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ABSTRACT We report a “mild anodization” (MA) process using aluminum oxalate (Alox) as an additive to suppress breakdown of
porous anodic alumina (PAA) in the electrolyte of phosphoric acid at high potentials and comparatively high temperatures. It is shown
for the first time that continuously tunable pore intervals (Djn) from 410 to 530 nm with ordered hexagonal pore arrangement can be
controlled by varying the concentrations of phosphoric acid and Alox at anodization voltages (U,) from 180 to 230 V, far beyond the
U, in the single electrolyte of phosphoric acid or oxalic acid. The fabricated PAA films are uniform without any burning spots, and the
anodization temperature can be increased to 10—20 °C with a much higher growth rate of PAA films than that at a low temperature.
Meanwhile, a typical two-step anodization process could also be performed under our conditions. Our results could not only extend
the applications of PAA templates but also facilitate understanding of the effects of anions in the process of anodic oxidation.
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s a versatile nanoscale platform, PAA with self-
Aordered pore arrays has shown lots of advantages
in the field of studies on fluidic dynamics in nano-

holes (1, 2), fabrication of nanostructure supercapacitors,
photoelectric materials (3), separation filters (4), and other
nanodevices (5, 6), such as (1) Di,. controllable by tuning Uy,
(2) pore size and aspect ratio adjustable by varying HsPO,
etching and anodic oxidation duration, respectively, (3) Din
and pore size uniform with straight pore channels, (4)
thermostable at very high temperature (melting point: 2050
°(C), and (5) low cost with simple preparation procedures.
However, problems still exist in the current fabrication
techniques of PAA films. In the conventional MA processes
(7, 8), the conditions of anodic oxidation are gentle, and
ordered nanopore arrays throughout PAA films can be
obtained by using two-step anodization (9), but only several
specific Di, of PAA films are achieved. In the newly proposed
“hard anodization” (HA) process (8, 10, 11), PAA films grow
much more quickly with much higher current density than
MA, and Dy, in comparatively wider windows can be ac-
complished by tuning U,; however, a very low temperature
is required in the anodization process, and some pretreat-
ments of samples, such as preoxidation of aluminum for
formation of an uniform oxide layer before the HA process,
are essential to suppress the breakdown effect and inhomo-
geneous growth of PAA films, and two-step anodizaiton is
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difficult to proceed for HA (12). Thus, a simple and facile
fabrication process for self-ordered PAA with continuously
tunable Di, and a relatively high film growth rate under MA
conditions is desired for further improved nanofabrications.

Phosphoric acid is usually employed as the electrolyte for
PAA with larger Dy, however, the process has to be carried
out at the voltage lower than 170 V to avoid the breakdown
of PAA films, and ordered hexagonal arrangement of pores
with uniform pore size can not be fulfilled. Recently, addition
of organic solvents to HsPO, was reported for obtaining self-
ordered PAA films (13). However, to the best of our knowl-
edge, the ordered hexagonal pore arrays with continuously
tunable Dy, larger than 400 nm have not been realized yet.

Here we present a highly reproducible approach, employ-
ing different concentrations of HsPO, with the addition of
Alox, to obtain self-ordered PAA with continuously tunable
Din from 410 to 530 nm at U, from 180 to 230 V, and the
film growth rate could be increased to 40—50 um h™! when
anodized at 10—15 °C, in contrast with 8—10um h™"at 5
°C. The highly ordered hexagonal pore arrays throughout
PAA films have been achieved by using simple two-step
anodization. Meanwhile, the role of the oxalate anions in the
anodization process has also been discussed.

RESULTS AND DISCUSSION
Anodization was investigated with constant voltage of

205V at 5 °C to optimize the amount of Alox added in the
electrolyte of 1.0 wt % H5PO, for obtaining the self-ordered
PAA films. The current—time (I—t) transients show that the
current increases with the decreased concentration of Alox
(left of Figure 1), and the average current density in the
electrolyte with 0.01 M Alox is twice as high as that of 0.02
M Alox, while in the electrolyte with 0.005 M Alox, high
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FIGURE 1. Current—time transients during anodization in the
electrolyte of 1.0 wt % H;PO, with the addition of 0.005—0.2 M Alox
with the first-step anodization (left) and corresponding SEM micro-
graphs of PAA film top surfaces fabricated with the addition of 0.01
and 0.02 M Alox after two-step anodization with the first-step
anodization of 6 h (right, scale bar = 5 um).

current flow (because of the local current concentration)
happened along with the film burning in the pore nucleation
stage (discussed below). According to the micrographs of
scanning electron microscope (SEM, right of Figure 1), the
pore and cell in PAA films synthesized in electrolyte with
0.01 M Alox are more even than those from electrolyte with
0.02 M Alox without film breakdown anodized in the same
duration, and the aluminum sample is coated by a perfect
uniform gray oxide film without any burning spots, whereas
lots of dark gray spots with areas of square millimeters
appeared on the oxide film surface despite without current
catastrophic flow when U, was increased to 210 V in the case
of containing of 0.01 M Alox (see Figure S1 in the Supporting
Information). The optimized ratio of HsPO4 to Alox at 205 V
is also applicable to the U, of 180—215 V with various
concentrations of the electrolyte (see upper left of Figure 2).
However, a further increase in U, at a lower concentration
of electrolyte was difficult to obtain.

