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A B S T R A C T

Anodic aluminum oxide was formed by employing mild and hard anodizing in sulfuric acid followed by mild
anodizing in oxalic acid without oxide removal in-between at 40 and 45 V. Such multi-step anodizing, combining
hard anodizing in sulfuric acid with mild anodizing in oxalic acid allowed to form a highly-ordered nanoporous
template with a barrier layer at the pore bottoms thin enough for further processing. Four different conditions of
electrochemical barrier layer thinning, with varied voltage steps and their time durations, were investigated.
Optimized conditions allowed to provide conductivity at the pore bottoms and made the nanoporous oxide
templates suitable for electrodeposition. It was found that the most effective barrier layer thinning approach
employs voltage steps Un + 1 = 0.75·Un with each step (n) being 10 s long. To check applicability of the formed
templates, copper electrodeposition from sulfate-borate bath was done. Copper nanowires with average length of
about 14–16 μm and diameter of about 35–40 nm were obtained by using through-hole AAO templates.

1. Introduction

Self-organized anodization of aluminum and its alloys is generally
considered as a method for corrosion protection [1]. Furthermore, since
1995 when two-step self-organized anodization was first reported by
Masuda and Fukuda [2], aluminum anodizing triggered much funda-
mental research on tuning of morphology by operating conditions and
first approaches in template-assisted nanofabrication. The morpholo-
gical features of nanoporous anodic aluminum oxide (AAO) like pore
diameter, interpore distance, thickness of the grown oxide and further
derivatives like barrier layer thickness or thickness of the oxide wall,
can be controlled by anodizing conditions including type, concentration
and temperature of the electrolyte, anodizing voltage, viscosity of the
electrolyte, or duration of anodizing [3–4].

Currently, numerous new strategies are being researched, including
anodizing in novel electrolytes [5–6], in viscous electrolytes [7], with
additives [8–9], or by changing current or voltage during the anodizing
process resulting in a formation of 3D patterns [10–11].

Nanoporous AAO has become one of the most commonly applied
templates in nanofabrication due to its distinctive morphology control
and cost efficiency of fabrication. For example, inexpensive aluminum
substrates were successfully anodized, providing a well-ordered, na-
noporous oxide [11]. With the use of various techniques, including:
electrodeposition, chemical vapor deposition, spin coating, physical
vapor deposition, sol-gel technique etc. nanowires, nanotubes and na-
nodots made of metals [12–13], semiconductors [14], superconductors
[15], polymers [16] and carbon materials [17] were formed triggering
advances on and optical materials and renewable energy harvesting
[14], sensing, or highly adhesive materials [16].

To form nanostructures with the use of anodic aluminum oxide
templates, a multi-step approach is required. After two step anodizing
[2], removal of the remaining aluminum (i.e. with HgCl2) and opening
of the pore bottoms are required in order to remove the oxide barrier
layer and obtain through-hole membranes. Furthermore, in case of
metallic nanowires (NW) formation via electrodeposition, gold sput-
tering and short gold electrodeposition from a cyanide bath are
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required to provide sufficient electrical contacts at the pore bottoms
[13]. Thus, the multi-step approach is time consuming, despite the fact
that the fabrication of anodic alumina templates itself is inexpensive.
An elegant alternative was proposed by Furneaux et al. [18]. After
anodizing, the pores at the bottom of AAO templates were opened by
using a quasi-exponential voltage decrease, and, as a result, conductive
(aluminum) substrate was exposed to the electrolyte. Therefore, this
approach, in further studies, allowed for nanofabrication of metallic
nanowires [19–20]. The electrochemical barrier layer thinning (BLT)
was then developed by Choi et al. [19–20]. They succeeded in the
formation of monodisperse silver nanowires by using anodic alumina
templates with an electrochemically perforated barrier layer. With the
use of this approach, nanowires and nanotubes made of Au [21], Bi
[22] and Ni [12,23–25] have been synthesized successfully.

