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Controlled growth of nanostructures is of great importance in
nanoscience and technology and is one of the main concerns for |
researchers. In all approaches employed, template-assisted synthesis
of nanomaterials turns out to be quite effective. particular, an a
anodized aluminum oxide (AAO) template is very useful in
fabrication of hierarchically ordered structures because its structural
parameters can be feasibly controlled by tuning its anodization
conditions? The AAO template has both external and internal
surfaces that can be utilized. For instance, its internal surfaces have
been successfully utilized to prepare carbon nanotube (CNT) arrays |
and further used the prepared CNTSs in pores as a secondary template
to routinely prepare uniform metal nanotubes by a replication
method? !

Here, we exploit both the AAO external and internal surfaces to
prepare a complex, but with ordered crystalline structure:integrated
zinc aluminate nanotube array sitting on its nanonet. This array/
net complex structure exists as a whole.

Zinc aluminate (ZnAdO,), often referred as zinc spinel, is a
useful material. It mainly serves as catalysts and catalyst SUPPOItSrjgyre 1. (a) Large-scale and (b) enlarged ESEM images of the sample
in synthesis, dehydrogenation, dehydrocyclization, hydrogenation, (AAO template removed). Inset in (b) is a close-up of the tubes. SEM side
dehydration, isomerization, and combustion proceieds.a wide view images of the samples in (c) upside and (d) upside-down positions.
band-gap semiconductor (3.8 é¥fat can be used as a transparent 1 he drawings in (c) and (d) show the tube orientations. Arrows in (c) and

. . . . (d) indicate the positions of the thin holed layer.
conductor] a dielectric® or optical material§2° Recently, much
attention has been paid to the luminescence properties of rare-earttstanding sample area was abou®® x 30u«m. A top view (Figure

doped zinc spinel¥) To prepare ZnAlO,, people have employed
various synthesis approaches using either solid ZnOocaAt,O5

or Al- and Zn-containing complexes as precursors, normally
yielding small porous crystallites1!

In this study, a laboratory-prepared AAO template (by two-step
anodization in oxalic acf) was buried in pure ZnO powder (0.6
+ 0.4um in particle size) pretreated with alcohol. Then the AAO
template in the slurry ZnO was sonicated ferB) min before being
placed into a Muffle furnace. The furnace temperature was then
slowly increased to 650C in air and remained fo5 h before
cooling down to room temperature (RT). The as-treated AAO
template was then buried in fresh ZnO powder, again, in a quartz
boat that was then sent into a chemical-vapor deposition (CVD)
device. Afterward, the CVD temperature was increased t0°€50
at 10°C/min in a high purity N flow of 30 sccm at 1 atm. After
30 min, the temperature further increased to 88t about °C/
min, and the gas flow was swapped to 30 sccegn(Hatm). The
sample was kept in the CVD device ferl6 h. Finally, the sample
was cooled to RT in Mflow. For further analyses, concentrated

1b and its inset) revealed that open-ended nanotube8@fnm in
diameter and~15 nm in wall thickness indeed formed. A side view
(Figure 1c) demonstrated that the tubes were about 800 nm in length
and sit on a thin layer that has some holes (as indicated by the
arrow). If it is upside down (Figure 1d), one could clearly identify
the pores in the thin layer (as pointed out by the arrow). This thin
layer was very similar to the AAO template in surface morphology.
From the thin layer side, TEM (Figure 2a) clearly showed the
nanonet structure:pores in hexagonal packing. The inner diameter
of each pore was- 75 nm and the spacing between two neighboring
pores~25 nm. Selected area electron diffraction (SEAD, inset in
Figure 2a) substantiated that the nanonet was a crystal with a
structure very similar to that for face-centered cubic (FCC) 204l
and grew along the [il2] direction. From the nanotube side (Figure
2b), each tube sits on an underlying pore and the tube wall thickness
was~15 nm.

