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Core/shell nanowires of Al/Al,O3 are obtained by decompo-
sition of tert-butoxyalane on metal, silicon or glass substrates
heated up to 650 °C without use of a noble metal seed. These
biphasic nanowires are characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), scanning en-
ergy dispersive X-ray spectroscopy (EDX), transmission elec-
tron microscopy (TEM) and high-resolution TEM. They have
uniform diameters of about 20-30 nm, are composed of an
inner aluminium wire, wrapped up by aluminium oxide at a
constant molar ratio, and have lengths of several micro-

meters. As the temperatures approach the melting point of
Al (660.4 °C), we propose a growth mechanism for the
nanowires which resembles to vapour-liquid-solid (VLS)
growth of ceramic nanowires with a liquid metal phase cata-
lyst seed which in this case is aluminium. The biphasic na-
ture of the wires is due to the disproportionation of alumin-
ium in the transient “AlO" and to Ostwald ripening.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Aluminium metal is known to have an oxidic protection
film on its surface which prevents the metal from further
corrosion despite its negative potential towards hydrogen
in acidic (—1.676 Volt) and basic (-2.310 Volt) media. This
protection coating, so-called “passivation layer”, can be
further densified in the eloxal process.['! We have been able
to synthesize nanoparticles of aluminium embedded in an
alumina matrix, thus protected from further reactions at
ordinary conditions (water, oxygen), using a chemical gas-
phase reaction as shown in reaction (1).>#

The process shown in Equation (1) uses the volatile sin-
gle-source precursor fert-butoxyalanel® which, under anaer-
obic conditions and reduced pressure, reacts to the volatile
gases hydrogen and isobutene and to the solid composite
Al/Al,O3, assembling the metal and oxide phases. Contrar-
ily to bulk aluminium (see above), the oxide layer in this
nanocomposite (aluminium particle sizes ranging from 1-
50 nm, depending on the synthetic conditions)>* is stoi-
chiometric with a molecular ratio of AI%AI** = 1:2. A con-
sequence is that the aluminium oxide layer on the spherical
particles is quite thick compared to the metallic core (see
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also below). This contrasts to the findings for bulk alumin-
ium, in which the layer, compared to the metal, is thin.[*!

We wanted to find out if these Al/Al,O3 core/shell par-
ticles, which nicely assemble in a fractal manner on sur-
faces, could be transformed to other morphologies, espe-
cially from zero-dimensional (0-D) to one-dimensional enti-
ties (1-D). Since the discovery of carbon nanotubes, one-
dimensional structures like nanorods and nanowires are be-
coming more and more attractive because of their nano-
scaled properties.!®”] In the aluminium/aluminium oxide
phase system, either metallic aluminium or oxidic alumina
nanowires have been described with respect to their special
physical properties like photoluminescence® ! and conduc-
tivity.'1?! Mostly, these one-dimensional entities have been
generated by catalyst-supported chemical vapour deposition
(CVD)8:13:14] ysing particles different from the source mate-
rial as catalytic seeds or by in situ displacement and tem-
plate assisted approaches.”-131¢1 So far, there is no report on
direct deposition of Al/Al,O5 core/shell nanowires, although
catalyst-free growths of nanowires like ZnO are principally
known.!'” In this preliminary state, we were not interested
to grow equidistant wires, as our principal objective to these
wire-composed surfaces was, apart from others, their use as
an overall adherence layer for cells.l'®!

Our access to Al/Al,O3 core/shell nanowires is very sim-
ple using the same synthetic process as described in Equa-
tion (1) but different conditions. The process is summarized
in Equation (2).

[(CH3);C-0-AlH,],
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Apparently, no external catalyst is needed in this pro-
cess — unlike with comparable growth of one-dimensional
metal oxides using noble metals like gold as nucleation seed
[Vapour Liquid Solid (VLS) mechanism].l'! In Figure 1,
material obtained at 300 °C [Equation (1)] and such ob-
tained at 550-600 °C [Equation (2)] is shown using SEM.
While spherical particles appear at 300 °C, only spaghetti-
like nanowires are found at the higher temperature.

Figure 1. SEM-images of (a) Al/Al,O; nanoballs (obtained at
300 °C) and (b) Al/Al,O5; nanowires (obtained at 550-600 °C) on
a steel target. The magnification factor is comparable.

The as-prepared one-dimensional core/shell wires have
been analysed using different techniques such as XRD,
TEM, XPS and EDX. In Figure 2, XRD of the as-de-
posited film on steel is shown with reflections due to crys-
talline aluminium (besides those of the substrate) and an
amorphous background.

The growth of the aluminium core structures can be re-
lated to the temperature as found from the insert of Fig-
ure 2. Whereas in films deposited at low temperature
(450 °C) almost no crystalline aluminium can be detected
(consistent with particles giving no diffraction due to their
small dimensions and/or low crystallinity), diffraction
peaks clearly show up at films deposited at temperatures
above 550 °C.

