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ABSTRACT: Porous anodic alumina (PAA) films with periodically modulated pore diameters are prepared by cyclic anodization of
Alin a 0.6 M H;PO, solution at room temperature. Studies have demonstrated that the oscillating current signals have an important
effect on the structures of PAA films. Scanning electron microscopy (SEM) images of the PAA film show that when the positive
triangle wave current signal is applied, with the increase in the maximum current value, PAA gradually exhibits a symmetrically
modulated pore diameter structure, and part of the pores generates slub-like branches. When the maximum current value is 60 mA,
the effect of modulation on the pore diameter is the most obvious and the UV reflectance spectrum shows the lowest reflectivity. A
sawtooth wave current signal will cause the generation of a V-shaped structure at the junction of adjacent oxide layers. This work

provides important guidance for regulating the structure of PAA by changing the current signal.

1. INTRODUCTION

The porous anodic alumina (PAA) film is a kind of
nanostructured material with a controllable structure, low
cost, and simple preparation process.' " Because of its high-
temperature resistance, high stability, optical transmittance,
and so on, it has attracted widespread attention in the fields of
filtration, catalysis, sensing, storage, separation, template
synthesis, energy storage, cell culture, and other fields.”™®
The traditional PAA film has a precise hexagonal close-packed
honeycomb structure and there is a cylindrical air column in
the center of each cell” The pores are evenly distributed
without crossing and perpendicular to the aluminum base. In
recent years, researchers have successfully fabricated some
kinds of nanomaterials using traditional PAA templates, such
as nanowires, nanotubes, and nanodots.'””'" With the
development of nanoscience, the PAA templates with a single
structure cannot meet the needs of production. It has become
an important research direction in the field of nanoscience to
prepare PAA templates with a special structure by an effective
process, which is favored by researchers.'® Because of the
controllability and flexibility of preparation conditions, the
PAA templates with special structures can be prepared by
changing the conditions of anodization."” Traditionally, there
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are two ways to prepare PAA films: mild anodization (MA)
and hard anodization (HA). However, a single way cannot
continuously control the pore structure. Therefore, researchers
combined MA and HA under different anodization conditions
to prepare PAA films with different pore structures. Losic and
Losic successfully prepared PAA with unique nanopores with
nanohole structures using oscillating current signals.”’ Lee et
al. prepared PAA with different pore diameters using pulse
anodization.”’ The novel PAA films with a modulated pore
diameter not only provide new possibilities for the research of
advanced functional materials based on templates but also can
be used as models for the study of nanofiltration membranes
and sensors.

In this article, we employed the method of cyclic
anodization,”” by applying continuous oscillating current
signals in the anodization process, which have different
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Figure 1. (a) Current (I)—time () transient of the positive triangle wave signal showing I,,;, = 10 mA and I,,,, = 60 mA. (b) Graphical definition of
the parameters of the positive triangle wave current signal.

15.0kV x20.0k 2.00um | 15.0kV x15.0k 3.00um | 15.0kV x20.0k

Figure 2. SEM images of the sample prepared using the positive triangle wave current signal (I, = 10 mA and I, = 60 mA). (a) SEM image at
the early stage of anodization. (b) SEM image at the middle stage of anodization. (c) SEM image at the latter stage of anodization. [Note: The
insets of (a,c) are enlarged images of the yellow dotted frame].

waveforms and amplitudes. Successfully prepared PAA films 2.3. Characterization. All samples were etched in a
with a modulated pore diameter structure and V-shaped saturated CuCl, solution to remove the aluminum substrate.
structure prove that it is feasible to regulate the structure of LabVIEW software was utilized to record the I—t and U—t
PAA by changing the current signal. curves during the experiment. A Hitachi S-4800 scanning

electron microscope was employed for the microstructure
2. EXPERIMENTAL SECTION characterization of the samples. UV—vis reflectance spectra of

. the films were recorded on a UV-3600 spectrophotometer.
2.1. Aluminum Pretreatment. High-purity (99.99%)

aluminum sheets were annealed in a high-temperature (400 3. RESULTS AND DISCUSSION
°C) environment with argon gas to eliminate stress and then
electropolished in a mixture of HCIO, and absolute ethanol for
S min to remove oil stains and slight scratches. Finally, the
aluminum sheets were soaked in a mixed solution of acetone
and absolute ethanol for ultrasonic vibration and then dried to
remove the polishing liquid on the surface.

