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Porous single crystals of Co3O4, NiO, CeO2, and Cr2O3 were produced using mesoporous silicas, SBA-
15 and KIT-6, as hard templates and a new convenient approach, the solid-liquid method, was developed.
Characterization of the materials was performed mainly by using X-ray powder diffraction and high-
resolution transmission electron microscopy. The advantages and disadvantages of this solvent-free method
are discussed in comparison with the previously established methods.

1. Introduction

Since the first ordered mesoporous silica MCM-411 was
reported by Mobil scientists using self-assembled organic
surfactants as soft templates in the 1990s, many new types
of mesoporous silicas, including SBA-152,3 and KIT-6,4 have
been synthesized. In addition to many possible applications,
the space of the regular channels in these materials have been
used as nanoreactors for producing mesoporous composites5,6

and as hard templates for crystal growth of porous metal
oxides.7-13 For example, porous crystals of Cr2O3,7,10,11

Co3O4,8,9,11,12and NiO8,9,13 were produced by using meso-
porous SBA-15 and KIT-6 silicas as hard templates. These
mesoporous metal oxides have potential application in
various industries, used as new materials for gas sensors,14,15

the precursor of anode materials in Li-ion rechargeable
batteries,14,16and catalysts17-19 because of their large specific

surface areas and shape-selective properties, which enhances
the efficiency of catalysis, conduction, and adsorption.

The general route for producing the porous crystals of
oxides using mesoporous silica as template is introducing a
metal-containing precursor into the silica pores, allowing the
precursor to decompose followed by crystal growth of metal
oxides inside the pores during thermal treatment. Therefore,
a crucial step in the above process is the impregnation of
the precursor. Three methods of impregnation have been
previously developed, the so-called surface modification
method, “two solvents” method, and evaporation method,
respectively. In the surface modification method, the inner
surface of the mesoporous silica template is functionalized
via aminosilylation of the surface silanols and then a selected
heteropolyacidic precursor (e.g., H2Cr2O7 for Cr2O3 and
H3PW12O40 for WO3) is anchored.7,20,21 The functionalized
surface is positively charged and the metal-containing ions
are negatively charged (heteropolyacidic anions). Therefore,
the driving force of migration of the precursor is mainly ionic
attraction. In the “two solvents” impregnation method, a
suspension of mesoporous silica in dry hexane is mixed with
an aqueous solution of metal nitrate. The precursor molecules
will then move into the pores during overnight stirring.10 In
the evaporation method, the mesoporous silica template is
mixed with metal nitrate in ethanol. It was expected that the
precursor nitrate would enter the pores during the evaporation
of ethanol by a capillary action.8,9,11 In addition, if a metal-
containing precursor is reactive with silica, mesoporous
carbon,22,23which is fabricated using mesoporous silica as a
template, can be used as a hard template for preparing the
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porous metal oxides.24-26 In this case, the final product is a
positive replica of the mesoporous silica. Mesoporous carbon
was also successfully used as a template for producing
mesoporous zeolite crystals.27

During the course of our studies of crystal growth in
mesopores, we noticed that metal-containing precursors can
also be introduced into the mesopores simply by grinding a
mixed powder of the precursor and a silica template. This
phenomenon was also observed by other groups.28-30 How-
ever, the mechanism is yet to be fully understood. In the
present work, we demonstrate this new synthesis method,
designated the solid-liquid method because the precursor
must be melted at an early stage, in preparation of porous
single crystals of Co3O4, NiO, CeO2, and Cr2O3, using SBA-
15 and KIT-6 as hard templates.

2. Experimental Section

Mesoporous silicas SBA-15 and KIT-6 were synthesized ac-
cording to the corresponding literature2-4 and the surfactants were
removed by heating the as-synthesized specimens at 550°C for 5
h. One millimole of precursorXm(NO3)n‚yH2O (X ) Co, Ni, Ce,
or Cr) was mixed with 0.15 g of mesoporous silica and was ground
for a few minutes in an agate mortar and pestle. The mix was then
put into a crucible, which was placed in a muffle furnace. The
temperature was increased from room temperature to 500°C at a
rate of 1°C/min and maintained at the final temperature for 5 h.
The specimen was then cooled down to room temperature. The
silica template was removed by a 10 wt % HF aqueous solution
(for Co3O4, Cr2O3) or 2 M hot NaOH solution (80°C, for NiO,
CeO2). For the HF treatment, the metal oxide containing meso-
porous silica was placed in a polyethylene bottle with 10% HF,
and the solution was stirred overnight. The same procedure was
used in the NaOH treatment with replacement of HF by NaOH
and keeping the solution warm. The porous metal-oxide products
were recovered by centrifugation and washed with distilled water
three times.

