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Nanoporous anodic aluminium oxide has traditionally been made in one of two ways: mild anodization or hard anodization. The first
method produces self-ordered pore structures, but it is slow and only works for a narrow range of processing conditions; the second
method, which is widely used in the aluminium industry, is faster, but it produces films with disordered pore structures. Here we
report a novel approach termed “pulse anodization” that combines the advantages of the mild and hard anodization processes.
By designing the pulse sequences it is possible to control both the composition and pore structure of the anodic aluminium
oxide films while maintaining high throughput. We use pulse anodization to delaminate a single as-prepared anodic film into a
stack of well-defined nanoporous alumina membrane sheets, and also to fabricate novel three-dimensional nanostructures.

Nanoporous anodic aluminium oxide (AAO) with self-organized
hexagonal arrays of uniform parallel nanopores has been used for
various applications in the fields of sensing, storage, separation,
and the synthesis of one-dimensional nanostructures'=.
Previously, self-ordered AAOs have been obtained by mild
anodization (MA) within limited processing windows (that is,
self-ordering regimes)*”. The accessible pore diameters (D,) and
interpore distances (D,,) are limited by the self-ordering
requirement. However, MA is slow, and it takes more than two
days of processing time to obtain nanoporous AAOs that are
suitable for applications, so hard anodization (HA) of
aluminium, a faster process that was invented in the early
1960s%°, is an attractive alternative. Classical HA is carried out
at relatively low temperatures and high current densities
(j>50mA cm~2) by using sulphuric acid (H,SO,), and has
routinely been used in the aluminium industry to produce
anodic films of high technical quality at an efficient rate of
production (typically, 50—100 pm h™!). However, the pores of
the resulting anodic films are less ordered than those produced
by MA processes. This has prevented the direct implementation
of classical HA processes into current nanotechnology research.
Recently, the fabrication of self-ordered AAO was demonstrated
under high anodization potentials and current densities (up to
70 V and 200 mA cm™?, respectively) using an aged sulphuric
acid solution'®, far outside the MA regime (H,SO,: 25V and
2—4 mA cm™?) but similar to the anodization conditions for HA.
Unfortunately, the resulting AAOs were mechanically unstable,
with a strong tendency towards crack development under the
influence of even weak mechanical forces. More recently our
group developed an H,C,0,-based HA, which enabled between
25 and 30 times faster growth (compared to MA) of long-range
ordered and mechanically robust AAOs in a self-ordering regime

234

characterized by D, , = 200—300 nm (ref. 11). It was found that
the current density (that is, the electric field strength E at the pore
bottom) is an important parameter governing not only the
structural parameters of AAO (D,,, porosity and thickness of
the barrier layer), but also the self-organization of the oxide
nanopores for a given anodization potential Uy, (refs11-13).
Based on these observations, the fabrication of novel AAO
membranes with periodically modulated diameters of nanopores
was realized, demonstrating that the combination of conventional
MA and the newly developed HA could offer a new degree of
freedom for tailoring the pore structure of AAOs by combining
properties from the two anodization processes!!. However, each
modulation step required the exchange of the electrolyte solutions
in order to satisfy both MA and HA processing conditions!!.

Here, we report a novel approach for continuous structural
engineering of nanoporous AAO based on pulse anodization of
aluminium under a potentiostatic condition using H,SO,. Periodic
pulses consisting of a low-potential pulse followed by a high-
potential pulse were applied to achieve MA and HA conditions,
respectively. We show that combining MA and HA conditions by
deliberately designing the pulse sequences allows tailoring of the
pore structure as well as the chemical composition of the resulting
AAO along the pore axes. This enabled us not only to completely
delaminate a single as-prepared anodic film into a stack of well-
defined AAO membrane sheets, but also to realize novel three-
dimensional (3D) porous architectures that have the potential to
be useful for a broad range of nanotechnology applications.

PULSE ANODIZATION OF ALUMINUM

Recent studies have showed that D, of AAO formed under

conventional MA conditions using H,SO,, H,C,0, and H,PO, is
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linearly dependent on the applied voltage U,;,, with a
proportionality constant {y;, =2.5nm V~! (refs 14-16). The
proportionality constant {;, = 1.8-2.0nm V~! for AAO films
formed by the HA processes turned out to be lower than for the
MA processes'™!>!7. For HA at a given potential Uy, the
current density j decreases exponentially as a function of time
after an initial sharp surge, unlike in conventional MA processes
where the current density is maintained at a steady-state value
throughout the anodization''". D, , (or cell size) increases with
decreasing current density for a given HA potential Uy, (refs
11-13). Based on these experimental findings, we suggested that
the current density needs to be maintained at a certain level to
obtain long-range ordered anodic alumina with a desired D, for
HA at a given potential Uy, (ref. 11). In a pulse anodization
combining both MA and HA, therefore, these points have to be
carefully taken into consideration when choosing pulse
parameters (U, and pulse duration 7;,) in order to match the
D;,,. of HA-AAO to that of MA-AAO (D, ,-matching). Otherwise,
disordering or branching of pores will occur!'®.