The anodization mode was set to the positive triangle wave
current pulse signal. In this process, the current was moved
between high and low current values (i, I, and I..)
following a positive triangle-like fashion. Figure la shows a
current—time transient image of the positive triangle wave

. . signal. The parameters used to establish the positive triangle
2.2. Anodization of Aluminum. At room temperature, wave are defined as shown in Figure Lb;
)

PAA films were prepared with different waveform signals in 0.6 A1) (1) . o
M H;PO,. The main waveforms are positive triangle waves, = Ser + S where Tp is the anodization
discontinuous sawtooth waves, and modified sawtooth waves

(the combination of sawtoot}'l waves and sinusoidal waves). respectively. In this experiment, Tp = 30's, I,;, = 10 mA, I, =
The waveforms were made using LabVIEW software, and the 60 mA, and the slope ratio (S,,/Sapw) is equal to 1.

period, S, and Sy, are the rates of current rise and fall,

power supply is based on a Keithley 2450 digital sourcemeter. Figure 2 shows SEM images from the early to latter stage of
We set the minimum current value (ie., I,,) during the anodization of a sample prepared using the positive triangle
experiment to 10 mA. First, a series of samples were prepared wave current signal, and the period length is about 780 nm.
using the positive triangle wave current signal, the values of the Figure 2a shows the PAA structure at the early stage of the
maximum current (i, I,,,) were 20, 30, 40, 60, 80, and 100 anodization, showing that the PAA film grows irregularly.
mA, and the anodization period (i.e., Tp) is 30 s for 30 cycles. There are not only channels with incomplete growth but also
Then, the sample was prepared using the discontinuous channels with modulated pore diameter structures. As shown
sawtooth wave current signal, I ., = 100 mA, Tp = 60 s, and 30 in the inset of Figure 2a, the maximum pore diameter
cycles. The last sample was prepared using the modified difference is about 40 nm. As shown in Figure 2b, at the
sawtooth wave current signal, I, = 100 mA, Tp = 100 s, and middle stage of the anodization, the channels are neatly
10 cycles. arranged. PAA has the regular modulated pore diameter
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structure, and part of the pores generates more slub-like
branches. At the latter stage of the anodization, the number of
PAA branches greatly reduces and the pore diameter
significantly decreases and grows regularly, as shown in Figure
2c. The inset in Figure 2¢ shows that the film is highly ordered
and symmetrical, without any branches, and arranged in a neat
way, and the maximum pore diameter difference is about 60
nm. Figure 2 shows that the pore diameter decreased from the
early stage to the latter stage. According to the oxygen bubble
mold, the big pores resulted from oxygen evolution at a high
voltage and the small pores resulted from oxygen evolution at a
low voltage.”*™>* The voltage decreased at the latter stage,
which would lead to a decrease in pore diameter. Figure 2
confirms the periodically modulated pore diameter structure of
the PAA film, and the modulation effect is optimal at the latter
stage of anodization. We conclude that pores formed by the
positive triangle wave signal are characterized as symmetrical
geometry along the pore axes. Lee et al.*® also reached a similar
conclusion in their study, that is, a current with symmetrical
oscillations generates a symmetrical pore structure.

We exhibit the output voltage—time transient image for
explaining the structure change during anodization of the
sample in Figure 2 in Figure 3. At the early stage of the
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Figure 3. Output voltage (V)—time (t) transient shows the voltage
oscillation when I_;, = 10 mA and I, = 60 mA. The inset shows the

trend of peak voltage for 30 cycles.

anodization, the voltage suddenly increases and stabilizes at the
maximum value of 179.9 V. Then, the voltage gradually

decreases at the maximum value and oscillates unstably
following the oscillation of the current. The large voltage
causes irregular growth of the PAA film. As the anodization
progresses, at the middle stage, the voltage gradually changes
steadily. Therefore, there are both the modulated pore
diameter structure and slub-like branches. At the latter stage,
the value and the period of voltage change steadily and AU
(the difference between the maximum voltage and the
minimum voltage in each cycle) is almost the same. PAA has
a well-grown modulated pore diameter structure. The inset in
Figure 3 shows the trend of the peak voltage for 30 cycles.
Obtained from the inset, the peak voltage decreases rapidly at
the early stage, slowly decreases at the middle stage, and almost
remains unchanged at the latter stage. This also explains the
change in voltage during anodization, resulting in the
generation of different structures of the PAA film, which
corresponds to the results in Figure 2.

We prepared samples with the maximum current value of 20,
30, 40, 80, and 100 mA for regulating the pore structure. Then,
SEM was employed for the microstructure characterization of
the samples at the latter stage of anodization. It is concluded
that the current amplitude has an important effect on the pore
structure of the PAA film.

As shown in Figure 4, a series of SEM images of samples
prepared using positive triangle wave current signals are all
images at the latter stage of anodization. PAA with different
pore structures was obtained by changing the maximum
current value. When the amplitude is 20, 30, 40, 60, 80, and
100 mA, the period length is 0.1, 0.18, 0.4, 0.78, 0.65, and 1.25
um, respectively. In Figure 4a, it is obvious that the pore
structure is straight, because of the smaller AI (AI = I,
i), which cannot cause the change in the pore diameter. As
shown in Figure 4b—d, PAA gradually possesses the modulated
pore diameter structure, rather than the structure of straight. It
is concluded that the modulated pore diameter structure will
appear when AI > 20 mA. As shown in Figure 4d, the
maximum pore diameter difference is about 60 nm, and the
modulation effect of pore diameter is the most obvious. The
PAA film has the periodic slub-like branching structure, as
shown in Figure 4e,f. We speculate that the slub-like branching
structures might be caused by oxygen bubble evolution.””**

Figure 4. SEM images of the samples prepared using the positive triangle wave current signal. The maximum currents are 20 (a), 30 (b), 40 (c), 60

(d), 80 (e), and 100 mA (f).
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The periodic release of oxygen bubbles leads to the periodic
slub-like branches.