To investigate the mechanisms of impregnation and decomposi-
tion of the precursor, and the crystal growth of metal oxides, a
series of Cr-containing specimens templated by SBA-15 were
collected at different stages of the thermal treatment, e.g., at 70°C
(a little higher than the melting point of Cr(NO3)3‚9H2O), 110°C
(just above the decomposition temperature of Cr(NO3)3‚9H2O), and
350 °C (the lowest temperature to synthesize mesoporous Cr2O3

crystals within SBA-1511), respectively. To reveal the limitation
of the solid-liquid method, crystal growth of PbO, which decom-
poses at a low temperature (>205°C) without melting, was tested.
(NH4)2Cr2O7, which decomposes at 180°C without melting, was
also selected as a precursor for further confirmation of the
mechanism.

Specimens were characterized using X-ray powder diffraction
(XRD) on a Philips reflective diffractometer with Cu KR radiation

(λ ) 0.1542 nm) and high-resolution transmission electron mi-
croscopy (HRTEM) on a JEOL JEM-2011 electron microscope
operated at 200 kV. TEM images were recorded with a Gatan 794
CCD camera. Energy-dispersive X-ray microanalysis (EDX) was
performed to qualitatively detect the elements present. Selected area
electron diffraction (SAED) was used to determine the crystallinity
of the materials and to identify the crystallographic systems. The
powder specimen was finely ground and pressed onto a sample
holder for XRD examination. For TEM examination, the powder
specimen was ground in acetone and 1 drop of the suspension was
deposited on a copper specimen grid with a holey carbon film.

3. Results and Discussion

Transition metal nitrates, Co(NO3)2‚6H2O, Ni(NO3)2‚
6H2O, Ce(NO3)3‚6H2O, and Cr(NO3)3‚9H2O, are solid at
room temperature. They entered the liquid state when the
temperature increased to their melting points with or without
losing structural water. The metal nitrates decomposed into
oxides when the temperature further increased to their
decomposition temperatures (higher than their melting points
for the nitrates studied in the present work), and crystal
growth of oxides occurred at a higher temperature. Table 1
shows the melting points and decomposition temperatures
of the nitrates in question and two other selected precursors.

It was found that the solid-liquid method worked well
with these four nitrate precursors. Since the melting points
of these nitrates are low, with the increase of temperature,
the nitrates turned into a liquid phase before decomposition
and moved into the mesopores of the template SBA-15 or
KIT-6 with capillary action. The nitrates decomposed and
crystallization of the corresponding oxides took place inside
the mesopores at a higher temperature.

SBA-15 contains hexagonally close-packed straight meso-
pores connected by some smaller nanochannels and/or
micropores. KIT-6 has a cubic mesostructure, consisting of
a three-dimensional bicontinuous channel network. These two
interlaced mesopores in KIT-6 may also be connected to each
other by some small nanochannels. Therefore, we expect the
negative replicas of these silica templates should have
structures as shown in Figure 1.

Figure 2 shows typical TEM images of the SBA-15
templated porous crystals. The morphologies of these
particles are the same, i.e., an array of nanorods connected
to each other by some small bridges, which can be seen more
clearly in the HRTEM images in Figure 3. Earlier HRTEM
studies of the small bridges in the SBA-15 templated
materials include the work by Terasaki’s group31 and Zhou
and co-workers.7 If these small channels in SBA-15 were
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Table 1. Melting Points and Decomposition Temperatures of the
Precursors for Porous Transition Metal Oxides

