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«a-Fe; 03 and CuO nanotube arrays were obtained for the
first time within the pores of the porous anodic alumina mem-
branes by pyrolyzing Fe(acac); (Hacac = 2,4-pentanedione) at
300 °C and Cu(acac);, at 330 °C, respectively. These nanotubes
with an outer diameter of about 100-300 nm and a length of
up to tens of microns were characterized using scanning electron
microscopy (SEM), X-ray diffractometer (XRD), and transmis-
sion electron microscopy (TEM), respectively.

Since the discovery of carbon nanotubes in 1991,' the syn-
thesis and functionalization of nanotubular materials has become
one of the most highly energized research areas.”3 The develop-
ment of nanodevices might benefit from the distinct morphology
and high aspect ratio of nanotubes. One successful route leading
to tubular nanostructures is template-mediated growth using
zeolites, membranes, or carbon nanotubes. Porous anodic alumi-
na (PAA) membrane has been demonstrated to be one of the
most suitable templates for synthesis of ordered arrays of 1-D
nanostructures because of its tunable pore dimensions, narrow
pore size distribution, and good mechanical and thermal stabili-
ty.#% Considering the importance of metal oxides in catalysis,
electrochemistry, and functional ceramics and sensors, their fab-
rication in nanostructured form with anisotropic morphology ap-
pears to be a particularly attractive goal and has been pursued in
anumber of laboratories. Several metal oxides nanotubes such as
V205,7 Ti02,8 Zr02,9 MOO3, A1203,10 Il’1203, G3.203,“ and
RuO,'? have been successfully synthesized by using a variety
of techniques including sol-gel chemistry, vapor-liquid—solid
(VLS) process, hydrothermal and surfactant-assisted methods,
etc. However, it is still a challenge to develop a general synthetic
pathway to a wide variety of metal oxide nanotubes.

«¢-Fe,Oz(Hematite), the thermodynamic stable crystallo-
graphic phase of iron(IIl) oxide with a band gap of 2.2V, has
potential applications in gas sensors, photoanode for photooxi-
dation of water, and for photocatalytic oxidation. Its nontoxicity,
low cost, and relatively good stability are definitely very attrac-
tive features for these applications. It has been shown that orient-
ed nanorod thin films of hematite improve considerably the col-
lection of the photogenerated electrons.'* CuO is a p-type
semiconductor and it is useful for the preparation of organic cat-
alysts and gas sensors. CuO nanorods have also been obtained by
a simple one-step solid-state reaction.'* However, the nanotubes
of these two oxides have been unreported so far. Furthermore,
many metal acetylacetonates are known to be volatile complexes
at moderate temperatures and have been previously used for
chemical vapor deposition (CVD) of thin films of metal oxides. '
Recently, using metal acetylacetonates as single-source molecu-
lar precursors, we have obtained a series of metal oxide nanotube

arrays based on the combination of the porous alumina templates
with CVD technique. In this paper, we demonstrate the efficient
template pathway to synthesis of ordered «-Fe,O3; and CuO
nanotube arrays.

Previous works'®!” have demonstrated that PAA membrane
is a cheaper and effective template for synthesis of nanowires,
nanotubes, and nanocable composite structures. In our present
study, -Fe, O3 and CuO nanotube arrays were synthesized with-
in the pores of the PAA membranes (Whatman Ltd., with a nom-
inal pore diameter of 100 nm and thickness of 60 um) by CVD
methods with Fe(acac); and Cu(acac); as single-source molecu-
lar precursors, respectively. The equipment used for synthesis of
metal oxide nanotubes is a tube furnace and similar to that re-
ported previously.?’ The organometallic precursors were placed
in the low-temperature zone [150 °C for Fe(acac); and 160 °C
for Cu(acac);] and their vapors were carried by a O, flow to
the high-temperature zone, where the PAA templates were
placed vertically and the temperatures were 300 °C («-Fe,03)
and 330 °C (CuO), respectively. The deposition reaction lasted
for 1h, and then the template temperatures were elevated to
500°C (a-Fe;03) and 450°C (CuO) and maintained for 4h
for annealing. The pressure of the reaction system was main-
tained at ca. 3 kPa. The as-synthesized products were character-
ized by X-ray diffractometry (XRD, D/Max-RA), scanning
electron microscopy (SEM, JSM-840A for «-Fe,O3; and
LEO1530VP for CuO) and transmission electron microscopy
(TEM, JEM-200CX). Specimens for TEM and SEM were
obtained after dissolving the alumina template in 2 M NaOH.