Figure 1 shows a current—time transient during pulse anodization
of aluminium. A typical pulse profile is schematically illustrated
in Fig. la. The pulses consist of an MA pulse (U, =25V and
Tya = 180s) followed by an HA pulse (Uy, =35V and
Tya = 0.1's). As shown in Fig. 1b, a typical recovery effect was
observed for MA pulses, similar to other conventional MA
processes, where current flow is large at the initial stage, hits a
minimum value, and increases gradually to reach a steady value
after passing through a current overshoot'®2°. However, on
applying an HA pulse the current increases steeply for a short
period of time and then decreases exponentially.

Note that we could not achieve continuous pulse anodization of
aluminium by using oxalic acid (0.3 M H,C,0,, 1°C) due to
delayed current recovery during MA pulses under a similar
electrochemical condition to H,SO, anodization. In contrast to
the case of H,SO,-based pulse anodization, current recovery was
not observed within a reasonable period of time when we applied
an MA pulse (Uy, =40V) immediately after a short high-
potential pulse (U=53V, 7=0.1s) (see Supplementary
Information, Fig. S1). This is probably due to the formation of a
thick, dense barrier oxide upon pulsing with a high anodization
potential (U = 53 V). We interpret these observations to indicate
that the barrier oxide formed by the high-potential pulse (the
HA pulse) in H,SO,-based anodization is not compact enough
to prevent the passage of ions under the subsequent low-
potential pulse (the MA pulse). However, if the experiments were
conducted at room temperature (18 °C) and not at 1°C, the
recovery effect could be observed, and thus continuous H,C,0,-
based pulsed anodization was accomplished under these
conditions (see Supplementary Information, Figs S2—-S5).

A representative scanning electron microscopy (SEM) image of
AAO formed by pulse anodization is shown in Fig. 2a. Pores were
widened by immersing the as-prepared AAO in 5wt% H,PO,
(45°C) before SEM investigation in order to help in the
visualization of pores. Parallel alignment of pores normal to the
surface of the membrane is evident from the micrograph. As
indicated by white arrowheads, a series of horizontal lines with a
periodic spacing (~231 nm) can clearly be seen. The spacing
between lines corresponds to the thickness of the MA-AAO slabs.

FRACTURE MODES OF AAQs

In pulse anodization, pulse durations (7, and 7;,) determine the
thicknesses of anodized segments at given anodization potentials
(Uys and Uy,,). Figure 2b,c shows cross-sectional SEM images of
AAO formed by applying a series of potential pulses, comprising

nature nanotechnology | VOL 3| APRIL 2008 | www.nature.com/naturenanotechnology

E HA pulse
(Unar7n)

“«—TvA —>| [«—THa
MA pulse

(UnaTwn)

- 1 ¢

0
; os T 10
1
= 30
0.5 = 20
— 01
e o 0 s
g 0o &
0.4 4 < 0.008+ -0 2
& 0.004 |20
g 03 30
< 0.000, 8 88 90 0

.
I

ISEEREEE

0.2
T

80 82 84
0.
004 berrmmmreemnb b Lb o |—— 1 1
T T T T T T T
0 20 40 60 80 100 120 140 160

Anodization time (min)

Figure 1 Pulse anodization. a, Pulse scheme used for pulse anodization of
aluminium, where Uy, and Uy, denote the anodization potentials used to
achieve MA and HA conditions, respectively, and 7, and 7., denote pulse
durations for the respective anodizations (top: an applied potential pulse profile;
bottom: a current profile). b, A typical current—time (j—1) transient during pulse
anodization of aluminium. Pulses consisting of an MA pulse (Uy,=25V and
mua= 180 s) followed by an HA pulse (U,;,=35V and 7,;,=0.1 s) were applied.
Inset: an enlarged j—t curve at =80-90 min.

