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rdered nanohole array structures
by anodization of prepatterned Cu, Zn, and Ni†

Takashi Yanagishita, * Takuya Masuda and Hideki Masuda

Anodic porous oxides with ordered nanohole array structures were prepared by the formation of concave

arrays on the surface of Cu, Zn, and Ni substrates and the subsequent anodization of the prepatterned

substrates. The concave arrays on the surface of the substrate were formed by Ar ion milling using an

alumina mask. Although the anodization of Cu, Zn, and Ni substrates without prepatterning generates

spongelike porous structures, ordered arrays of cylindrical nanoholes were obtained by the anodization

of prepatterned substrates. The interpore distance of the obtained nanohole arrays was controlled by

changing the period of the concave arrays. Crystallized ordered nanohole arrays of Cu2O, ZnO, and NiO

were also obtained by heat treatment. The obtained anodic porous oxide with ordered nanohole array

structures can be used for various applications such as photocatalysts, solar cells, and sensors.
Introduction

The formation of porous metal oxides by the anodization of
metals is of increasing interest because of the wide applicability
of their micro- and nanostructures for various functional
devices.1–5 The functional applications of anodic porous oxides
are based on the characteristic porous structures composed of
a close-packed array of columnar oxide, each having a central
hole.6 The formation of such structures involves the growth of
the oxide layer and subsequent selective dissolution of the oxide
layer. These structures were rst observed in the anodization of
Al, followed by other metals such as Ti, V, W, and Sn.7–14 The
characteristic point of these structures from the viewpoint of
their practical application is the outstanding controllability of
their geometry via the anodization conditions. Typically, the
hole size and interpore distance have a linear relationship with
the applied voltage, and the hole depth increases with the
anodization period. In addition, in some metals including Al
and Ti, self-ordered structures, which have a highly ordered
hole arrangement, can be obtained under appropriate anod-
ization conditions.15–17 In contrast, in some metals, such as Cu,
Zn, and Ni, the obtained anodic oxide layers show spongelike
porous structures.18–20 In these metal oxides, ordered hole array
structures cannot be obtained, and the control of their geometry
via the anodization conditions is difficult. In the present work,
we demonstrate the formation of ordered hole array structures
by adopting a pretexturing process for Cu, Zn, and Ni. The
pretexturing process has been used to control the sites of hole
tropolitan University, 1-1 Minamiosawa,
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development during the anodization of metals such as Al and
Ti, in which the columnar structures are spontaneously formed
by anodization. In this process, the array of shallow concaves
prepared by pretexturing acts as the initial site of hole devel-
opment thereby generating the hole array structure with
a controlled arrangement of ideally ordered or specially modi-
ed hole array structures.21–25 By investigating the anodization
properties of Cu, Zn, and Ni with pretexturing patterning, we
found that ordered hole array structures were successfully ob-
tained from the pretextured pattern during the anodization.
This nding enabled the formation of ordered hole array
structures of anodic oxides of Cu, Zn, and Ni for the rst time.
The obtained samples can be used for various applications that
require an ordered nanohole array composed of columnar
structures such as catalysts and optical and electronic devices.
Methods