precursor
melting
point decomposition

oxide
product

Ce(NO3)3‚6H2O 96°C 200°C CeO2

Cr(NO3)3‚9H2O 66°C >100°C Cr2O3 (>350°C)
Co(NO3)2‚6H2O 55°C >74 °C Co3O4 (>150°C)
Ni(NO3)2‚6H2O 56.7°C >110°C NiO
Pb(NO3)2 205-223°C PbO
(NH4)2Cr2O7 180°C Cr2O3 (>180°C)
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not replicated, short nanorods would be produced instead of
a three-dimensional network.32 SAED from these particles,
the selected areas normally covering the whole particle or
at least several nanorods, show typical single-crystal patterns
as seen in the insets of Figure 2. In detail, the SAED pattern
in Figure 2a can be indexed onto the face-centered cubic
(fcc) unit cell of Co3O4, space groupFd3hm with the cell
parametera ) 0.8085 nm, when the view direction is along
the [1h10] zone axis. The (002) should be systematically

absent according to the space group of Co3O4. Its appearance
is due to multiple scattering. The SAED pattern in Figure
2b is indexed to the fcc unit cell of NiO witha ) 0.4176
nm, space groupFm3hm. The inset in Figure 2c is a SAED
pattern from fcc CeO2 with a ) 0.54124 nm, space group
Fm3hm, on the [001] projection. The porous single-crystal
property of rhombohedral Cr2O3 with a ) 0.4951 andc )
1.3598 nm, space groupR3hc, is also confirmed by SAED
(inset in Figure 2d) when viewed down the [121h] direction.

HRTEM images from these specimens further confirm the
single-crystal property by showing that the crystal orienta-
tions from any part of a particle are the same. Figure 3 shows
HRTEM images from CeO2 and Cr2O3, viewed down the
[010] and [121h] zone axes, respectively. Some small bridges
between the nanorods are also imaged. The atomic images
show that the crystal orientations of all the nanorods as well
as the small bridges in a particle are uniform. It can therefore
be concluded that, during the crystal growth, the crystal
expands from one mesopore to another through the nano-
channels in SBA-15.

Similar results were obtained from the KIT-6 templated
crystals as shown in Figure 4. Since the pore system in KIT-6
is three-dimensional in a cubic symmetry, spherical particles
of the porous crystals of oxides were normally developed,
although the crystal structures of the oxides are the same as
those templated by SBA-15. The insets in Figure 4 can be
indexed onto the structures of the oxides, when viewed down
the [1h10] of Co3O4, [11h0] of NiO, [001] of CeO2, and [421h]
of Cr2O3 zone axes, respectively. Monocrystal property of
the particles is undoubtedly proved.

Another interesting phenomenon is that the densities of
porous crystals of Co3O4, NiO, and CeO2 are much higher
than that of Cr2O3, indicating that the former replicated both
interlaced pores of KIT-6, while the latter only replicated
one of them. This estimation was made based on the TEM
image contrast patterns. When both the interlaced pores are
replicated, no empty holes can be seen along the [111]
direction of the mesostructure (Figures 4a and 4b). The empty
holes can be observed on this projection when only one of
the interlaced pores is replicated as seen in the case of Cr2O3
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Figure 1. Schematic drawing of morphologies of porous crystals of oxides
templated by (a) SBA-15 and (b) KIT-6.4

Figure 2. TEM images of SBA-15 templated porous single crystals of (a)
Co3O4, (b) NiO, (c) CeO2, and (d) Cr2O3. The insets are SAED patterns of
the oxides showing single-crystal property of each specimen.

Figure 3. HRTEM images of SBA-15 templated porous single crystals of
(a) CeO2 and (b) Cr2O3. Some small bridges in the nanochannels connecting
the nanorods are indicated by arrows.