an MA pulse with Uy, =25V and 7, = 120 s followed by an
HA pulse with Uy, =35V and 7y, =0.5s. It is clear that an
increase in 7y, results in thicker HA-AAO slabs when compared
with the sample shown in Fig. 2a. It is worth mentioning that
MA- and HA-AAOs exhibit different fracture modes along the
vertical direction of AAO against external stresses, as is evident
from Fig. 2b,c. For MA-AAO slabs, cracks propagated through the
centre of pores from pore to pore (that is, the cleavage plane A—A’
in Fig. 2d). For HA-AAO slabs, on the other hand, the fracture
propagated along cell boundaries and not through the centre of
the pores (that is, the cleavage plane B—B' in Fig. 2d). Cleavage
through the cell boundaries in AAO formed under H,SO,-HA
resulted even in single AlLO; nanotubes or bundles of tubes
(so-called “Keller-Hunter-Robinson cells”?!)!%, as indicated by the
white arrowheads in Fig. 2c. The different fracture behaviours of
H,SO,-AAOs formed under HA and MA conditions were
discussed two decades ago?'??, pointing out that the fracture
behaviour affects the mechanical properties (for example, wear
resistance) of anodic films. Recently, it was suggested that the weak
junction strength of cells in AAOs formed by high-field
anodization (that is, HA-AAOs) is responsible for preferred
cleavage along the cell boundaries!.
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Figure 2 Anodic aluminium oxide. a, A representative SEM image of AAO prepared by pulse anodization (Uy,=25V, Tya=120's, Uy,=35V and 7,,=0.1 s).
Pores were widened by using 5 wt% H4P0, (45 °C) before SEM investigation in order to assist visualization of the pores. b, Cross-sectional SEM image of AAO
formed by pulse anodization (Uys=25V, mya=120's, Uy,=35V, 74,=0.5s). ¢, Magnified view of the area marked with a white rectangle in b. The white
arrowheads in ¢ indicate alumina nanotubes (so-called “Keller-Hunter-Robinson cells”), which have separated from the HA-AAO slab. d, Schematic illustrating two
different fracture modes: the A—A’ cleavage plane for MA-AAO and the B—B’ cleavage plane for HA-AAQ.
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Figure 3 Modulation of pore diameter. a, Scheme for the fabrication of AAO with modulated pore diameters by pulse anodization. b, SEM image showing the
cross-sectional view of an as-prepared AAO produced by H,SO, pulse anodization (Uya=25V, 1;,=180s, Uju=33V, Ty4=1 9). ¢,d, Cross-sectional TEM images
of AAO formed by pulse anodization using 0.3 M H,SO, (Uya=25V, Tya=180's, Ua=37V, 7a=1 s), showing modulated pore diameter. Panel ¢ shows a lower
magnification image showing an overview and panel d a higher magnification image taken at the interface of the MA and HA-AAQ slabs. Dark and bright image
contrast areas correspond to MA- and HA-AAO segments, respectively.
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Figure 4 Delamination of AAO. a, SEM image of 3D stacks of MA-AAO slabs. The entire MA-AAO segment slabs were delaminated from an as-prepared AAO by
selective removal of HA-AAO segments using 5 wt% H;PO, (45 °C). b, SEM image of a polymer nanopillars/AAO composite microstructure, with the MA-AAOQ slabs
supported by PS nanopillars. This micrograph was obtained from the edge of a specimen. ¢, Idealized structure of the composite microstructure. d, Schematic of the
envisaged structure combining micro- and nanostructuring in which columns of a material are infiltrated only in areas defined by lithography.

In order to gain insight into the origin of the weak junction
strength between cells in HA-AAO, we focused on characterizing
the microstructures of samples prepared under MA and HA
conditions. It has been well-established that sub-nanometre-sized
cavities (or voids) that cannot be observed in focus because of
<5% contrast in transmission electron microscopy (TEM)
observation, can be visualized by viewing them out of focus by
taking advantage of Fresnel diffraction effects, where a cavity
appears to be a dark spot with a bright periphery under
overfocus and a light spot with a dark periphery under
underfocus?®*?*, TEM investigation on as-prepared HA-AAO
disclosed the presence of voids along the cell boundaries as well
as at the triple junctions where three cells meet, in contrast to the
case of MA-AAO (see Supplementary Information, Fig. S6). In
addition, it was found, from comparative TEM investigations
on HA- and MA-AAO samples, that nanometre-sized cavities
are present in the oxide matrix constituting the pore walls of
HA-AAO (see Supplementary Information, Fig. S6). The
distribution of cavities was found to be non-uniform, but
localized mainly around the pores. This observation implies
again that anodic oxide formed by HA is less compact than that
prepared by the MA process.