Figure 5 shows the UV reflection spectra of a series of
samples prepared using positive triangle wave current signals. It
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Figure 5. UV reflection spectra of the samples prepared using the
positive triangle wave current signal.

can be seen that for visible light with a wavelength lower than
700 nm, all samples are substantially totally reflected, with the
characteristic of broad-band reflection. Obviously, the
reflectance of the sample with a current of 10—20 mA is
much higher than that of others, and the reflectance of the
sample with a current of 10—60 mA is almost the lowest. We
speculate that the reason is that the porosity of PAA with a
modulated pore diameter structure is much greater than that of
straight pore structure PAA. The absorption rate of our
transparent samples can be neglected, so the overall trans-
mittance is significantly improved for the samples (10—60 mA)
with a modulated pore diameter structure. That is, the more
obvious the modulation effect is, the higher the transmittance
and the lower the reflectance are.

We applied the LabVIEW development environment to
make new waveforms, the aforementioned discontinuous
sawtooth waves and modified sawtooth waves (the combina-
tion of sawtooth waves and sine waves), for exploring the effect
of different current waveforms on the structure of the PAA
film.

Figure 6a is a SEM image of the sample prepared using a
discontinuous sawtooth wave signal, with a period length of
1.32 um and a branch length of 0.25 um. Figure 6b is a SEM
image of the sample prepared using a modified sawtooth wave
signal, with a period length of 1.82 ym and a branch length of
0.33 ym. The insets of the two figures are images of PAA

channels grown with a periodic current signal. From the insets,
it is found that the PAA film generates V-shaped structures at
the junction of adjacent oxide layers (the upper part marked by
the blue solid line). The difference is that the lower part
structure of the former is the straight shape (the lower part
marked by the blue solid line), while the middle and lower part
structure of the latter is the straight—branch—straight shape
(marked by the blue dotted line). We will explain the growth
of the channels with the current and voltage waveforms below.

Figure 7 shows the relationship images of current—time and
voltage—time and enlarged images of one cycle. The enlarged
images of Figure 7 show that at the first stage, the two current
waveforms (black line segments) have the same shape, that is,
the sawtooth waveform and the output voltage waveforms (red
curve) are also of the same shapes. Therefore, according to our
speculation, the signal should generate the same structure at
this stage. It is verified from the insets of Figure 6a,b that there
is the same structure, that is, the V-shaped structure (the upper
part marked by the blue solid line). At the second stage, the
current waveform (black line segments) of the discontinuous
sawtooth wave is linear, while the modified sawtooth wave is
linear—sinusoidal—linear. As shown in the inset of Figure 6a, at
the second stage, the PAA with the straight structure (the
lower part marked by the blue solid line) generated by the
discontinuous sawtooth wave signal, indicated that the
constant current signal generates the straight structure. The
PAA with the straight—branch—straight structure (marked by
the blue dotted line) generated by the modified sawtooth wave
signal is shown in the inset of Figure 6b. We speculate that the
reason for branching is that the output voltage of the sinusoidal
current signal in the second stage increases abruptly and then
decreases continuously. At this time, the space charge in the
oxide layer is in the state of excess. The growth of the oxide
layer is inhibited, resulting in the continuous decrease of
anodization rates. The decrease in the current further inhibits
the growth of the barrier layer, and when it is thinned to a
certain extent, the branches begin to grow. It can be seen that
the PAA structures generated by different current waveforms
are different and correspond to each other.

4. CONCLUSIONS

In this article, the cyclic anodization method was used to
prepare the PAA film with periodic pore structures, and the
structure of the PAA film was regulated by different oscillating
current signals. The results show that the current amplitudes of
positive triangle wave signals have an important effect on the
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Figure 6. (a) SEM image of the sample prepared using a discontinuous sawtooth wave signal. (b) SEM image of the sample prepared using a
modified sawtooth wave signal. [Note: The insets of (a)b) are enlarged images of the yellow dotted frame].
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Figure 7. (a) Current (I)—time (¢) and voltage (V)—time (t) transients (left) of the discontinuous sawtooth wave signal showing I,;, = 10 mA and
I..x = 100 mA, and its enlarged image for one cycle (right). (b) Current (I)—time (t) and voltage (V)—time (f) transients (left) of the modified
sawtooth wave signal showing I, = 10 mA and I,,,, = 100 mA, and its enlarged image for one cycle (right).

pore structure of the PAA film. When the maximum current is
30 mA, the PAA film begins to generate a modulated pore
diameter structure. When the maximum current is 60 mA, the
modulation effect of the pore diameter is the most obvious and
the reflectivity is the lowest. The PAA films generated by two
different waveform signals with a sawtooth wave have the same
V-shaped structure. We found that creating different modes of
MA and HA in a single cycle is a pivotal factor in regulating the
pore structure. It is feasible to regulate the PAA film structure
by changing the parameters such as current waveform profile
and amplitude. This method has shown great potential in the
preparation of complex PAA structures and the design of novel
nanomaterials.
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