Figure 1. SEM images of the as-prepared nanotubes: (a) o-
Fe, 03, (b) CuO.

Figure 1 shows the SEM images of the as-prepared o-Fe, O3
and CuO nanotubes. It can be seen that the nanotubes have open
ends and are arranged in a parallel and well-ordered way.
«a-Fe; O3 nanotubes have smooth and compact walls, while
CuO nanotubes have porous walls and are relatively fragile.
The lengths of ®-Fe, O3 and CuO nanotubes are up to tens of mi-
crons. The compactness of the nanotubes is quite high of about
1.0 x 10° cm™2, corresponding to the pore density of the PAA.
Energy-dispersive X-ray spectrometry (EDS) (see Supplemental
Information 1) confirmed the elemental compositions of the
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«®-Fe; O3 and CuO nanotubes and indicated that the as-prepared
a-Fe,03 and CuO nanotubes are highly pure and there are no
any contaminant of carbon, which could be attributed to the ox-
idation reaction with oxygen. Figure 2 shows XRD patterns of
nanotubes of a-Fe;O3 and CuO. The comparison of the diffrac-
tion pattern (Figure 2a) with data from JCPDS file 33-664 iden-
tifies the iron oxide nanotubes as rhombohedral (Hex) a-Fe, O3
(Hematite, syn) with the lattice parameters a = 5.0356 and
c=13.7489 A. A similar correlation of the diffraction pattern
(Figure 2b) with the JCPDS file 5-0661 confirms that the nano-
tubes consist of the monoclinic structure of CuO with a = 4.684,
b =3.425c¢=5.129A, and B = 99.5°. The XRD results reveal
that both nanotubes are crystalline as anticipated from their re-
spective annealing temperatures. Figure 3 shows the typical
TEM images of single nanotube of o-Fe,O3 and CuO liberated
from the PAA templates. It can be seen that both nanotubes are
very straight and the diameters are quite uniform. These nano-
tubes are composed of the fine particles, whose sizes are around
10nm for «-Fe, O3 and about 10-20 nm for CuO according to
the TEM observation ( (see Supplemental Information 2). The
outer diameters of the nanotubes are about 200 nm, which reflect
the diameter of the pores within the template. The thickness of
nanotubular walls of «-Fe,O; and CuO are about 20 and
25nm, respectively. The selected area electron diffraction
(SAED) patterns (Figure 3, inset) reveal that both nanotubes
are polycrystalline.

Our preliminary study shows that suitable CVD process con-
ditions such as reaction temperature, precursor evaporating tem-
perature and vacuum etc. are critical to the formation of the
nanotubes. The higher deposition rate, which was induced by
the higher reaction temperature and the higher precursor-evapo-
rating temperature, will lead to form a cover layer on the PAA
membrane and block the pores, which prevents the precursor
molecules from entering the pores and therefore, the nanotubes
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Figure 2. XRD patterns of the nanotube arrays in PAA tem-
plates: (a) @-Fe,03, (b) CuO.
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Figure 3. TEM images of the nanotubes of a-Fe,O3 (a) and
CuO (b), inset is selected area electron diffraction (SAED)
patterns.

can not be formed in the pores of PAA membranes via the pre-
cursor pyrolyzing. A suitable vacuum in the reaction system can
greatly improve the CVD efficiency and increase the thickness of
nanotubular walls. In addition, as-prepared nanotubes are gener-
ally amorphous and the annealing is necessary to obtain crystal-
line products.

In summary, we have demonstrated that the single-source
molecular precursors for CVD of metal oxide thin films can be
extended to growth of 1-D nanostructures. «-Fe,O3 and CuO
nanotubes with 100-300 nm in outer diameter and several tens
of microns in length have been prepared within the pores of
the PAA templates using CVD method. The present method
possesses a potential for fabricating nanotubes of other various
species. Further work on the constructing concentric cable
nanostructures is underway by filling the nanotubes with foreign
species.
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