Previously it was found that spherical voids, each of which
contains a crystalline y-Al,O5 particle, are present in porous
AAO only at the triple junctions and that the size of the voids
increases with anodization voltage®?°. It was proposed that
cation (and/or metal) vacancy condensation is responsible for
the formation of voids at the triple junctions of the barrier layer,
where flux of cation vacancy is greatest due to the presence of a
high degree of lattice disorder?”. It was also suggested that the
vacancy condensates coincide with protrusions of aluminium
metal into the barrier layer, resulting in texturing of the
aluminium substrate with a hexagonal cellular topography.
However, this mechanism does not reasonably account for the
presence of voids in the pore wall oxide as well as at the cell

nature nanotechnology | VOL 3| APRIL 2008 | www.nature.com/naturenanotechnology

boundaries, although there was an attempt to explain the small
voids at the cell boundaries based on this model®®.

The formation of voids along the cell boundaries and in the
pore wall oxide could be related to the pronounced evolution of
oxygen gas bubbles from the anode surface during HA of
aluminium, which is mainly due to the oxidation of the O?~
ions of the anodic oxide at the metal/oxide interface (that is,
02~ — 120, + 2e7)*, Recently, it was suggested that field-
induced plastic flow of oxide material from the centre of the pore
base toward the cell boundary may result in accumulation of
mechanical stress along the cell boundaries in the form of
compressive stress between neighbouring cells’’*?, which is a
driving force for two-dimensional (2D) hexagonal ordering of
cells®*. This dynamic mass transfer process could play a role in
the formation of voids. We assume that a major fraction of
oxygen gas is liberated from the bottom of pores to the surface of
the anodic film through the pores after being nucleated and
grown to increase their volume. The remaining fraction of
oxygen gas bubbles may coalesce at the cell boundaries.
Accordingly, the formation of voids along the cell boundaries
during HA might be the origin of the weak junction strength of
the cells, leading to cracking of AAO along the cell boundaries. A
detailed discussion of the cracking behaviour of HA-AAO will be
provided elsewhere.

STRUCTURAL AND COMPOQSITIONAL MODULATIONS OF AAQ

A very attractive structural feature of AAO prepared by pulse
anodization is the presence of modulations of the pore diameters
along the pore axes as shown in Fig. 3. Recently, we found from
H,C,0,-based HA that the porosity of HA-AAOs is about 30%
lower than that of MA-AAOs'". As the pore diameter D, is strongly
affected by the dissolution velocity of alumina, which is determined
by the pH value at the pore bottom?, the reduced porosity could be
attributed to enhanced proton activity at the bottom of the pores,
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where significant Joule heating occurs as a result of the high current
density (that is, high electric field E). On the other hand, the
porosity of AAOs formed by H,SO,-HA turned out to be higher
than that of AAOs formed by H,SO,-MA (Fig. 3), which is in
agreement with recent results'’. The observed opposite evolution
of the porosity can be explained by considering the chemical
composition of AAOs. The samples formed under H,SO,-HA
conditions showed a higher level of impurities and less dense pore
walls compared with MA samples. According to TEM-EDXS (energy
dispersive x-ray spectroscopy) analysis performed on pulse-anodized
samples, the amount of anionic impurities (mostly SO77) in
HA-AAO turned out to be about 88% higher than in MA-AAO (see
Supplementary Information, Table S1). Local chemical dissolution
of the pore walls by the acid electrolyte during HA is expected to be
much more significant for impure AAO formed by HA than for
relatively pure AAO formed by MA, leading to an increase in
porosity for H,SO,-HA as compared to their MA counterparts.

The high content of anionic impurities in AAO formed by HA
pulses could be explained by high-field conduction theory, where
the current density j is related to the voltage drop V across the
barrier layer®>":

j=Aexp(BV/d), (1)

where A and P are material-dependent constants at a given
temperature, and V/d is the effective electric field across the
barrier layer with thickness d. It is known that as-prepared AAO is
amorphous, and contains anionic impurities from the electrolyte
used®”*®. The amount of anionic impurities incorporated into
AAO depends sensitively on the nature of the electrolyte and the
anodization conditions. The pore walls of nanoporous AAO
consist of two main layers: an inner layer of relatively pure oxide
and an outer layer of anion-incorporated oxide. In our
experiments the current density for an HA pulse was about two
orders of magnitude higher than that for an MA pulse (see
Fig. 1b). For a given thickness of the barrier layer the current
density is related to the passage of ions through the barrier layer,
so it is expected that the relative thickness of the pure, inner
alumina layer of AAOs formed by HA pulses is smaller than that
of AAOs formed by MA pulses, leading to a larger voltage drop
across the barrier layer. Accordingly, the observed high current
density for HA pulses can be associated with a high impurity
content in AAO. Therefore, one can achieve a periodic
compositional modulation in AAO by using H,SO,-based pulse
anodization of aluminium, applying MA and HA sequentially.