Figure 4. TEM images of porous single crystals of (a) Co3O4, (b) NiO,
(c) CeO2, and (d) Cr2O3 templated by KIT-6. The insets are SAED patterns,
showing single-crystal property for each specimen and being indexed onto
the corresponding oxide crystal structures.
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(Figure 4d), although a small area in the center of the particle
in Figure 4d shows a replication of both pores. The TEM
images on the [100] projection can also be used for this
comparison. Such a difference was previously observed from
KIT-6 templated porous crystals of Co3O4 and Cr2O3 using
the evaporation method and was believed that the high
crystallization temperature of Cr2O3 made small channels
connecting the two interlaced pores blocked. The conclusion
was supported by surface area measurements.11

HRTEM images further confirmed the monocrystal prop-
erty of the specimens. Two examples are given in Figure 5,
recorded from porous Co3O4 and Cr2O3. Because there is
no specific relation between the oxide crystal orientation and
the orientation of the mesopore structure, when we looked
down a principal zone axis of the crystal structure, the view
direction is normally not parallel to any principal orientation
of the mesopore structure. Consequently, the regular meso-
pores cannot be observed in the HRTEM images in Figure
5. However, the pores and the nanorod sizes can still be
directly seen, allowing us to measure the diameter of the
nanorods, 7.6 nm (Co3O4), 6.9 nm (Cr2O3), and 6.7 nm (NiO
and CeO2). All these values are slightly smaller than the
measured pore diameter in KIT-6 (∼8 nm).

The specimens were also characterized by other tech-
niques. For example, the chemical composition was exam-
ined by EDX and the monophasic state was confirmed by
XRD. In comparison with previously prepared porous
crystals of oxides using other methods, such as SBA-15
templated Co3O4,8,9,11Cr2O3,7-9,11CeO2,8,9,33and NiO8,9,34and
KIT-6 templated Co3O4,11,12 Cr2O3,10,11 and CeO2,31,35 the
qualities of the products in the present work are at least
equally good. On the other hand, the greatest advantages of
the newly developed technique are its simplicity and low
cost and it is solvent-free. The complicated surface func-
tionalization, selection of limited suitable heteropolyacids,
long periods of stirring or evaporation, and use of solvent
can all be avoided.

To compare the evaporation method and solid-liquid
method, in another set of parallel experiments, Cr(NO3)3‚
9H2O was impregnated into SBA-15 by both methods. These
two samples were heated at 70°C (for melting), 110°C (for
decomposition), and 350°C (for crystal growth of Cr2O3),

respectively. Specimens at different stages were examined
by TEM (Figure 6).

Before calcination, two separated phases can be observed
from the specimen prepared using the solid-liquid method,
SBA-15 and Cr(NO3)3‚9H2O (Figure 6a). Some of the latter
particles are indicated by the arrows. On the other hand, only
SBA-15 particles can be identified without large crystallites
on their surface in the specimen before calcination prepared
using the evaporation method (Figure 6b). It is probably
because Cr(NO3)3‚9H2O was dissolved in solvent (ethanol)
and dispersed well on the outside surface of the SBA-15
particles. Since the particles were very small and the
compound, containing water, was beam-sensitive, it is
difficult to record HRTEM images for these small particles.
However, the EDX spectra from the specimen areas without
notable metal-containing particles still showed Cr peaks and
O and Si peaks. The XRD patterns of the sample prepared
using the solid-liquid method confirmed the presence of
crystalline phase Cr(NO3)3‚9H2O (Figure 7a). Diffraction
peaks of Cr(NO3)3‚9H2O (not shown) were also observed
from the sample made using the evaporation method,
indicating a crystalline phase with poor crystallinity.

After Cr(NO3)3‚9H2O/SBA-15 was heated at 70°C for 5
h, only SBA-15 particles could be observed from both
samples prepared in different methods (Figure 6c). Heating
at 110°C for 5 h did not make any difference in the TEM
appearance. XRD did not detect any crystalline phase from
the specimens after heating at 70 and 110°C (Figures 7b
and 7c). After Cr(NO3)3‚9H2O/SBA-15 was heated at 350
°C for 5 h, the oxide partially filled the pores of SBA-15,
forming individual nanoparticles, which was observed in
TEM images (Figure 6d). The corresponding XRD pattern
shows a crystalline phase of Cr2O3 (Figure 7d).

It is believed that the limitation of the solid-liquid method
is that the precursor must have a melting point lower than
its decomposition temperature. To further understand the
mechanism of the chemical process in the solid-liquid

(33) Rossinyol, E.; Arbiol, J.; Peir’o, F.; Cornet, A.; Morante, J. R.; Tian,
B.; Bo, T.; Zhao, D.Sens. Actuators B2005, 109, 57.

