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The use of ionic liquids 1-Butyl-3-methylimidazolium 2-(2-methoxyethoxy) ethyl sulfate and 1-Butyl-3-
methylimidazolium tetrafluoborate has been tested in the fabrication of anodic porous alumina. The
anodizations of the aluminium substrate have been carried out in oxalic acid in galvanostatic mode. During
anodization with 1-Butyl-3-methylimidazolium tetrafluoborate added electrolyte, proper tuning of the
current density and of the additive concentration resulted in a three-fold increase of the growth rate as
compared to the bare acidic solution with the same acid concentration. This did not cause cracks in the film
during growth, and did not affect the regular structure of the pores at the interface with the substrate.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Anodic porous alumina (APA [1–4]) is a material of technological
interest in a number of fields, from photonic crystals [5,6] to
biosensors [7], on to template-based fabrication of metal nanowires
[8–10] and oxide or polymer nanotubes [11,12]. However, for several
applications an APA thickness h higher than 100 μm is required, for the
material to be robust enough to work as a standalone film, or to
exhibit pore aspect ratio higher than 1000 [6,13]. Unfortunately, the
film growth rate vg reported so far for conventional mild anodization
(MA) has been generally well below 1 μm/min [14]. This slow growth
discourages the use of APA both in fundamental investigations by the
research community and in the development of industrial fabrication.
Aviableway to speed up APA fabrication has been reported, based on a
combination of MAwith hard anodization (HA) [14], and values above
the 1 μm/min threshold have also been obtained in MA only, by
proper optimization of all the process parameters, after a detailed
analysis of the involvedmodel [15,16]. Another possible route could be
the identification of additives that can conveniently change the
environmental conditions for anodization. In this work we have tested
two ionic liquids (IL) [17,18] which have been added to oxalic acid as
the working electrolyte (EL). The idea behind using IL additives is that
by proper selection of the molecule and of its concentration a catalytic
effect can perhaps be obtained on the anodization reactions.
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ll rights reserved.
2. Experimental

2.1. Sample fabrication

We used 0.25 mm thick foils of polycrystalline Al (Goodfellows,
99.999% purity), which were treated on both dipped faces during both
electropolishing and anodization. Degreasing was done with acetone
first and ethanol afterwards, finally rinsing in running DI water.

Electropolishingwasperformed on theAl in a 1:5 v/vHClO4:C2H5OH
mixture, inside a refrigerating bath set at Tbath=+7 °C. The processwas
run for 7 minwithout stirring, at constant current density JEP~170 mA/
cm2. The final Al surface looked mirror-like, and the local root mean
square roughness measured by atomic force microscopy (AFM) had
decreased from ~150 to ~5 nm, for 30 μm scan size.

As the EL we chose an aqueous solution of oxalic acid ((COOH)2,
Sigma-Aldrich, Italy). Anodization was also run at Tbath=+7 °C
without stirring as for electropolishing. We have only run single
anodization processes, and considered the inner APA surface (in
contact with the Al substrate) as the test surface for the quality of pore
arrangement. The anodizations were all run for a total anodization
time tend=30 min, with current density J ranging from 20 to 600 mA/
cm2.

As ILs to testwe selected twodifferent commercially available room
temperature water-soluble ILs, namely 1-Butyl-3-methylimidazolium
2-(2-methoxyethoxy) ethyl sulfate (C13H26N2O6S, “IL1”) and 1-Butyl-
3-methylimidazolium tetrafluoborate (C8H15BF4N2, “IL2”), both from
Sigma-Aldrich. The reason for this choicewas that both thementioned
ionic liquids were expected to bewell soluble inwater, particularly the
former being quite rich in oxygen content.
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2.2. Sample characterization

For removal of the Al substrate, which was necessary to access the
inner APA surface and determine the APA thickness h, we run a second
electropolishing-like process step, at room temperature and current
density ~10 JEP. The reason for this choice instead of the common
chemical etching was to force Al dissolution between the two closely
spaced APA surfaces opposing to each other, which would prevent
acid diffusion otherwise. The process was stopped when a significant
loss of Al had been observed at the anode, enough for optical and AFM
inspection (typically after t~30 s).

The APA outer and inner surfaces were imaged by means of a MFP-
3D AFM (Asylum Research, USA), operating in Tapping mode. The APA
h was then measured by optical micrographs acquired in reflection
perpendicular to the film sections, with a ±1 μm resolution
uncertainty.