Fig. 1 shows a schematic of the preparation process for the
ordered nanohole array by prepatterning metal substrates and
subsequent anodization. For the formation of a shallow concave
array on the surface of a metal substrate, dry etching using an
anodic porous alumina mask with an interpore distance of 45,
63, or 100 nm was adopted. Anodic porous alumina masks were
prepared by a two-step anodization process reported previ-
ously.26 To obtain the alumina mask with an interpore distance
of 100 nm, Al was anodized in 0.3 M oxalic acid at 17 �C under
a constant voltage of 40 V for 17 h. Aer the anodization, the
oxide layer formed by the rst anodization was dissolved
selectively in an etchant containing 1.8 wt% phosphoric acid
and 6% chromic acid at 70 �C for 2 h to obtain an Al substrate
with an ordered dimple array on its surface. The arrangement of
the dimple array corresponded to the hole arrangement of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of anodic porous oxides obtained by anodization
of substrates without prepatterning: (a) Cu, (b) Zn, and (c) Ni.
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anodic porous alumina obtained in the rst anodization. The
subsequent anodization under the same conditions as those in
the rst anodization generated ordered anodic porous alumina
with an interpore distance of 100 nm because the dimples acted
as initial points of hole development. The second anodization
was performed for 2 min, aer which the sample was dipped in
saturated iodine methanol at 50 �C for 30 min to dissolve
residual Al. The obtained alumina thin membrane was set on
a metal substrate with the back surface, which is the barrier
layer, facing up. Alumina masks with an interpore distance of
45 nm were formed in 8 M sulfuric acid at 18 V.27 Alumina
masks with an interpore distance of 63 nm were prepared in
0.3 M sulfuric acid at 25 V.28 These masks with interpore
distances of 45 and 63 nm were formed from the anodized
samples and placed on the metal substrate by the same process
as that for the anodic porous alumina mask with an interpore
distance of 100 nm. The through-holing of the aluminamask and
dry etching of the metal substrate was carried out by Ar ion
milling. Aer the dry etching of the metal substrate, the alumina
mask was detached from the substrate using adhesive tape. The
prepatterned metal substrates were anodized under appropriate
conditions as reported previously. Cu was anodized at 20 V in an
ethylene glycol electrolyte containing 0.05 M KOH and 0.03 M
NH4F at 0 �C.18 Zn was anodized at 20 V in an electrolyte with
a mixture of water and ethylene glycol (1 : 1 volume ratio) con-
taining 0.1 M NaOH at 0 �C.19 Ni was anodized at 6 V in
a concentrated phosphoric acid electrolyte containing 0.5 M
NH4F at 16 �C.20 The obtained samples were observed by scan-
ning electron microscopy (SEM; JSM 7500F, JEOL) at an acceler-
ation voltage of 5 kV. The crystal structure was evaluated by X-ray
diffraction (XRD; Rigaku RINT2000) with Cu Ka radiation.
Results and discussion

Fig. 2 shows SEM images of anodic porous oxides formed by the
anodization of (a) Cu, (b) Zn, and (c) Ni. The metals were
anodized without surface prepatterning. As can be seen from
Fig. 1 Schematic of the preparation process for an ordered nanohole a
anodic porous alumina, (b) removal of Al, (c) setting of alumina mask on
removal of alumina mask, and (f) anodization of prepatterned metal sub

© 2022 The Author(s). Published by the Royal Society of Chemistry
the surface and cross-sectional images of the obtained samples
respectively shown on the le and right of Fig. 2, spongelike
porous structures were observed in all samples.

Fig. 3 shows an oblique SEM image of the Cu substrate
having an alumina mask aer Ar ion milling. A through-hole
rray by prepatterning of a metal substrate; (a) preparation of ordered
a metal substrate, (d) formation of a concave array by Ar ion milling, (e)
strate.
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Fig. 3 Oblique SEM image of Cu substrate with alumina mask after Ar
ion milling.

Fig. 4 SEM images of ordered concave arrays formed on (a) Cu, (b) Zn,
and (c) Ni substrates after removing alumina masks. SEM images of the
surface of the anodic porous oxides obtained by the anodization of (d)
Cu, (e) Zn, and (f) Ni. (g) Comparison of interpore distances between
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alumina mask was observed on the surface of the Cu substrate.
Shallow concaves formed by dry etching were also observed at
the bottom of the alumina holes. The interval of concaves was
100 nm, which corresponded to the interpore distance of the
alumina mask. The thickness of the alumina mask was 200 nm.
Aer the dry etching, the alumina mask was easily detached
from the Cu substrate using adhesive tape.