Arrangement and uniformity of the nanopores in AAO templates are
also important for nanofabrication, because a narrow distribution of the
diameter of nanowires and nanotubes is required in further applica-
tions, where size-induced phenomena occur. For this reason, hard an-
odizing (HA), an approach providing highly-ordered AAO, is also ap-
plied. The process is conducted at relatively high voltages (40–70 V for
H2SO4), higher than maximal values applied in standard, mild ano-
dizing (up to 25 V for H2SO4). To prevent the aluminum anode from
destruction by the high density avalanche current, known as “burning”,
firstly a protective oxide layer is grown at standard (mild) voltage and
then the voltage is increased [26]. As a result, improved ordering of
AAO is achieved. Chu et al. reported a convincing study, where or-
dering of AAO formed with mild anodizing at 25 V in sulfuric acid and
hard anodizing at 40 and 70 V in sulfuric acid are compared [27]. It is
clearly shown that hard anodizing provides much better ordering,
which is in line with previous observations reported by Ono et al. [28],
showing improved ordering of AAO formed in organic acids at high
voltages. However, during high-field/hard anodizing, high current
densities flow through the circuit and much Joule's heat is secreted.
Thus, to minimize this effect various modifiers are added to the elec-
trolyte, like ethylene glycol (EG) increasing viscosity of the electrolyte
and decreasing ionic mobility, resulting in lower current densities at the
same voltage and less heat at the anode [29].

The major motivation of the conducted research was to obtain
highly-ordered AAO templates with barrier layers opened at the
bottom, employing a facile and cost-effective approach. Successful
electrodeposition of highly uniform copper nanowires with the aid of

thus produced through-hole templates confirms the applicability of the
proposed method.

2. Experimental

2.1. Preparation of the samples

Commercial purity aluminum alloy (AA 1050 alloy) was cut into
coupons (40 mm× 20 mm × 0.5 mm), degreased (acetone, ethanol)
and electropolished (EtOH:HClO4 4:1, 0 °C, 20 V, 120 s, Pt cathode
grid). Next, the samples were covered with acid resistant lacquer at the
back and edges and 4 cm2 working area was exposed and used in fur-
ther processing. All the electrochemical processes were performed in a
double-walled electrochemical cell connected with a LAUDA A100/RA
100 thermostat in order to provide constant, controllable temperature.
Processes were carried out using a DC power supply (NDN
DF1730SL5A) and current densities were being recorded with an APPA
207 multimeter.

In order to obtain desired nanoporous AAO templates and per-
form further nanofabrication, a multistep procedure was employed
(Fig. 1). Firstly, mild anodization (MA) in 0.5 M sulfuric acid with
20 vol% ethylene glycol (EG) was performed at 0 °C, 20 V, 60 min
(Fig. 1, reaction I). Immediately after, the voltage was being in-
creased with 0.5 V steps, each 5 s long, up to 45 V. Then, hard an-
odizing at 45 V was carried out for 1 h (Fig. 1, reaction II). Finally,
in order to obtain AAO with thinner barrier layer at the bottom,
30 min of mild anodizing in 0.3 M (COOH)2, at 45 V, 30 °C was
performed (Fig. 1, reaction III).

Subsequently, after anodizing, electrochemical barrier layer thin-
ning (BLT) was performed in 0.3 M (COOH)2 (Fig. 1, reaction IV). To
search for the optimum method, four different BLT process conditions
were tested, i.e. the stepwise voltage decrease and the duration of each
voltage step, according to:

1. Un + 1 = 0.5·Un; Δt = 60 s
2. Un + 1 = 0.75·Un; Δt = 60 s
3. Un + 1 = 0.5·Un; Δt = 10 s
4. Un + 1 = 0.75·Un; Δt = 10 s

To ensure that the pores were effectively opened at the bottom,
aluminum was being chemically removed in a mixture of 0.1 M CuCl2 in

Fig. 1. Schematic representation of template-based fabrication of copper nanowires: (a) degreased and electropolished aluminum foil was subjected to mild anodization (MA) in sulfuric
acid (I) and nanoporous protective oxide layer was formed (b); hard anodizing in sulfuric acid (II) allowed to obtain highly-ordered AAO (c); anodizing was continued in oxalic acid (III)
and AAO with thinner oxide barrier layer was obtained (d); barrier layer thinning was performed (IV) and barrier layer was thus further thinned (e); electrodeposition of copper (V)
allowed to form copper nanowires (f); anodic alumina was removed (VI) and free-standing Cu nanowires were obtained (g).
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HCl and observed with field emission scanning electron microscopy
(FE-SEM) from the bottom side.

Optimized BLT procedure was also applied for templates formed at
40 V, in order to confirm applicability of the method for AAO formed at
different voltage.