3. Results and discussion

Al anodization relies on the balance between the chemical
dissolution rate of the alumina and the diffusion rate of the involved
ions, namely the incoming O2− and the outcoming Al3+, with respect
to the anode. Therefore if the growth rate vg is the parameter of main
interest, which is correlated with the ion transport rate and so the
anodization current, galvanostatic anodization has to be preferred
against potentiostatic one [19–21]. In the following we assume a
simplified model in which the current efficiency is not affected either
by changing the current in the considered range or by addition of the
IL molecules, and correlates linearly with the anionic current through
the barrier layer. In Fig. 1 a few voltage–time characteristic curves V(t)
acquired during galvanostatic anodization in our setup are displayed.
For the green curve the oxalic acid concentration was 0.3 M, as
commonly adopted with this EL [2,14,21–29], and it was J=100 mA/
cm2. The same J set for a diluted 0.03 M solution required an
approximately double V(t) (black curve), probably due to the thicker
barrier layer and to processes occurring inside it.

A linear relationship between J and h is expected [3,30], such that
to obtain higher h (and thus vg) generally a higher J should be set.
However, the red curve shows that when in the 0.3 M oxalic acid Jwas
doubled to 200 mA/cm2, after reaching a critical value Vcrit~95 V in
Fig. 1. Anodization voltage curves. V(t) characteristic curves obtained for galvanostatic
anodization. In all cases it was J=100 mA/cm2 but for the red line (J=200 mA/cm2).
Anodization conditions, from top to bottom: black line: 0.03 M oxalic acid; red line:
0.3 M oxalic acid, J=200 mA/cm2; green line: 0.3 M oxalic acid; blue line: 0.5% v/v
IL2 in 0.03 M oxalic acid; purple line: 0.5% v/v IL1 in 0.03 M oxalic acid. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. AFM images of the Inner APA surface. AFM topography images of the typical inner
APA surface obtained by anodization in 0.5% v/v IL2, a) before, and b) after chemical
barrier layer removal (pore opening) by immersion for 1 h in 5% wt H3PO4 at 35 °C,
(image has been low pass filtered for removal of grainy defects).
tcrit~12 min, V(t) started to decrease with some fluctuations, and
finally increased up to the maximum power supply voltage. An Al
etching side reaction had developed at the air-EL meniscus, which
ended up with an open electrical circuit. The APA thickness measured
for the piece of anode fallen in the EL was hcrit=11 μm. From this
value and from the above maximum voltage Vcrit reached until the
voltage was increasing without perturbations in its trend, an estimate
of a critical value of electric field can be obtained as Ecrit,etching=Vcrit/
hcrit~8.6 MV/m. This is ~43% lower than the dielectric strength of
compact alumina, Ebreak,compact~15MV/m [31]. In fact, when using the
ten-fold diluted oxalic acid we could reach a Vcrit' ~175 V before that
breakdown occurred (curve not shown), accompanied by a decrease
of V(t) to zero. The respective hcrit' ~13 μm gave Ebreak,porous=Vcrit'/
hcrit' ~13.5 MV/m, closer to Ebreak,compact but still lower than that value.
The sequence of values Ecrit,etchingbEbreak,porousbEbreak,compact is as
expected, since the breakdown field of compact alumina is an upper
limit that cannot be reached by porous alumina, where only a small
portion of its thickness h is associated with a compact barrier layer. In
turn, in the first case described above the electric field did not reach
the maximum value corresponding to porous alumina breakdown,
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due to the side effect reactions of Al etching. This etching did not occur
in the ten-fold diluted acid, which had much lower dissolving power.

If the side effect of anode cutting is not considered, the anodization
in bare concentrated (0.3 M) oxalic acid provided the highest h value
for J=200 mA/cm2, red line in Fig. 1, corresponding to a maximum
(non-linear) mean growth rate vg

max=hcrit/tcrit~0.83 μm/min.
The blue and the violet curves in Fig. 1 show the V(t) for 0.03 M

oxalic acid to which the same amount of IL2 and IL1 has been added,
respectively. The quantity of added IL was expressed as the volume
concentration c relative to the oxalic acid solution, (v/v, %). In both the
above cases it was c=0.5%. Obviously, both anodizing systems
including IL1 and IL2 additive showed an overall conductivity higher
than the system operated with bare oxalic acid. It is clear from Fig. 1
that by keeping V low via the IL additive one can run anodization at
comparatively high J, as compared to standard values reported in the
literature for bare oxalic acid, and still operate in MA (i.e. low V)
condition. Furthermore, the curve trend (after the initial transients)
became that of a horizontal line. This is the same effect that can be
obtained by operating the anodization at higher temperature, e.g. at
room temperature. In case of two-step anodization these conditions
would help to keep V as close as possible to the value required for
optimally ordered APA growth, (40–60 V range or oxalic acid [3,4]). In
our case these conditions have always allowed to avoid barrier
breakdown, and to preserve the regular pore array structure on the
inner APA surface (see Fig. 2).