(34) Wang, Y. G.; Xia, Y. Y.Electrochim. Acta2006, 51, 3223.
(35) Shen, W. H.; Dong, X. P.; Zhu, Y. F.; Chen, H. R.; Shi, J. L.

Microporous Mesoporous Mater.2005, 85, 157.

Figure 5. HRTEM images of porous single crystals of (a) Co3O4 and (b)
Cr2O3 templated by KIT-6.

Figure 6. TEM image of the decomposition process of Cr(NO3)3‚9H2O
toward Cr2O3 within SBA-15. (a) A mixture of Cr(NO3)3‚9H2O and SBA-
15 using the solid-liquid method before calcination. (b) Specimen prepared
in the evaporation method after evaporation of ethanol before calcination.
Specimen (a) was heated at 70°C for 5 h (c), following further heating at
350 °C for 5 h (d).
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method, we selected Pb(NO3)2 and (NH4)2Cr2O7 as precursors
for fabricating porous crystals of PbO and Cr2O3 in the SBA-
15 template. Pb(NO3)2 decomposes at about 210°C without
melting and (NH4)2Cr2O7 decomposes at 180°C, forming
oxides outside the mesopores of SBA-15. Consequently, no
porous crystals were obtained.

According to the statement in the previous report for the
evaporation method, the precursor is dissolved in a solvent
and can migrate into the pores when the solvent is evapo-
rated. Both Pb(NO3)2 and (NH4)2Cr2O7 were also used as
precursors in the evaporation method. Although the TEM
images of the specimens after evaporation but before thermal
treatment showed no crystallites of Pb(NO3)2 and (NH4)2-
Cr2O7, similar to that in Figure 6b, thermal treatment did
not result in any porous crystals. This is the evidence to
support the theory that, during the evaporation of solvent,
the precursor cannot move into the mesopores of silica.
Instead, the precursor more likely stays on the surface of
template particles as very small crystallites and migrates into
the pores only when it melts in the case of Co(NO3)2‚6H2O,
Ni(NO3)2‚6H2O, Ce(NO3)3‚6H2O, and Cr(NO3)3‚9H2O. Since
Pb(NO3)2 and (NH4)2Cr2O7 decompose without melting,
crystal growths of PbO and Cr2O3 take place only outside
the mesopores, leading to nonporous crystals.

4. Conclusion

We demonstrated a simple, solvent-free (therefore envi-
ronmentally friendly), synthetic method for fabrication of
porous single crystals of transition metal oxides. If a
precursor has a low melting point, when it simply mixes with

a silica template, it may melt before decomposition into
another solid phase which normally has a higher melting
point and migrates into the mesopores of silica. Decomposi-
tion and crystal growth of oxides inside the mesopores will
result in porous single crystals of oxides. We have also found
out that the previously proposed mechanism of impregnation
of precursors into the mesopores during evaporation of
solvent in the evaporation method is not correct. The
difference between the evaporation method and the newly
developed solid-liquid method is that the former gives a
better distribution of precursor on the surface of the template
particles. However, it is proved that this difference makes
no significant difference in the final products of porous
crystals of oxides. Consequently, the solid-liquid method
described in the present work is more attractive for industry
applications. We noticed that the yields of the products in
the present work are still not high enough, about 70-80%
(Co3O4), 40% (NiO and Cr2O3), and 20% (CeO2), estimated
from the TEM observation. Similar values were obtained
from the specimens in the parallel syntheses using the
evaporation method. Refinement of the synthesis conditions
is being carried out for high yields in this laboratory. When
better samples are produced, N2 sorption experiments for
detecting the pore properties and measurements of physico-
chemical properties will also be performed.
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Figure 7. XRD patterns of different phases during thermal treatment of Cr(NO3)3‚9H2O: (a) before heating, (b) at 70°C for 5 h, (c) at 110°C for 5 h, and
(d) at 350°C for 5 h within SBA-15. Pattern (a) is indexed onto the crystal structure of Cr(NO3)3‚9H2O and pattern (d) indexed to the Cr2O3 structure.

Porous Single Crystals of Metal Oxides Chem. Mater., Vol. 19, No. 9, 20072363