To explore the limit of U,, anodic oxidation was per-
formed at 210 V in the electrolyte containing 1.0 wt %
H5;PO4and 0.02 M Alox. A highly ordered pore arrangement
was also obtained without dark gray spots on the film
surface, proving that the voltage can be improved with more
Alox. On the basis of this finding, the upper limit of U, was
found to be 230 V (Din; = 530 nm) in the most diluted
solutions (0.27 wt % HsPO,4 containing 0.0054 M Alox).
Further reduction of the concentration of the electrolyte or
increase of the amount of Alox cannot improve U,, because
the PAA cannot be obtained as the surface of the aluminum
sheet could only be oxidized partially. This may be explained
by the lack of the acid, which could not provide enough
protons in the anodic oxidation process so that the electric
field-assisted dissolution of alumina is restricted.

The dependences of Di, and the mass fraction of HsPO,
(with the addition of Alox) on U, are shown in Figure 2. The
relationship displays that higher voltages can be employed
in more diluted electrolytes with increased D;n,, similar to
what Jagminas et al. (14) reported using various concentra-
tions of HsPO, without any additives; however, it is difficult
to form self-ordered PAA in pure HsPO, electrolytes. Previ-
ous studies indicated that Di,, achieved under ordinary MA
and HA conditions is linearly dependent on U, with a
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FIGURE 2. The dependences of D;,, and the mass fraction of H;PO,
on U, (upper left) and corresponding SEM micrographs of PAA top
surfaces anodized at U, =180, 195, 205, 215, and 230 V after two-
step anodization with the first-step anodization of 6 h (scale bar =
500 nm).

proportionality constant {ya = 2.5 nm V7hand &ua = 2.0
nm V™!, respectively (7, 8), whereas the constant {ya = 2.3
nm V~!, which is between {ya and Cya, for PAA in our case
is calculated. This value approximates to what Li reported
(9), in which the PAA with the D, of 460 nm was prepared
in aqueous HsPO4 (H5PO4:CH50H:H,O = 1:10:89) at 195 V
and —4 °C. Digital pixel analysis of the images of SEM shows
the porosity of about 5.0 % for our prepared PAA, which are
in agreement with the ratio of the pore to cell area via
measuring the SEM images. The SEM micrographs of PAA
film after proceeding two-step anodization (Figure 2) shows
a decreased pore density with an increased U,, which also
indicates the increased Diy;, and the pore and cell size are
uniform in the whole self-organized domains.

The current evolution of PAA films in the mixed electro-
lyte at U, = 180—230 V was investigated (Figure 3a). As
typical current curves for MA, the growth process has been
divided into three stages (15): (a) the barrier layer growth
corresponding to the initial current drop stage, (b) the pore
nucleation and formation corresponding to the current climb
stage, (c) the PAA film growth with pore channel elongated
corresponding to the current steady stage. With U, increas-
ing from 180 to 230 V at the same temperature, stages a
and b have been prolonged. This can be explained by the
requirement for longer time to form thicker barrier layer
with increased U,, and thus, the dissolution rate of the barrier
layer for the pore formation decreases. The duration of
stages a and b is shortened with the increase in the anod-
ization temperature, which indirectly proves the explanation
above, because the dissolution rate is increased with tem-
perature (see Figure 3b).
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FIGURE 3. Current—time transients during anodization: (a) at the
voltage of 180—230 V and 5 °C and (b) at the temperature of 10—
20 °C and 205 V. (c) Film thickness as a function of time during
anodization at the temperature of 5 and 15 °C and (d) film thickness
and current density as a function of temperature anodized at 205 V
for 2 h.

FIGURE 4. SEM micrographs of (a—c) the bottom surface and (d) the
cross-section of the PAA film anodized at 205 V and 20 °C for (a)
0.5, (b) 1.5, and (c) 3 h (scale bar = 10 um).

Notice that the current curve at 20 °C is similar to the
current evaluation in the HA process, which is different from
the other current curves in Figure 3b. This may reveals that
the decrease of current density will occur above a critical
current density, which can be attributed to the “diffusion
limitation” (8) of the anions in the electrolyte into the pores
of PAA films as the PAA film grows much faster with higher
current density. The SEM micrographs of the PAA films
anodized at 20 °C shown in Figure 4 reveal an interesting
phenomenon in the process of PAA film growth. It is shown
from Figure 4a—c that the cell arrangement tends to evolve
to hexagonal ordered state at the beginning of anodization,
whereas as the ordered extent in the ordered domains of
PAA cells increase, the defect domains spread and encroach
upon the ordered domains, and meanwhile the cells in the
defect domains projected out of the bottom surface. The cross-
section of the PAA in Figure 4d distinctly reveals the ordered
and disordered domains and the process of the defect
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enlargement. Hebert et al. (16) reported that the average
stress of the barrier layer changes from compressive to
tensile with increasing current density, that is, the stress of
the barrier layer in our case tends to be compressive with
decreasing current density, and compressive stress cannot
maintain the self-organization state of the PAA. However,
the phenomenon of the projection of the defect domains is
not understood well.

