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There is intense interest in the preparation of mesoporous
transition-metal oxides possessing a highly ordered pore
structure with large specific surface area due to their possible
application in areas including catalysis, sorption, chemical and
biological separation, photonic and electronic devices, and
drug delivery.! Several mesoporous transition-metal oxides
have been prepared, including TiO,, ZrO,, Nb,Os, WO;,
MnO,, Ta,0;, V,0s, NiO, CrO,, Fe,0;, and Co;0,>?
although mesoporous copper oxides are of particular interest.
Copper oxides are a well known component of catalysts and
are widely employed commercially for the direct decompo-
sition of N,O to N,,* CO oxidation,’! and the complete
combustion of hydrocarbons.!! Mesoporous copper oxides
with an ordered mesoporous structure, large specific surface
area, and crystalline walls are expected to provide enhanced
catalytic performance in the above-mentioned reactions since
they can be regarded as self-supported catalysts with a high
activity due to their large specific surface area and a certain
degree of size and shape selectivity. In addition, they are also
potentially useful as electrode materials in lithium-ion
batteries, as their regular porosity would permit intimate
flooding of the electrolyte within the particles, and their
crystalline walls could be important in promoting lithium
intercalation.”! However, to the best of our knowledge no
ordered mesoporous copper oxides have been synthesized
directly, although it has been possible to prepare unstable
lamellar phases of copper oxide.’! Herein, we describe the
first synthesis of a mesoporous copper oxide with a periodi-
cally ordered uniform pore system, narrow pore-size distri-
bution, and crystalline walls.

The conventional synthesis of ordered mesoporous mate-
rials—the utilization of simple and direct sol-gel chemistry—
has some difficulties when it comes to transition-metal oxide
products. One difficulty is a facile crystallization of most of
these oxides, which is accompanied by structural collapse,
during mesostructure formation and removal of the organic
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templates.’! Moreover, the walls of these mesoporous mate-
rials are almost amorphous or semi-crystalline,”” which could
limit their wider application in nanotechnology.'”! An attrac-
tive alternative is the nanocasting method, which has been
widely used to synthesize CMK-type carbons.'"'? Such
methods employ an ordered mesoporous silica as a rigid
template into which a solution-based precursor of the desired
phase is introduced. Subsequent heating to form the desired
phase and removal of the silica template by leaching with
NaOH or HF solution leaves a replica mesoporous structure
of the target compound. Several mesoporous transition-metal
oxides with crystalline walls have been successfully synthe-
sized by this one-step nanocasting method.”! However, this
method also has its limitations, and the leaching of the silica
typically affects the material that has been filled into the silica
pore system. This problem can be circumvented by not using
ordered mesoporous silica as the template but instead to go
one step further and use ordered mesoporous carbon formed
from the ordered mesoporous silica as template since a
carbon template is easily removed by combustion or other
methods.">'¥ In the present work we utilize a highly ordered
mesoporous silica SBA-15 as the template for a highly
ordered mesoporous carbon CMK-3 and then obtain ordered
mesoporous copper oxide from the CMK-3 by the “one-step-
further” nanocasting method.

Figure 1 shows the low-angle powder X-ray diffraction
(XRD) patterns of the template SBA-15, CMK-3, and the
mesoporous copper oxide. All the XRD patterns have a very
sharp diffraction peak and two or more weak peaks, which are
characteristic of a 2D hexagonal (P6mm) structure.>°
Although the broadening of the 100 peak in Figure 1c reveals
that there is some decrease in structural order during the
replication from SBA-15 to the mesoporous copper oxide via
CMK-3, three weak but obvious 110, 200, and 210 diffraction
peaks indicate a long-range periodic order with hexagonal
symmetry in the resultant mesoporous copper oxide material,
as confirmed by the transmission electron microscope (TEM)
images (see below). It is very interesting that the mesoporous
copper oxide obtained from the ordered mesoporous carbon
CMK-3 exhibits a highly ordered 2D hexagonal structure,
which confirms that a positive replica of SBA-15 has been
successfully obtained via two negative replications by the
nanocasting method and that the structural order has been
maintained.

The wide-angle powder XRD pattern of the mesoporous
copper oxide (Figure 2) shows several well-resolved peaks
that can be indexed as 110, 111, 111, 112, 202, 020, 202, 113,
311, 220, 311, 004, etc., in agreement with the monoclinic
phase of CuO (tenorite; powder diffraction file (PDF-2)
entry: 48-1548), which indicates that the as-synthesized
mesoporous copper oxide has highly crystalline walls.
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Figure 1. Low-angle powder XRD patterns of a) SBA-15, b) CMK-3
synthesized from the SBA-15 in (a), and c) mesoporous copper oxide
obtained from the CMK-3 in (b).
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Figure 2. Wide-angle powder XRD pattern of the mesoporous copper
oxide.