From Fig. 1 we observe that the anodizations run at the same
current density (J=100 mA/cm2) in the bare oxalic acid solutions
resulted in approximately the same final APA thickness (h~20 μm), as
expected in galvanostatic mode under the assumption of similar
current efficiency, despite the factor ten difference in concentration
(black curve: 0.03 M, green curve: 0.3 M oxalic acid). On the contrary,
for the solutions added with the different ionic liquids, the same
current density gave different results in formation of APA. Fig. 1 shows
that the resulting conductivity of the anodizing systemwith IL1-added
EL was four times as much as that of the anodizing system with the
IL2-added EL. However, APA films were observed after anodizations
with IL1 only for the lowest relative concentrations explored,
c=0.01%, and with low J=20 mA/cm2. In those conditions h was
quite low (hIL1=5–10 μm), as expected due to the low J, while for
higher J and/or c black pits were observed on the Al instead of APA.
Obviously the result of the high oxygen content made the dominating
Fig. 3.Maximum of the growth rate found with use of IL2. Values of APA growth rate vg
measured for tend=30 min, for different combinations of IL2 relative concentration c
and current density J. (Small colored circles: projections of the data points to the axis
planes). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
effect of IL1 at high anodization current density to be a substrate
damage after the high rate of impinging ions.

For IL2 we have systematically investigated the results of anodizations
run for different combinations of c and J, in the range c=0.01–2% and
J=20–600 mA/cm2. In particular, in Fig. 3b) the (c, J) phase space
combinations of the values c=0.1, 0.5 and 1.0% and J=100, 200 and
400 mA/cm2 are shown, with respect to the resulting APA growth rate. A
local maximum of vg appears for (c, J)=(0.5%, 200 mA/cm2), with value
vg
max(IL2)=1.1 μm/min. This growth rate is higher, without catastrophic
side effects such as Al etching, than the maximum value obtained for the
same acidic EL with ten-fold higher concentration (corresponding to the
red curve in Fig. 1, vg,max(0.3 M)=hcrit/tcrit~0.9 µm/min), and more than
three times higher than for the EL solution with the same acid
concentration and current density (J=200 mA/cm2) but without IL,
(corresponding to the black curve in Fig.1,vg(0.03M)=hend/tend~10µm/
30 min~0.3 µm/min, hmeasurement not shown).

For too high J values, side effects can negatively affect APA
formation, as outlined previously, with a consequent loss of current
efficiency. On the other hand, too many ions from IL1 in solution can
decrease the current efficiency in turn, as the current will be
consumed to other reactions involving e.g. deformation of IL ions.
The molar ratio of the IL-oxalic acid species in the experimentally
observed best condition of 0.5% v/v for IL2 can be calculated. The
numbers of moles for each species are nox=MoxVox, where Mox is the
molarity and Vox the volume of oxalic acid, and nIL2=mIL2/MMIL2,
where mIL2 is the mass and MMIL2 the molar mass of IL2, respectively.
Therefore, the molar ratio is nox/nIL2=MoxMMIL2/ρIL2c, with ρIL2 the
mass density of IL2. Since it is MMIL2=226.03 g/mole and
ρIL2=1.21 g/mL, for c=0.5% it turns out noxalic/nIL2~1.1. Obviously
the best improvement in vg on addition of IL2 was obtained for a ~1:1
ratio of the IL2 moles with respect to the oxalic acid moles. When this
ratio was increased of a factor two it was not possible to grow APA any
more even with IL2. On the contrary, anodization run with the
same ratio obtained for example by doubling both concentrations
(Mox=0.06 M and cIL2=1%) gave APA with consistent h values.

4. Conclusions

We have investigated the effect of addition of 1-Butyl-3-methyli-
midazolium 2-(2-methoxyethoxy) ethyl sulfate and 1-Butyl-3-methy-
limidazolium tetrafluoborate into oxalic acid solutions commonly
used for APA fabrication. These two ILs have been used for the first
time as additives in this task. In particular, by adding 1-Butyl-3-
methylimidazolium tetrafluoborate in an ~1:1 molar ratio with the
acid and properly tuning the current, we could obtain an APA growth
rate of 1.1 μm/min. This is comparable to the values of industrial HA
processes, but has been obtained in MA conditions. Therefore our
process should make it possible to obtain thick APA layers in
comparatively short times (few hours) and with ordered pore arrays
also on the outer surface, after two-step anodization in the appro-
priate V range. Similarly high growth rates have also been obtained
recently without additives [15,16] on proper optimization of the
operating conditions, after working out a full model of the anodization
procedure. However, our increase in growth rate is interesting per se
and worth being further investigated for possible applications after
further optimization and for a better understanding of the mechanism
underlying the observed effect.
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