To confirm the applicability of the membranes formed with com-
bination of MA, HA and BLT, copper electrodeposition was performed.
The electrodeposition was conducted directly through the oxide mem-
branes with the use of an ATLAS 0531 (Atlas-Sollich, Poland) po-
tentiostat with Pt counter electrodes and Ag|AgCl reference electrode.
Electrodepositions were conducted at room temperature from 0.3 M
CuSO4 and 0.1 M H3BO3 solution at −0.3 V vs. Ag|AgCl for 30 min
(Fig. 1, reaction V). To liberate formed Cu nanowires (NW) from the
AAO template, chemical etching in 5% H3PO4 was performed at 30 °C
for 45 min (Fig. 1, reaction VI).

2.2. Sample characterization

Characterization of the samples' morphology (anodic alumina and
copper nanowires) was done with a field emission scanning electron
microscope (FE-SEM) Quanta 3D FEG (FEI, Phillips, The Netherlands).
Image processing with NIS-Elements software (Nikon) was done in
order to obtain quantitative data on the average diameter of the AAO
pore bottoms and average diameter and length of the electrodeposited
Cu nanowires, respectively. To obtain reliable data, at least 200 nano-
wires were analyzed to obtain average diameter and length.

The phase structure of the aluminum alloy surface after copper
electrodeposition was analyzed by X-ray diffraction using a Rigaku
Ultima IV diffractometer with Co K radiation (λ = 1.78897 Å) and
operating parameters of 40 mA and 40 kV with a scanning speed of 1°/
min and step size of 0.02°.

Fig. 2. Current density and voltage vs. time graphs: (a) complete current density and voltage vs. time, (b) mild to hard anodizing transition, (c) electrolyte change from sulfuric acid (hard
anodizing regime) to oxalic acid (mild anodizing regime), (d) electrochemical barrier layer thinning (BLT) with voltage steps Un + 1 = 0.75·Un (single step duration, Δt, is 10 s). The
treatment effects on the formed AAO template are schematically depicted in the corresponding bottom pictures.
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Fig. 3. Partial current density and voltage vs.
time graphs for various electrochemical bar-
rier layer thinning procedures (a, b, e, f) with
FE-SEM micrographs of the AAO bottoms
showing the BLT effects (c, d, g, h): (a, c)
Un + 1 = 0.5·Un; Δt = 60 s, (b, d)
Un + 1 = 0.75·Un; Δt = 60 s, (e, g)
Un + 1 = 0.5·Un; Δt = 10 s, (f, h)
Un + 1 = 0.75·Un; Δt = 10 s. The FE-SEM
micrographs are bottom-view images after Al
removal by 0.1 M CuCl2 in HCl.
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3. Results and discussion

Fig. 2 depicts the voltage and current vs. time evolution during the
anodization process (upper row) together with the effects of the ano-
dizing treatment on the formed AAO template (lower row). Firstly,
typical mild anodizing (MA) in sulfuric acid was performed at 20 V for
the first hour (Figs. 2a and 1, reaction I). To achieve a high level of
ordering, hard anodizing (HA) at 45 V (Fig. 1, reaction II) was then
performed, after a stepwise increase of the anodizing voltage was ap-
plied (Fig. 2b). In each step, the voltage was 0.5 V higher than in the
previous step (each step 5 s long). Once 45 V was achieved (hard

anodizing regime, providing much better ordering), the voltage was
being kept constant for 1 h. Hard anodization of aluminum in sulfuric
acid provided AAO with a thick barrier layer at the bottom. Thus,
electrochemical barrier layer thinning would not be possible subse-
quently after HA in sulfuric acid (no current response was registered
during BLT right after HA in sulfuric acid during preliminary experi-
ments). Therefore, a process that allows to decrease the thickness of the
barrier layer before electrochemical barrier layer thinning was added to
the procedure. Anodization in oxalic acid allowed to form AAO with a
much thinner barrier layer. Such electrolyte change also allowed to
maintain the pore ordering resulting from the HA process (moreover,
anodizing in oxalic acid at 45 V provides satisfactory ordering of the
pores as well [30]). Anodization in oxalic acid at 45 V is a MA regime,
thus the current density and resulting oxide growth rate are typically
much smaller, which can also be observed from the experimental data
in Fig. 2c (see also Fig. 1, reaction III). Due to the application of the
same voltage, while changing the electrolyte from sulfuric acid to oxalic
acid, the interpore distance and ordering inherited from HA were
maintained. Nevertheless, pore diameter varied, resulting in a thinner
barrier layer at the bottom, enabling the BLT process. During HA, AAO
grows much faster and the secondary etching reaction between the
grown oxide and acidic electrolyte is relatively slow, resulting in rela-
tively small pore diameter and thick barrier layer. While extrapolating

Fig. 4. Copper nanowires grown by electrodeposition into AAO templates formed with
electrochemical barrier layer thinning employing Un + 1 = 0.75·Un; Δt = 10 s.
Electrodeposition of copper was done in AAO formed at 45 V.