Fig. 4(a)–(c) show surface SEM images of metal substrates
aer Ar ion milling using an alumina mask with an interpore
distance of 100 nm. Alumina mask was removed before SEM
observation. As can be seen from the SEM images of (a) Cu, (b)
Zn, and (c) Ni, hexagonally arranged arrays of uniform-sized
concaves were observed on the surface of all metal substrates.
This result indicates that the present process enables the
formation of concave arrays on the surface of any metal,
regardless of its hardness. Fig. 4(d)–(f) show SEM images of the
surface of the samples aer short anodization for 1 min. The
anodization of the prepatterned substrates generated ordered
nanohole arrays in all samples because each concave acted as
a starting point of hole development during the initial stage of
anodization. This result indicates that each surface concave
promoted the formation of a cylindrical hole at the concave.
Although the detailed growth mechanism of the hole array
structure on the surface of these metals has not been claried, it
is thought that the concaves induced the selective dissolution of
the oxide induced by a localized electric eld during anodiza-
tion and generated the ordered hole arrays. Fig. 4(g) shows the
comparison of interpore distances between alumina masks
used for Ar ion milling and anodized samples. In all samples, it
was conrmed that the interpore distances of the aluminamask
and the anodized samples were almost identical.

To investigate the effect of the addition of KOH in an elec-
trolyte on the formation of ordered nanohole array structures,
the composition of the electrolyte used for the anodization of
Cu was changed. Fig. 5(a) shows the current density–time curves
obtained during the anodization of Cu in electrolytes with
different concentrations of KOH. In this experiment, the
concentration of NH4F was xed at 0.03 M, and Cu substrates
were anodized for 5 min in all electrolytes. Fig. 5(a) shows that
the anodization current density increased with increasing
concentration of KOH. Fig. 5(b)–(d) show SEM images of the
surface and cross-section of samples prepared in electrolytes
with different concentrations of KOH. In the case of the sample
prepared in the electrolyte without KOH shown in Fig. 5(b), an
6850 | RSC Adv., 2022, 12, 6848–6854
oxide lm without a porous structure was formed on the surface
of Cu. Generally, to form an anodic porous oxide by the anod-
ization of a metal, the dissolution of the metal oxide by an
electrolyte during anodization is required. Therefore, it is
considered that no anodic porous oxide was formed by the
anodization in the electrolyte without KOH because the disso-
lution of the Cu oxide did not proceed in the electrolyte. On the
other hand, the anodization of Cu in the electrolytes containing
KOH generated cylindrical holes at the shallow concaves, as
shown in Fig. 5(c) and (d), and ordered hole array structures
were formed in both cases. However, in the sample formed in
alumina masks used for Ar ion milling and anodized samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Current density–time curves. Surface and cross-sectional
SEM images of anodic oxide obtained by anodization of Cu in elec-
trolytes containing (b) 0, (c) 0.05, and (d) 0.1 M KOH.

Fig. 6 SEM images of anodized porous Cu oxide prepared by anod-
ization of Cu for (a) 1, (b) 5, and (c) 10 min.
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the electrolyte containing 0.1 M KOH shown in Fig. 5(d), it was
observed that the hole array structure on the surface was slightly
unclear. It is thought that the concave array formed on the
surface of the Cu substrate was slightly dissolved before the
hole formation progressed during anodization. From these
results, we concluded that the optimum concentration of KOH
to obtain a uniform oxide lm with an ordered nanohole array
structure is 0.05 M. Results of similar investigations on the
effect of the concentration of NH4F in the electrolyte indicated
that 0.03 M was the optimum concentration for the preparation
of ordered nanohole array structures of Cu oxide (Fig. S1†).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 6 shows SEM images of samples obtained by the anod-
ization of Cu for (a) 1, (b) 5, and (c) 10 min in an electrolyte
containing 0.05 M KOH and 0.03 M NH4F at 20 V. The SEM
images shown in Fig. 6(a) and (b) indicate that an ordered
nanohole array structure was obtained within 5 min. In the rst
5 min of anodization, the hole depth of the ordered nanohole
array increased with increasing anodization time. However, the
surface of the sample obtained by 10 min anodization was
rough, and the ordered nanohole array structure disappeared
owing to the dissolution of the surface of the sample. The
spongelike porous structure was also observed at the bottom of
the sample.

