy Melt Infiltration Route
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Uniform Co30O4 microspheres with ordered macroporous
structure were synthesized via an easy melt infiltration method.
Colloidal silica crystal was used as a hard template and Co-
(NO3),+6H,0 as the precursor. The samples were characterized
by X-ray powder diffraction, scanning electron microscopy, and
transmission electron microscopy. A formation mechanism was
also proposed.

Macroporous oxide materials prepared by using three-di-
mensional ordered organic or inorganic colloidal crystals as tem-
plates have attracted considerable attention in the past decade
because of their potential applications in the fields of electrode
materials,' catalyst,” storage,® and photonic band gap materials.*
Up to now, most of the synthesized macroporous oxide materials
are monoliths with three-dimensionally ordered macroporous
(3DOM) structure. Macroporous oxides with microsphere struc-
ture have been rarely reported. Okuyama and co-workers synthe-
sized macroporous silica and titania microspheres with the oxide
nanoparticles forming the walls of the macropores via a spray-
drying method.>”’

Recently, a new solid-liquid method for the preparation of
mesoporous metal oxides by using KIT-6 and SBA-15 as tem-
plates has been developed.® The key to the success of the synthe-
sis was that the melting point of the precursor must be lower than
its decomposition temperature. In this letter, we report for the
first time the synthesis of uniform Co30O4 microspheres contain-
ing ordered macropores via an easy melt infiltration route, which
is based upon the fact that the melting point of the precursor is
lower than its decomposition temperature. Colloidal silica crys-
tal is used as the hard template and Co(NO3),+6H,0O as the pre-
cursor. The ordered macroporous Co3;0O4 microspheres may
serve as electrode materials, catalyst, and storage.

Nearly monodisperse silica spheres of 200 nm in diameter
were synthesized by hydrolyzing tetraethyl orthosilicate (TEOS)
under basic conditions according to Stober’s method.® Colloidal
silica crystal was obtained by self-assembling silica spheres
using a vertical deposition technique.!® The colloidal crystal
was sintered at 800 °C for 3 h in order to enhance the mechanical
strength of the monolith. Co(NO3),+6H,0 was melted at 55 °C
and then the colloidal silica crystal monolith was immersed in
the liquid to allow Co(NOj3), -6H,O to infiltrate into the interspa-
ces of the colloidal crystal by capillary action. After impregna-
tion for 10 min, the impregnated composite monolith was care-
fully taken out and stood at room temperature. The resultant
Co(NO3),+6H,0/silica composite was calcined at 500°C in
air for 5h with a heating rate of 1°C min~!. The silica template
was removed by using a 10 wt % aqueous HF solution, followed
by washing with distilled water six times and drying at 80°C.
The crystal structure of the sample was characterized by X-ray

@)

(220) (511) 440
@) @22)| | b

| |
|

|
A [ If |
w I I 1 | a
m Sl U\-mi‘ 'M' Ih.-uJ L-*.M
10 20 30 40 50 &0 70 80
26/degree

Intensity (a.u.)

Figure 1. XRD patterns of the obtained samples.

diffraction (XRD) (Bruker D8 advance). The microstructure of
the samples was examined by scanning electron microscopy
(SEM) (Gemini LEO1530) and transmission electron microsco-
py (TEM) (JEOL JEM-2100). The sample was dispersed in etha-
nol by ultrasonication for a few minutes before the TEM meas-
urement.

Figure 1 shows the XRD patterns of the samples prepared
using the melt infiltration method with (Figure 1a) and without
(Figure 1b) the colloidal silica crystal template. A broad diffrac-
tion peak at about 20 = 15-25° was observed in Figure 1a, indi-
cating the amorphous nature of the silica.!' All the peaks in
Figure 1b can be indexed to the pure cubic phase of Coz;O4 with
lattice parameter a = 8.084 A (JCPDS: 43-1003). No impurity
peaks were detected, indicating the high purity of the sample.

Figure 2a shows the SEM image of the colloidal silica crys-
tal template. Figures 2b—2d show the SEM images of the Co3;O4
sample. The uniform Co304 microspheres with ordered macro-
porous structure can be clearly observed, indicating that the
silica template was well replicated. The windows connecting
the macropores are observed in Figure 2d, which corresponds
to the contact points of the silica spheres.

Figure 2e shows the TEM image of the Co304 microspheres.
The ordered macroporous structure collapsed partially due to the
ultrasonic vibration in the preparation of homogeneous solution
for TEM. Figure 2f indicates that the Co3O4 microspheres are
composed of nanoparticles.

The formation mechanism of Co3;O4 microspheres during
the heat treatment is illustrated in Scheme 1. The scheme shows
the two-dimensional cross section of a Co3;0s microsphere
which is in the voids of the colloidal silica crystal template.
Co(NO3),+6H,0 is solid at room temperature. It turned into a
liquid state when the temperature increased to its melting point
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Figure 2. SEM images of (a) colloidal silica crystal and (b)—(d)
Co30, microspheres. TEM images of (e) Co3O4 microspheres
and (f) Co304 nanoparticles.
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Scheme 1. Schematic illustration for the formation of macropo-
rous Co3;04 microspheres.

and infiltrated into the interspaces of the silica template by capil-
lary action. The liquid Co(NOs3),+-6H,O solidified again when
the impregnated composite monolith was cooled at room tem-

1051

perature. During the further heat treatment, with the increase
of the temperature, Co(NO3),-6H,O which has infiltrated into
the interspaces of the silica template turned into a liquid phase
before decomposition. When the temperature increased to its de-
composition temperature, a number of dispersed nuclei were
generated in the interspaces of the silica template. With further
increase of temperature, the crystal growth occurred in the lim-
ited space between the silica spheres. During the crystal growth,
in order to have a stable equilibrium configuration with a mini-
mal energy in thermodynamics, the nanocrystals aggregated into
spherical structure. The spherical structure shrunk gradually dur-
ing the crystallization. After the crystallization was completed,
the microspheres composed of Cos3O4 nanoparticles were
formed in the interspaces of the silica template. After removal
of the silica template, uniform Co3O4 microspheres with ordered
macropores were obtained.

In summary, uniform Co3;O4 microspheres with ordered
macropores were prepared by using colloidal silica crystal as
the hard template and Co(NO3),+6H,0 as the precursor via an
easy melt infiltration method. The microspheres are composed
of Co304 nanoparticles. It is expected that this method can be
extended to the preparation of other macroporous oxide micro-
spheres.
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