Table 1
Average diameter, length and aspect ratio of copper nanowires formed by direct elec-
trodeposition into AAO formed at 40 and 45 V, respectively. Data were obtained by
averaging of 5 FE-SEM images (corresponding to about 200 nanowires per voltage con-
dition).

Voltage of AAO
template formation/V

Diameter of
nanowires/nm

Length of
nanowires/μm

Aspect ratio

40 35 ± 6 14.4 ± 2.7 410
45 40 ± 5 15.7 ± 1.0 400

Fig. 5. Copper nanowires grown by electrodeposition into AAO templates formed with
electrochemical barrier layer thinning employing Un + 1 = 0.75·Un; Δt = 10 s.
Electrodeposition of copper was done in AAO formed at 40 V.

W.J. Stepniowski et al. Journal of Electroanalytical Chemistry 809 (2018) 59–66

63



the empirical relationship reported by Sulka and Parkola [31] for pore
diameter increase with voltage, the resulting pore diameter should
equal 36 nm. For 30-min long anodizing in 0.3 M oxalic acid at 35 °C,
the pore diameter is much greater and equals 49 nm [32], providing a
much thinner barrier layer. This results from the fact that the reaction
of etching is much more intensive in oxalic acid and at elevated tem-
perature, with simultaneous lower oxide growth rate [31–32].

Recently, it was shown that despite an electrolyte change, when the
voltage is maintained, the pores do not tend to interconnect or to form
any Y-junctions, what would be undesirable for further applications
[33–34]. Nevertheless, in particular cases a kind of fishbone structure is
seen at the cross sections of AAO [34]. As one can see in Fig. 2d, the
stepwise voltage decrease during the electrochemical barrier layer
thinning, BLT, (Fig. 1, reaction IV) resulted in a current response. Ac-
cording to Furneaux et al. [18], Choi et al. [19] and Sauer et al. [20],
each step of BLT should be short enough to not re-create a porous
structure at lower voltage at the pore bottoms. Thus, the current density
vs. time curve cannot achieve a plateau of the steady state growth of

nanoporous alumina. On the other hand, too short voltage steps in the
BLT process will not open the pore bottoms successfully. Therefore,
optimization of the electrochemical BLT is required.

As mentioned in the experimental section, four different process
conditions of electrochemical barrier layer thinning were investigated
in a first attempt to optimize the pore opening procedure. Voltage was
reduced stepwise by either 50% (Fig. 3a, e) or 25% (Fig. 3b, f) of its
previous value. The duration of each step was fixed at 60 s (Fig. 3a–b)
or 10 s (Fig. 3e–f). As it can be seen already from the current density vs.
time curve (Fig. 3a), a 50% drop in voltage (Un + 1 = 0.5·Un steps) for
Δt = 60 s is not efficient enough, because no significant current density
response was registered. This implied that the oxide barrier layer still
provided strong electrical insulation. Fig. 3c (view from the bottom side
of the AAO template) shows that at this set of operating conditions, the
barrier layer is still present in the form of hemispheres. BLT with
shorter, i.e. 10-second long steps, with 50% voltage drop was also found
to be unsuccessful (Fig. 3g), despite the different current density re-
sponse during the consecutive voltage steps (Fig. 3e). On the other
hand, when Un + 1 = 0.75·Un steps were applied, distinct current re-
sponses were recorded (Fig. 3b, f) and, as a consequence, the barrier
layer thinning was found to be successful since complete pore opening
was reached (Fig. 3d, h). However, it is noticeable, that the bottoms of
the pores in Fig. 3h (Un + 1 = 0.75·Un; Δt = 10 s) are much wider (in
fact, almost destroyed after aluminum substrate removal) by the BLT
process, whereas the hexagonal honeycomb-like morphology is main-
tained (Fig. 3d) for longer voltage decrease steps (Un + 1 = 0.75·Un;
Δt = 60 s). Thus, numerous but short steps made the pore opening
more efficient. It is easy to imagine that at the pore bottoms, wider
pores are preferred to guarantee a much better electrical contact with
the Al substrate. Thus, for AAO formed at 45 V and opened according to
the procedure shown in Fig. 3f and h, the pore diameter at the bottom is
approx. 75 ± 13 nm, while at the upper zones (not shown) it is much
smaller and equals approx. 42 ± 4 nm.

