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Novel tree-like alumina nanopores were reproducibly obtained
in non-steady-state anodization conditions by exponential
decrease of anodization potential. The mechanism of pore
formation was thought to be due to a combination of electrical
treeing and mechanic stress in the growth process.
Furthermore, some interesting properties from gold nanotrees
were observed showing that the tree-like nanopores will be new
templates towards fabrication of nanotrees from a variety of

materials possibly exhibiting new shape-dependent properties.

Nanoporous alumina formed by electrochemical anodization of
aluminium in acid electrolytes has been extensively studied for
more than 50 years.! Wood’s model> and further modified
models®* can give satisfactory interpretations of many experi-
mental phenomena, such as monodispersity of pore size distribu-
tion, linear dependence of pore diameter and inter-pore distance
on the applied anodization potential. However, these models
cannot easily explain well some recent findings, such as self-
ordered pore growth in two-step anodization,™® self-ordering
under high-field anodization”® and at burning potential,” guided
pore growth by imprint lithography,'®!! ezc. In order to under-
stand the self-ordering pore growth mechanism, repulsive interac-
tions between the pores12 and high electric field theory”” have
been proposed. In contrast to the extensive research efforts on
steady-state anodization, non-steady-state anodization has been
given little attention. Here, it was found that unexpected tree-like
alumina nanopores were generated in non-steady-state anodization
when the anodization potential was decreased exponentially in a
stepwise way. The development of pores is more like that of tree or
root in nature, which cannot be simply explained by Wood’s
models.>* Due to its similarity to electrical treeing in insulative
materials under voltage aging,'*'® it is thought that partial
discharge (PD) could occur as a result of continuous charge
buildup in non-steady-state anodization conditions. In addition,
some preliminary results of gold nanotrees indicate that the tree-
like nanopores provide the materials science community with a
new template towards fabrication of various types of tree-like
nanostructures (metal, semiconductor, carbon, polymer) because
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the template approach has no limitation to material types, and it
could find applications in plasmonic waveguiding devices, non-
linear optics, and hierarchical materials assembly, erc.'”'®
Scheme 1 illustrates the fabrication process of tree-like alumina
nanopores. Firstly, ordered nanopore arrays were fabricated via
well-established two-step anodization in oxalic acid at 40 V (see
details in ESI}). The nanopores have a depth of ~2 pm, and a
diameter of ~35 nm. Then, the anodization potential was
decreased exponentially from 40 V to 5 V. The change of the
applied anodization potential as a function of time is shown in
Fig. 1A. The recorded current-time curve is shown in Fig. 1B.
Note that the anodic current decreased immediately upon potential
decrease and then increased as a function of time. When a second
potential step was applied, the same electrical behavior was
repeated. Such behavior repeated until the final potential decreased
to 5 V. Thus, a toothed current curve was obtained. It is known
that the barrier layer thickness is constant in steady-state
anodizations condition because the formation rate at the
alumina/oxide interface and the dissolution rate of oxide at the
oxidefelectrolyte interface are equal.!® When the anodization
potential is lowered, the oxide formation rate will decrease as a
result of reduced numbers of electrogenerated A" ions; however
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Scheme 1 Schematic diagram illustrating the fabrication process of tree-
like alumina nanopores.
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Fig. 1 (A) Potential-time and (B) current-time curves recorded in non-steady-state anodization. Inset of B is a magnified view of the partial current

curve.

the local chemical microenvironments at the bottom of the pores
are unchanged, therefore, the rate of oxide dissolution is greater
than the formation rate, and the net effect is that the barrier layer
begins to dissolve. As a result, the barrier layer will begin to thin,
which will result in an increase of anodic current. The increasing
anodic current is beneficial to the formation rate of the oxide layer
due to increasing A" ions generated. Thus, a balance of the oxide
formation and dissolution will tend to build up again, showing
that the anodization process is highly self-adjustable. Before a
balance was built up, a second potential reduction was exerted to
repeat the same non-steady-state anodization process. When
potential reduction steps were applied stepwise, the currents
decreased in a toothed shape. Therefore, the whole anodization
process was kept in a non-steady state.