A TEM image of the ordered mesoporous copper oxide
was recorded along the [001] direction (Figure 3a), which
confirms a hexagonal structure over a large area. Examina-
tion of a wide range of particles demonstrated that they all
have similar structures. Combining these results with the
TEM image recorded along the [110] direction (Figure 3b)
led to the conclusion that the resultant mesoporous copper
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Figure 3. TEM image of the mesoporous copper oxide recorded along
the a) [001] and b) [110] directions.

oxide has a large-scale highly ordered 2D hexagonal array of
mesopores, similar to those typically observed in 2D hexag-
onal mesoporous silica materials such as MCM-41 and SBA-
15, in agreement with the XRD data (Figure 1). The TEM
image recorded along the [110] direction also confirmed that
the mesoporosity exists throughout the particles, not just near
the surface regions. The lattice parameter (9.2-9.4 nm)
observed by TEM corresponds well with that calculated
from the d,, spacing in the XRD pattern (Table 1).

Figure 4 shows N, adsorption—desorption isotherms and
the corresponding pore size distribution curve for mesopo-
rous copper oxide. The isotherm has the characteristic type-
IV shape and is similar to those of the SBA-15 and CMK-3
template materials (not shown). The mesoporous copper
oxide obtained from CMK-3 exhibits a narrow pore-size
distribution, and the pore size distribution curve shows a
mesopore with a pore size of 5.46 nm at maximum distribu-
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Figure 4. N, adsorption (m)—desorption (A) isotherm and correspond-
ing pore size distribution curve (inset) for the mesoporous copper
oxide.
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Table 1: Physical properties of SBA-15, CMK-3, and the mesoporous
copper oxide.

Product  Lattice Surface  Pore Pore Wall
parameter?  areal volume sizel  thickness
[nm] m’g”l  [em’g”]  [nm]  [hm]

SBA-15 10.51 592 0.89 6.24 4.27

CMK-3 9.35 927 1.40 4.15 -

CuO 9.18 149 0.22 5.46 3.72

[a] Lattice parameter calculated from the d,y, spacing in the XRD
patterns. [b] Surface area calculated by the BET method. [c] Pore size
obtained from the N, adsorption isotherms by the BJH method. [d] Wall
thickness calculated by subtraction of the pore size from the lattice
parameter.

tion. The physical properties of all three products, SBA-15,
CMK-3, and mesoporous copper oxide, are shown in Table 1.
A decrease in the lattice parameters of these products can be
expected due to the thermal treatment at high temper-
atures.'¥ The pore size of CMK-3 is very similar to the wall
thicknesses of SBA-15 and the mesoporous copper oxide.
These results once again indicate the perfect replications from
silica to carbon and from carbon to copper oxide. The
mesoporous copper oxide has a relatively lower specific
surface area and total pore volume than SBA-15, mainly due
to the fact that the density of bulk copper oxide is higher than
that of bulk silica (6.49 and 2.26 gcm >, respectively). In
addition, the above-mentioned partial loss of structural order
must also be taken into account.

In conclusion, a novel mesoporous transition-metal oxide
with a highly ordered 2D hexagonal structure, in this case
mesoporous copper oxide, has been synthesized by using
CMK-3 carbon as template. The structure has been confirmed
by XRD, TEM, and N, adsorption measurements. Such
materials have potential applications in catalysis or lithium-
ion batteries. Moreover, our study confirms that the “one-
step-further” nanocasting method can be extended to ordered
mesoporous transition-metal oxide materials. Therefore, it is
foreseeable that increasing numbers of mesoporous transi-
tion-metal oxide materials with various mesoporous struc-
tures will be synthesized by a similar method using meso-
porous carbons with different pore connectivities and sizes.

Experimental Section

Mesoporous silica SBA-15 and mesoporous carbon CMK-3 were
obtained following the procedures described elsewhere (see Support-
ing Information).'*! In a typical synthesis of mesoporous copper
oxide, 2 g of CMK-3 were dispersed in 20 mL of an aqueous solution
(0.4Mm) of copper nitrate and the mixture heated at 100°C and stirred
for 2 h. The resultant sample was dried under vacuum to give a fine
and completely dry powder, then it was slowly heated in a tube
furnace under N, to 300°C at a constant rate of 1°Cmin~" and kept at
this temperature for 4 h to convert the copper nitrate within the pores
to copper oxide. This procedure was repeated twice. Finally, the
sample was calcined in a box furnace at 500°C for 48 h in air at a
heating rate of 1°Cmin™" to the final temperature to remove the
carbon. This treatment gave a black powder in a yield of about 0.8 g of
CuO per gram of CMK-3, depending on the pore volume of the
CMK-3 template. A lower magnification survey TEM image of the
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sample demonstrated that no dense by-product had formed (see
Supporting Information).

Characterization: Low-angle powder XRD patterns were
recorded with a Bruker AXS DS diffractometer equipped with a
Cug, radiation source (40 kV, 40 mA) with a step width of 0.01° (20)
and an acquisition time of 4 s per step.

The wide-angle powder XRD pattern was recorded with a Bruker
AXS D8 diffractometer equipped with a Cuy, radiation source
(40 kV, 40 mA) with a step width of 0.01° (2 §) and an acquisition time
of 0.2 s per step.

N, adsorption—desorption isotherms were measured with an
ASAP 2010 adsorption analyzer (Micromeritics) at —196°C. Prior to
the measurements, all samples were degassed at a temperature of
250°C for at least 3 h.

TEM images were obtained with a JEOL JEM-3010 microscope
operating at 300 kV (coefficient of spherical aberration (C;): 0.1 mm;
point resolution: 0.14 nm).
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