Panels c and d in Figure 3 show the relationship between
the growth rate of PAA films and temperature at 205 V. It
should be pointed out that PAA films grow slowly under the
typical MA conditions for its low current density, whereas
the film growth rate can be increased with current density
when the anodization temperature was raised. However, it
is difficult to avoid breakdown of PAA films at high potentials
and high temperature typically; in our experiments, the
problem does not exist at high anodization voltages from
10—20 °C (Figure 3b). The film growth rate is four time
faster at 15 °C than that at 5 °C (Figure 3¢). When the
anodization is performed for 1 h, it has exhibited large
domains of the ordered pore arrangement (see Figure S3b
in the Supporting Information). From Figure 3d, we can see
that the film thickness, proportional to the current, increases
with temperature.

Investigations of the ion effects were carried out in the
electrolytes of HsPO4 added with aluminum phosphate, and
the anodic oxidation was not realized even at 0 °C; however,
with addition of the same ratio of oxalic acid as Alox, stable
anodization was able to proceed at relatively lower temper-
ature, which indicated that the oxalate anions and aluminum
cations cooperate with each other at the high potential and
temperature, and oxalate ions play the primary role. Whereas
aluminum ions, preferring to coordinating with acid anions
(oxalate especially), may reduce the ion migration rate,
which restrain the anodization process, the formed com-
plexes balance the concentration of protons produced by
dissociation of water at the pore bottom, which accelerates
the anodization process, and so aluminum ions may act as
a buffer with the oxalate together. To learn whether Alox
functions in the whole process of anodic oxidation, substitu-
tion of 1.0 wt % HsPO, for the mixed solution (1.0 wt %
H;PO,4 and 0.01 M Alox) was done after anodization for 2 h
at 205 V. As a result, it lasted no longer than 1 min before
the current ascended to a burning level, indicating that Alox
works in the whole process.

CONCLUSIONS
In summary, we have obtained self-ordered PAA with Dy

from 410 to 530 nm in various H5PO, with addition of Alox
that is continuously controlled via tuning U, from 180 to 230
V, and wide temperature region from 5 to 15 °C is ap-
plicable. the PAA films with this self-ordered window can be
applied to nanofabrication, nano and micro fluidic dynamics
and optical materials and so on. Through the typical two-
step anodization, ordered pore arrangement with large self-
organized domains on both surfaces of PAA films can be
achieved. And from the control experiments, we concluded
that the aluminum and oxalate ions cooperate with each
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other for suppressing breakdown of PAA films in the anod-
ization process.

EXPERIMENTAL SECTION
A typical anodization was carried out in a homemade

PTFE cell with samples located on the outside of the wall
with a 16 x 16 mm? window. Electrolyte temperature was
controlled by a snake condenser and the sample tempera-
ture was controlled by a thermoelectric solid-state plate
equipped with a temperature controller to obtain the real
current-temperature relationship during the anodizing pro-
cess. A graphite plate was used as a cathode. Aluminum
sheets (99.999 % purity, 0.5 mm thickness) were annealed
at 550 °Cin the air for 2 h. Then, after removal of the oxide
layer of the aluminum surface with sodium hydroxide solu-
tion, aluminum sheets were electropolished in perchloric
acid/ethanol solution with a volume ratio of 1:4 for 5 min at
20 V and 8 °C. PAA templates were systematically synthe-
sized via a two-step anodization method with U, values from
180 to 230 V. The first of the two-step anodization was
applied to these pretreatment samples for 6 h in 5.0, 2.0,
1.0,0.5,and 0.27 wt % HsPO,4and 0.05, 0.02, 0.01, 0.005,
and 0.0054 M Alox at U, va;ues of 180, 195, 205, 215, and
230V, respectively,at the anodization temperature of 5 °C
(all the temperatures controlled in this letter mean the
temperatures of the sample and the electrolytes used). The
second anodization was then performed under the same
conditions as that of the first anodization after removing the
disordered porous oxide film using the solution of 1.8%
chromic acid and 6 % phosphoric acid. The micrographs of
the samples were observed using a field-emission scanning
electron microscope (SEM, JSM-6701F). The elemental com-
positions of PAA films were analyzed by X-ray photoelectron
spectroscopy (XPS, AXIS-ULTRA), and the current time
transients were monitored by the multimeter of Agilent
34405A.
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