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Copper oxalate nanowires inside the channels of mesoporous SBA-15 are created by in-situ oxidation of
block copolymer in as-prepared SBA-15 samples. The pyrolysis of CuC,04/SBA-15 composites under
different conditions results in the formation of CuO or Cu,0 nanowires encapsulated in the nanoscale
channels. The appearance, structure and composition of these materials are characterized by the X-ray
power diffraction, transmission electron microscopy, N, adsorption-desorption isotherms, infrared
spectra and inductive coupled plasma emission spectra. CuC;04, CuO and Cu,0 nanomaterials filled in
the channels of SBA-15 have been proven to possess the electrochemical hydrogen storage capacities of
102, 165 and 231 mAh/g in the second cycle, respectively, and are expected to have a high potential for
use in practical applications.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Basing on the “host-guest” chemistry, numerous functional
materials can be created by introducing metal oxide or metal
complex into mesoporous channels, and which often showed the
unique applications in catalysis, optics, electrics, magnetics and
nanoscale devices, etc. [1,2]. The integration of 1D nanowires into
the well-defined mesoporous channels have attracted growing
attentions [3]. Many inorganic nanowire materials such as metal,
metal oxide, metal sulfide and organic macromolecular polymer
nanowires have been successfully incorporated into the mesoporous
silica channels by the special methods [4-9]. However, there are no
reports on metal oxalate nanowires inside mesoporous channels
[10-12]. The reason is mainly derived from two challenges: (1) the
remarkable difficulty in introducing two different precursor species
into the mesopores and (2) how to avoid the aggregation of these
precursors in the opening channels and effectively increase their
infilling amount [13]. Moreover, copper oxide supported on the
mesoporous silica has been obtained by the direct-synthesis or post-
synthesis methods [14-16], and which exhibited the enhanced
catalytic activity in many heterogeneous oxidation reactions [17,18].
However, few studies were mentioned on the synthesis of copper
oxide nanowires encapsulated in mesoporous materials. Obviously,
it is difficult for the routine impregnation method to obtain copper
oxalate and copper oxide nanowires inside mesoporous channels.
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The block copolymer surfactant is extensively used as a
template in the synthesis of mesoporous materials, which are
often removed from the products by calcination or extraction after
defining the wall structure of mesoporous materials. Recently, Zhu
[19,20] and Yue et al. [21] directly infiltrated guest species into the
confined space between the silica wall and the template
aggregates in the as-made SBA-15 to obtain novel catalysts or
CO,-capture materials. Li et al. prepared mesoporous carbon by
the pyrolysis of silica/triblock copolymer/sucrose composites [22].
It is very attractive to sufficiently explore the utilization of such
polymer materials in as-prepared mesoporous silica.

In the present work, block copolymer material in as-made samples
of SBA-15 is used as a reactant, which is oxidized to C; Oi‘ in a special
aqueous solution containing Cu?*. As a result, copper oxalate
nanowires are in-situ produced in the mesoporous silica channels
(which is referred to as CuC,04/SBA-15). CuO and Cu,O nanowires
embedded in mesoporous silica (referred to as CuO/SBA-15 and Cu,0/
SBA-15) are also obtained by heating CuC,04/SBA-15. These copper-
containing materials reveal good textural properties and ordered
mesostructures, and possess 102, 165 and 231 mAh/g electrochemical
hydrogen storage capacity in the second cycle, respectively.

2. Experimental

2.1. Synthesis

In a typical preparation of materials, as-prepared samples
of mesoporous SBA-15 without hydrothermal treatment were
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obtained following the literatures [23]. Dried samples of hybrid
mesoporous materials of 4.0g, 8.0g CuSO4-5H,0 and 8.0g water
were mixed, stirred for 2 h, and then the mixtures were dried at
353 K. After that, the resultant solid mixtures were added into the
solution containing 7.5g AI(NOs);-5H,0, 6.2g H3PO,4 (85 wt¥%)
and 30.0 g water, and subsequently heated at 373 K for two days in
a sealed autoclave. Finally, mesoporous CuC,04/SBA-15 products
were collected and treated by filtering, washing with water six
times, and drying at 373K. The mesoporous CuO [SBA-15
materials were obtained through the calcination of CuC,0,4/SBA-
15 samples at 623K for 4 h in air at a heating rate of 1 K/min. For
the preparation of mesoporous Cu,0/SBA-15, CuO/SBA-15 sam-
ples in a crucible were covered up in active carbon particles, and
then heated at 973K for 8 h in air.