The pore morphologies in the non-steady anodization are not
predictable based on the currently available models. It is interesting
to note that continuous non-steady-state anodization, in fact,
resulted in the generation of tree-like nanopores. To improve
contrast in cross-sectional analysis of the porous alumina films, the
pores were copied with gold replicas using a pulsed electrodeposi-
tion method (see ESIY). Fig. 2 shows a TEM micrograph of a
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Fig. 2 TEM micrograph of cross-sectional microtomed gold impreg-
nated nanoporous alumina film.

microtomed specimen of gold impregnated alumina membrane,
showing the highly branched gold nanostructures obtained. The
micrographs of two released individual gold nanotrees are shown
in Fig. 3A and B, demonstrating that tree-like gold nanostructures
are straightforward. It has to be noted that the pore structure is
different from Li’s and Meng’s reports,®>' where branched
nanopores were obtained in steady-state conditions based on the
rationale that the pore diameter is proportional to the applied
potential.>'® Compared with the pore morphologies obtained in
steady-state conditions, several unusual characteristics have to be
noted for the non-steady-state conditions: (1) the pore growth
direction deviates from the perpendicular axis to the substrate (e.g.
position 1 in Fig. 3A), some pores can even suddenly change their
growth direction at a certain point (e.g. position 2 in Fig. 3B); (2)
the individual pore develops unevenly, there exist some nodes in
each individual pore branch (e.g. position 3 in Fig. 3B); (3) once a
certain pore ramifies, it grows into only two branched pores (e.g.
position 4 in Fig. 3B).

These morphological characteristics cannot be simply inter-
preted by Wood’s model which addressed field distribution at the
pore bottom in steady-state anodization conditions. It seems that
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Fig. 3 TEM micrographs of the released gold nanotrees.
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the non-steady-state pore growth process here is more like the
development of a tree or root in nature, which is reminiscent of
electrical treeing in insulative materials under voltage aging.!*'®
Under our experimental conditions, negative charges (from
oxygen-containing species, OH~ and O?7) will build up in the
oxide layer due to the unbalanced formation and dissolution rates
of oxide. The negative charges will accumulate in continuous non-
steady-state anodization conditions. At a certain threshold, partial
discharges (PD) might take place leading to non-uniform branched
current pathways in the oxide layer. Thus, field-induced dissolu-
tion®!? would result in the generation of branched pores. In
addition to the electrical treeing effect, it seems that mechanical
stress'? also played a role in regulating pore morphology. When a
new pore wants to develop from its father pores, it has to
overcome repulsion forces from its neighboring pores. If the pore
succeeds in growing, the father pore will branch into two pores; if
it fails, it will end up with a node. The strong pore contests in space
make the growth direction deviate from the perpendicular axis and
make it impossible for a certain pore to develop into more than
two pores. In addition, it also has to be noted that the junction of
the father pore and its branched pores often has a larger diameter
than father pore itself (e.g. position 5 in Fig. 3B). This can be
interpreted by the dissolution of the barrier layer as a result of
decreasing oxide formation rate at the moment the voltage was
decreased, which is consistent with the electrical behavior in
Fig. 1B. It also indicates that the pore diameter is not proportional
to the anodization potential although it holds true in the steady-
state anodization conditions.?

It is expected that the as-obtained tree-like nanopores will be a
new type of template for tree-like nanostructures possibly
exhibiting novel size- and shape-dependent optical, electrical,
magnetic, and mechanical properties,'”'® which can be fabricated
via electrodeposition®*>2® or direct electroless infiltration.””° As
an example, some preliminary studies on gold nanotrees are
described here. The pulsed electrodeposition resulted in rather
uniform infiltration of gold into tree-like nanopores (see S1, S2 in
ESIt). The electron diffraction pattern of released gold nanotrees
shows a highly crystalline nature as shown in the inset of Fig. 3C.
When aluminium was selectively removed by a solution containing
6.8 g copper(I1) chloride dihydrate (CuCl,-2H,0), 200 ml 37% HCl
and 200 ml deionised water, ordered gold nanotree arrays in a
transparent alumina membrane were obtained. We observed that
the stem side of the gold nanotree arrays shows a dark red color,
the branch side shows a golden reflection. The color duality may
originate from the gradient structure of the gold nanotree film,
which can be explained by the surface plasmon resonance band
from nanogold. The gold stems are well separated from each other,
and plasmon coupling does not occur so that a red color was
exhibited; the nanogold branches are close to each other so that
strong plasmon coupling occurs to result in bulk-gold-like
reflection. Further quantitative optical investigations and modeling
on these ordered plasmonic nanotree arrays will be undertaken
later. Another interesting finding of the gold nanotrees is that the
interactions among the gold branches seem to be stronger than
those among the gold stems, therefore, the gold nanotrees tended
to aggregate via their branched parts (Fig. 3C, S3 in ESI¥). This
might result from the high surface energy of the branched parts
due to their high surface-to-volume ratio. The favorite branch

contacts can minimize the total system energy by decreasing the
total surfaces exposed. Such properties might help us to synthesize
novel nanostructured designer materials.>

In conclusion, tree-like alumina nanopores were obtained in
non-steady-state anodization conditions. This indicates that
programming the non-steady-state anodization potential could
help us to design more complex hierarchical pore architectures. As
exemplified by gold nanotrees, the tree-like nanopores will be
general templates towards fabrication of nanotrees from a variety
of materials which are expected to exhibit novel shape-dependent
properties.
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