Fig. 7 shows surface SEM images of the alumina masks with
different interpore distances used for the dry etching and the
anodic porous Cu oxides obtained by the subsequent anodiza-
tion. For the patterning of the Cu substrates, alumina masks
with interpore distances of (a) 45, (b) 63, and (c) 100 nm were
used. From the SEM images of the samples aer anodization
shown in Fig. 7(d)–(f), it was conrmed that the interpore
distances of the nanohole array structures obtained by anod-
ization were also (d) 45, (e) 63, and (f) 100 nm. These values were
in good agreement with the interpore distances of the alumina
mask used for the dry etching. In this experiment, the Cu
substrates with arrays of concaves with different periods were
RSC Adv., 2022, 12, 6848–6854 | 6851
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Fig. 7 SEM images of aluminamasks with interpore distances of (a) 45,
(b) 63, and (c) 100 nm. SEM images of anodic porous Cu oxide with
interpore distances of (d) 45, (e) 63, and (f) 100 nm.

Fig. 8 (a) SEM images of ordered anodic porous Cu oxide prepared by
anodization of Cu at 20 �C in an electrolyte with a mixture of ethylene
glycol and glycerol (1 : 1 volume ratio) containing 0.05 M KOH and
0.03 M NH4F at 0 �C for 15 min. (b) SEM images of ordered anodic
porous Zn oxide prepared by anodization of Zn at 20 V in an electrolyte
with a mixture of ethylene glycol and water (1 : 1 volume ratio) con-
taining 0.1 M NaOH at 0 �C for 30 min. (c) SEM images ordered anodic
porous Ni oxide of prepared by anodization of Ni at 6 V in concen-
trated phosphoric acid containing 0.5 M NH4F at 16 �C for 10 min.
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anodized at the same voltage of 20 V. The interpore distance of
the anodic porous Cu oxide was controlled by adjusting the
period of the array of concaves formed on the surface of the Cu
substrate. These results indicate that in the anodization of a Cu
substrate with a patterned surface, the hole development was
determined by the pretexturing pattern regardless of the
applied voltage. Similar results were observed for the anodiza-
tion of Zn and Ni. The interpore distance of the anodic porous
oxides obtained by the anodization of Zn and Ni were also
controlled by changing the period of the array of concaves
formed on the substrate.

Fig. 8 shows SEM images of ordered nanohole arrays ob-
tained by the anodization of (a) Cu, (b) Zn, and (c) Ni under
optimized conditions. Prior to the anodization, an ordered array
of shallow concaves was formed by Ar ion milling using an
alumina mask with an interpore distance of 100 nm. The hole
depths of the ordered nanohole arrays in Fig. 8(a)–(c) were 400,
350, and 150 nm, respectively. In all samples, spongelike porous
structures were observed under the ordered nanohole arrays.
Further optimization of the anodization conditions is expected
to enable the formation of nanohole arrays with higher aspect
ratios.

Although oxide lms obtained by anodization are generally
amorphous, crystallized oxide lms can be obtained by heat
treatment aer anodization. Fig. 9 shows XRD patterns and
SEM images of ordered nanohole arrays obtained by the
6852 | RSC Adv., 2022, 12, 6848–6854
anodization of Cu, Zn, and Ni aer heat treatment in a N2

atmosphere. Heat treatment of the samples was performed at
400, 300, and 550 �C for Cu, Zn, and Ni, respectively. From the
XRD patterns, it was conrmed that the crystal phase of the
samples changed from the amorphous phase to (a) Cu2O, (b)
ZnO, and (c) NiO aer heat treatment. The ordered hole array
structures of all samples were maintained even aer heat
treatment. The obtained crystallized nanohole arrays composed
of Cu2O, ZnO, and NiO can be applied to various functional
devices because of their semiconducting properties.
Conclusions

Ordered anodic porous oxides of Cu, Zn, and Ni were obtained
by performing a pretexturing process before anodization. The
interpore distance of the nanohole array structures was
controlled by changing the period of the concave arrays formed
on their surface. The ordered nanohole array structures
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XRD patterns and SEM images of heat-treated nanohole arrays
of (a) Cu2O, (b) ZnO, and (c) NiO.
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obtained by this process were also maintained even aer crys-
tallization by heat treatment. The obtained anodic porous
oxides with ordered nanohole array structures can be used for
various applications, such as photocatalysts, solar cells, and
batteries.
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