The amorphous background is Al,O5 as found from XPS
without carbon contamination (not shown here).?” In the
TEM image of the wires using EDX, one can determine
that the shell of the wire is composed of Al,Os, while the
core consists of aluminium (Figure 3 and Figure 4, a, b).
HR-TEM images show at some instances the lattice planes
5182
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Figure 2. XRD (Co-K,, radiation) of Al/Al,O5 film deposited on a
steel substrate. Insert: The [111] diffraction peak of aluminium
from Al/Al,O; films obtained at different temperatures.

of aluminium together with crystalline Al,O; which from
the lattice distances can either be attributed to the y- or 9-
phase (Figure 5).

Figure 3. TEM image of an Al/Al,O; nanowire using phase con-
trast (dark inner core is aluminium while the lighter shell is alu-
mina).

Using several images of nanowires like that of Figure 3,
we have found out that there is a constant ratio between
the radius of the core r(Al) and the total radius of the core/
shell R(AlI/A1,03) wire, r(Al)/R(Al/Al,03). With the help of
interference contrasts in the two-dimensional cut, we deter-
mined that this ratio, r(Al)/R(AI/Al,O3), is ca. 0.47 which
matches nicely with the calculated value of 0.53 using a co-
axial composite cylinder model for the Al (p = 2.70 gecm™)
core surrounded by y-Al,O; (p = 3.97 gcm™) shell in a 1:1
molar ratio. The corresponding ball-like core-shell entities
also exhibit a similar ratio r(Al)/R(Al/Al,O3) between the
inner Al ball and the Al,Oj3 shell but at a different experi-
mental value of 0.65 which corresponds perfectly to the cal-
culated value 0.65, assuming a stoichiometric molar ratio of
Al/Al,O3 = 1:1 in the 0-dimensional spheres like in the cyl-
inder model.

At a closer look, in the SEM and TEM images at higher
magnification the structures of the wires can be described
as cylinders and many of them have ball-like tips. In Fig-
ure 6, one of these tips is shown in HR-TEM. It has a crys-
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Figure 4. (a) EDX analysis of a wire section [see TEM picture (b)];
oxygen and aluminium contents are given as plots in arbitrary
units. (b) Wire cut perpendicular to its length. The letters A, B, C,
D, E refer to the places where the analysis has been performed.

Figure 5. Crystalline Al,O5 regions on nanowires as found from
HR-TEM analysis. The lattice spacings correspond either to y- or
3-Al,0;.

talline aluminium core, as deduced from the lattice spacings
and from electron diffraction. This core is surrounded by
further crystallites (see curvature in the figure) which from
their lattice spacings and diffraction belong most likely to o-
Al,O3 (some y-Al,O3 might also be included). The cylinder
attached to the tip is made of the core-shell nanowire as
discussed before.

From these findings, we propose a growth mechanism
which is valid for temperatures around 610 = 50 °C. This
mechanism resembles the VLS growth of ceramic nanowires
with a liquid metal phase as catalyst and seed.l'”] In con-
trast to this mechanism, the metallic aluminium itself serves
as a catalyst that is formed from the phase-separated metal
entities in the fractal ball-like entities!”) by an arrangement
which reminds of Ostwald ripening!?!! (the melting point of
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Figure 6. The tip of a nanowire in HR-TEM. The spherical core
entity is aluminium due to the spacings of the lattice and due to
EDX. In the enveloping outer shell, many differently orientated
crystallites may be recognized with lattice spacing typical for y- or
8-Al,0s5.

pure bulk aluminium is 660.4 °C). Depending on the pri-
mary ball-like core-shell Al/Al,O3 particle size, the typical
wires grown with this process have diameters from 10—
40 nm and lengths up to several pm (the aspect ratio is
therefore more than one thousand). At a constant pressure
and temperature, a reproducible diameter of the wires can
be obtained, an expansion of both parameters leading to
thicker or longer wires. Eventually, one ball seed may pro-
duce several wires, as found in Figure 7, and the flow rate
of the precursor (rtBuOAIH,), affects the density of the
structures.

Figure 7. HR-TEM picture of a junction of three nanowires. The
junction part is made of a ball, the core of which is pure alumin-
um.

To conclude, it seems clear that intermediate metastable
“AlO” could be the driving force of AI/Al,O5 balls or wires.
This formal AI’* should stabilize by disproportionation
into Al° and AI**, giving a stoichiometric ratio of Al® and
AP* of 1:2. This resembles findings from silicon/siliconox-
ide core/shell particles and wires which are thought to eval-
uate from intermediate SiO by disproportionation into Si®
and Si4* .22
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