To uncover the details of the crystal structure, HRTEM measure-
ments were taken in the 3-fold hollow area and near the tube edge
(the triangle and circle areas in Figure 2b, respectively). In the

HF acid was used to remove the AAO template. The morphology hollow area (Figure 2c), a rectangular lattice structure was displayed,
and structure of the prepared samples were analyzed by a scanningne side being 0.46 nm and the other 0.28 nm. Near the tube edge
electron microscope (SEM, Strata DB235, FEI), environmental (Figure 1d) appeared the same lattice structure, meaning that the

SEM (ESEM, Quanta 200F, FEI), a transmission electron micro-
scope (TEM, JEM 200 CX JEOL), high-resolution TEM
(HRTEM, Tecnai F30, Philips), and X-ray diffraction (XRD, Rigaku
D/MAX-200 X-ray powder diffractometer).

Figure 1 shows the morphology of the prepared sample (AAO
template already removed). According to Figure la, the free-
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tube structure is identical to the nanonet structure. Note that near
the tube edge (as indicated by the long black arrow in Figure 2d)
the lattice on the tube wall surface well matched that of the tube
tip surface. To further verify the crystal structure, XRD measure-

ment was taken for the as-prepared sample (with the AAO template
intact, otherwise it was too thin to use). The spectrum (Figure 2e)

10.1021/ja0505402 CCC: $30.25 © 2005 American Chemical Society
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Figure 2. TEM images of the nanotube array plus nanonet structure viewed
from (a) the nanonet side and (b) the tube side. Inset in (a) is the SEAD
pattern from (a). Panels (c) and (d) are HRTEM images showing the lattice
structures near a tube top-edge [the circle in (b)] and in the three-fold hollow
area [the triangle in (b)], respectively. Panel (e) is an XRD spectrum of the
sample with the AAO template intact. Panel (f) is an EDX profile scanned
along the line across a tube in the tube array in (b). The arrow in (b) indicates
the starting point of the line-scan.

again showed that there existed solely Zs@l crystallites in the
sample. Local composition EDX spectrum (Figure 2f) was collected

along the line across a nanotube in Figure 2b. The line scan analysis

(after sensitivity calibration) unambiguously showed that the
stoichiometric atom concentration ratio was Zn:ARO13.8:31.6:
54.6%~ 1:2:4. Obviously, the obtained materials were crystalline
ZnAl,O,. The thickness of the tube wall or net was thinner than
20 nm.

One possible growth mechanism is proposed in tandem with our

experimental observations and measurements. Pretreatment of AAO

and ZnO in alcohol served two aims: preventing the AAO backbone
structure from collapsing at elevated temperatures and modifying
the surfaces of the AAO template and the ZnO particles. In CVD,
Zn vapor was formed by reduction of ZnO with, the reaction
free energy change becomes negative, abetd kJ/mol, under
our experimental conditions):

ZnO(s)+ Hy(9) — Zn(g) + H;0(g)

Zn vapor further reacted with AAO to form Zn#D, at the
presence of residual oxygen or formed water via either of the
following reactions:

Zn(g) + 1/2 O,(g) + Al,O4(S) — ZnAl,O(s) Q)

Zn(g) + H,0(9) + Al,O4(s) = ZnAlLO,(s)+ Hy(9) (2)

The above judgment is supported by the fact that no ZOAI
nanotube/nanonet structure was formed under our experimental
conditions without H reduction. During the long growth time,
crystallization went on and overtook vaporization at the AAO
surfaces so long as a suitable Zn vapor pressure was maintained.
This led to crystalline ZnAlO, formation. Our experimentally
measured growth kinetics showed that the maximum thickness of
the ZnALO, nanotube wall or nanonet could not be larger than 20
nm under the experimental conditions, implying that the in situ
produced Zn vapor could not go very deep into bulk AAO, and
hence, the reaction could only occur in the AAO surface regions.
Therefore, the reaction is diffusion-limited.

In summary, the crystalline ZnAD, nanotube array and nanonet
have been successfully prepared. These two structures seamlessly
join as a whole. This integrated crystalline Za®}, structure may
be useful in cathodoluminescence, photonics, catalysis, and field
emission. The used approach may also be applied to synthesize
other useful inorganic nanotube array/nanonets.
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