In order to check the applicability of the AAO formed with com-
bined HA, MA and BLT, electrodeposition of copper was conducted. The
novelty of the approach is to form a through-hole oxide template made
of ordered alumina nanopores on a conductive aluminum substrate to
synthesize Cu nanowires without the need for gold sputtering and
electrodeposition prior to it. In Fig. 4, high aspect ratio Cu nanowires
are shown formed via electrodeposition into the through-hole AAO
template with the evident pore openings (see Fig. 3h). Successful
electrodeposition confirmed the efficient barrier layer thinning: suffi-
cient electrical contact at the electrolyte–aluminum interface provided
by the BLT process allowed the reduction of Cu2+ cations at the pore
bottoms. Morphological features of the formed copper nanowires were
determined by the morphology of the employed AAO template. The
average diameter of the Cu nanowires was 40 ± 5 nm, while their
length was 15.7 ± 1.0 μm (Table 1), which corresponds to an aspect
ratio of about 400.

In order to expand the applicability of the technique, AAO was also
formed at 40 V, and the same BLT approach (Un + 1 = 0.75·Un;
Δt = 10 s) was used to obtain the template. It was shown previously
that anodization at 40 V also provides well-ordered AAO in both sul-
furic acid (HA regime) and oxalic acid (MA regime) [30]. Also in this
case, electrodeposition of copper resulted in the formation of nanowires
(Fig. 5). The lower voltage of anodization results in the formation of
AAO with smaller morphological features. Consequently, copper na-
nowires with slightly smaller average diameters of 35 ± 6 nm and
total lengths of 14.4 ± 2.7 μm (also in this case the aspect ratio was ca.
400) were formed (Table 1). Fig. 6 shows the XRD patterns of Cu na-
nowires on aluminum substrate formed by electrodeposition into AAO
templates formed at 45 V (a) and 40 V (b), respectively. So, the general
applicability of through-hole nanoporous AAO templates formed by a
combination of hard anodizing and electrochemical barrier layer thin-
ning in the synthesis of Cu nanowires has been confirmed. According to
the XRD patterns, the most distinct reflection from copper nanowires

Fig. 6. XRD patterns of Cu nanowires deposited on aluminum substrate with the use of
AAO-BLT templates formed at 45 V (a) and 40 V (b).
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was found for the (111) plane, what is in line with the results reported
by Zaraska et al. [13]. However in that case, Cu NWs were grown on a
Cu substrate. According to literature data, when copper is deposited in
the form on nanowires on a different substrate, the (111) reflection is
sometimes the only visible reflection in the XRD pattern [35–36]. It is
linked to the penetration depth of X-ray radiation that is tens of mi-
crons, while thickness of the nanowires is expressed in tens of nan-
ometers. Nevertheless, a sufficiently high quantity of the nanowires
allowed to obtain reflections from the (111) plane.

4. Conclusions

Nanoporous anodic aluminum oxide templates suitable for nano-
fabrication were formed, employing a multi-step approach, without
oxide removal. The novelty of the reported approach is a combination
of the high-ordering regime of hard anodizing in sulfuric acid and mild
anodizing in oxalic acid with subsequent electrochemical barrier layer
thinning. So-formed oxide templates on aluminum substrates allowed
for the electrodeposition of copper in the form of high aspect ratio
nanowires.

Conducted research allows to draw the following conclusions:

• Cu nanowires were formed by electrodeposition into AAO formed
with combined HA-MA-BLT approach.

• It is practically impossible to perform BLT of anodic alumina formed
by HA in sulfuric acid. In order to produce AAO with much thinner
barrier layers, an electrolyte change to oxalic acid is required.

• The more steps of pore opening during BLT, the more efficient the
process. Pore opening was achieved by applying voltage drops of
Un + 1 = 0.75·Un.

• Efficient electrochemical barrier layer thinning provides good
electrical contact at the pore bottoms, thus electrodeposition of
metals is possible. The presented method is much easier to perform
and less time consuming than the traditional formation of free-
standing membranes.
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