2.2. Characterization

The X-ray diffraction data of all samples were collected in 6-20
mode using a Rigaku Corporation D/MAX 2200PC diffractometer
equipped with CuKo (K= 0.1541nm) radiation, operating at
32kV, 20mA for 26 low-angle (0.5-5°) and 40kV, 40 mA for 260
high-angle (10-70°). The porous textures of mesoporous materials
were analyzed from nitrogen adsorption-desorption isotherms at
77K by using a Micromeritics ASAP 2000 system. Transmission
electron microscopy (TEM) images were taken with a JEOL JEM-
200CX transmission electron microscope using an accelerating
voltage of 200kV. The amounts of Cu, Si, Al and P in the
synthesized samples were determined by ICP-AES analysis on a
thermo elemental PERKIN-ELMER PLASMA-2000 spectrometer.
Infrared spectra (FT-IR) were recorded on a Nexus-870 Fourier-
transform spectrophotometer from KBr pellets with a measuring
range 400-4000cm™".

The electrochemical measurements of these samples were
performed in a three-electrode cell using 6mol/l KOH as
electrolyte. The mesoporous SBA-15 samples containing copper
species, Ni(OH),/NiOOH and Hg/HgO (1M NaOH, +0.114V) were
used as the working electrode, the counter electrode and the
reference electrode, respectively. The working electrode was
prepared as follows: 0.02¢g of the mesoporous SBA-15 samples
containing copper species, 0.01 g of acetylene black powders and
0.11g of poly-tetrafuroethylene solution (30wt%) were mixed.
These homogeneous mixtures were smeared onto the foam nickel
sheet and pressed at 11 MP for 2min. The counter electrode
Ni(OH);/NiOOH was prepared by the similar procedures using
0.1g NiOOH, 0.05g acetylene black powders and 0.055g poly-
tetrafuroethylene solution (30 wt%). The working electrodes were
charged for 6h at a current density of 100mA/g, and were
discharged to —0.2 V (vs Hg/HgO, +0.114 V) at a current density of
60mA/g. The electrochemical hydrogen storage capacities were
calculated according to the mass of copper species in the samples.

3. Results and discussion
3.1. Mesostructures of these Cu-containing materials

A very sharp (100) diffraction peak together with well-resolved
higher order (110) and (200) reflections in the low-angle XRD
pattern of CuC,0,4/SBA-15 materials (Fig. 1A-a) indicate that it has
a long-range ordered 2D hexagonal (P6mm) structure. CuO/SBA-
15 materials also show the well hexagonal mesostructure
regularity (Fig. 1A-b). Comparatively, the diffraction peaks of
mesoporous Cu,;O/SBA-15 (Fig. 1A-c) decreased in the intensity
and had a little shift to high diffraction angles.
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Fig. 1. The low-angle (A) and high-angle (B) XRD patterns of CuC,04/SBA-15 (a),
CuO/SBA-15 (b) and Cu,0/SBA-15 (c).

The corresponding high-angle XRD patterns of these samples
shown in Fig. 1B testify that crystalline CuC,04 have the
orthorhombic phase (JCPDS 46-0856), in agreement with the
previous results reported by us [24]. The high-angle XRD patterns
also reveal that CuC,04 materials were converted to crystalline
CuO with monoclinic phase (JCPDS 45-0937). The pyrolysis of
CuO/SBA-15 under reductive atmosphere results in the formation
of cubic phase Cu,O materials (JCPDS 05-0667) within SBA-15
with a small amount of CuO(V).

TEM images of CuC,04/SBA-15, CuO/SBA-15 and Cu,0/SBA-15
materials fully exhibit their order hexagonal mesostructures
(Fig. 2). TEM images (Fig. 2a and b) of CuC,04/SBA-15 suggest
that a large amount of CuC,04 has been introduced into the pores
of SBA-15. In comparison with the pore walls, the equal or darker
contrast grade in the pore channels shows the more continuous
black solid lines within the mesoporous channels. Such black
lines are believed to be CuC,04 nanowires because their growth
direction is analogous to the pore configuration [25,26]. A similar
phenomenon is also founded in the samples of mesoporous CuO/
SBA-15 materials (Fig. 2c and d). The intense contrast can more
accurately recreate the original image of CuO nanowires in the
corresponding TEM images, resembling the TEM images of SnO,
nanowires in the nanoscale-channels [25]. The corresponding
electron diffraction reveals the polycrystalline property of CuO
materials within SBA-15 (Fig. 2c inset). TEM images in Fig. 2e and f
illustrate that Cu,O nanowires are obtained in the channels of
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