As mentioned above, the higher impurity content and less
dense pore walls in HA-AAO results in a poor chemical stability
against etchants (for example, 5 wt% H;PO,). Thus, a periodic
compositional modulation in AAO gives rise to an enhanced
etching contrast between MA- and HA-AAOs, enabling the
fabrication of AAO with a modulated pore structure, where the
difference in the pore diameters of HA- and MA-AAO is much
more pronounced than in as-prepared samples. In fact, we were
even able to delaminate completely the entire MA-AAO segment
slabs in the form of 2D sheets from an as-prepared AAO by
selectively removing HA-AAO segments as shown in Fig. 4a. This
process could provide a simple, continuous, and economic way
for the mass production of nanoporous AAO sheets.

Our preliminary experimental results showed that novel 3D
polymer nanopillar/AAO composite microstructures could be
realized by taking advantage of the marked etching contrast
between HA- and MA-AAO segments. Three-dimensional
polymer nanopillar/AAO composite microstructures, in which
MA-AAO slabs are supported by polymer pillars, were fabricated
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by pressure-driven melt-injection of polystyrene (PS) (molecular
weight ~1x10°) into the nanopores of as-prepared AAO
(ref. 39), followed by selective removal of HA-AAO segments
using 5 wt% H,PO, (45 °C) for 20 min. As shown in Fig. 4b, 2D
MA-AAO slabs with an average thickness of 290 nm are
supported by PS pillars. A schematic of the idealized structure is
shown in Fig. 4c. In analogy to visible-light Bragg diffractors, the
sample showed an interference effect due to the periodic
modulation of the dielectric constants of the constituting
materials (that is, AL,O; and PS). It is expected that the present
method can be readily extended to the realization of novel 3D
photonic structures by combining it with previously established
techniques for microstructuring of AAO as shown in Fig. 4d
(ref. 40). Another intriguing perspective is the potential
application of 3D polymer nanopillar/AAO composite
microstructures as a material platform for phononic crystals or
phononic/photonic hybrid crystals*!.

In summary, pulse anodizations of aluminium were conducted
under potentiostatic conditions by using H,SO,. Pulses consisting
of a low-potential pulse followed by a high-potential pulse were
applied to achieve alternating MA and HA conditions. It was
found that the effective electric field strength E impressed on the
barrier oxide layer has profound implications on the anodic
alumina formed by high-field anodization, determining not only
the chemical stability but also the mechanical properties of
anodic alumina. Structural engineering of nanoporous AAO
along the film growth direction can be achieved by deliberately
designing pulse sequences. It is expected that the present pulse
anodization process combining both MA and HA can open up a
new area in nanotechnology research and may also be applied for
industrial processes.

METHODS

PULSE ANODIZATION

The aluminium substrate was electropolished using a 1:4 mixture solution of
HCIO, and CH;CH,OH. Surface-finished aluminium substrates were anodized
under a regulated cell voltage of 25 V by using 0.3 M H,SO, (1 °C) for 15 h.
Afterwards, the resulting porous oxide layer was completely removed by
immersing the resultant films in an acid mixture (1.8 wt% chromic acid and

6 wt% H;PO,) at 45 °C for 12 h. The resulting textured aluminium was used for
pulse anodization. Pulse anodization was performed under potentiostatic
conditions by applying a series of potential pulses comprising an MA pulse
followed by an HA pulse. The anodized area of the aluminium substrate was
0.95 cm?. After anodization, a free-standing AAO membrane was obtained by
removing the underlying aluminium substrate with a solution containing

3.4 g CuCl,-H,0, 100 ml 37 wt% HCI and 100 ml H,O.

TEM INVESTIGATION

The microstructure of AAO membranes was investigated by TEM. The samples
for cross-sectional and plane-view investigations were prepared by the following
procedure. Membrane pieces were glued on silicon substrates with epoxy resin.
After cutting the samples with a diamond wire, cross-sectional slices or planar
membrane pieces were further thinned for electron transmission by standard
methods (that is, mechanical polishing, dimpling and ion milling). TEM
investigations were carried out using a conventional Philips CM20T microscope
and EDX measurements in a Philips CM20FEG at 200 kV accelerating voltage.
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