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Nanostructured copper compounds were grown by electrochemical anodization of copper foil in aqueous NaOH under
varying conditions including electrolyte concentration, reaction temperature, current density, and reaction time. Their
morphology and atomic composition were investigated by using SEM, TEM, XRD, EDS and XPS. At the conditions ([NaOH] = 1 M, 20 oC, 2 mA cm‒2), wire-like orthorhombic Cu(OH)2 nanobundles with an average width of
100 - 300 nm and length of 10 µm were synthesized with the preferential [100] growth direction. Furthermore, when
the concentration decreased to 0.5 M NaOH, the 1D nanobundle structure became narrower and longer without any
change in compositions or crystalline structure. Side reaction pathways appeared to compete with the 1D nanostructure
formation channels: the formation of CuO nanoleaves at 50 oC via the sequential dehydration of Cu(OH)2, CuO/Cu2O
aggregates in 4 M NaOH, and Cu2O nanoparticles and CuO nanosheets at lower current density.
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Introduction
One-dimensional (1D) nanostructures (nanowires, nanotubes,
nanoribbons) have attracted a great deal of recent attention
mainly due to their unique electronic, mechanical, magnetic,
1,2
and chemical properties. Many methods have been developed
for the synthesis of 1D nanomaterials, including template-guided
growth, vapor-liquid-solid (VLS) reaction, laser ablation, arc3-6
discharge, and solvothermal treatment. However, continues
effort is still necessary to develop new synthetic techniques to
control the size and morphology of 1D nanomaterials.
Recently, copper compound films with 1D nanostructures
have been prepared with copper foil without the use of a surfactant by a simple liquid-solid reaction. In their pioneering
work, Wen et al. reported the ability to synthesize Cu(OH)2
nanoribbons in an aqueous solution of ammonia by coordinating
2+
the self-assembly of square planar Cu complexes generated
7
from Cu2S nanowires. Various copper compound nanostructures, including nanotubes, nanowires, whiskers and nanosheets,
have been grown directly by the chemical oxidation of copper
8-11
foil in alkaline aqueous solutions with an oxidant additive or
12
by the electrochemical anodization in an alkaline solutions.
In particular, Xu and co-workers successfully prepared Cu(OH)2
nanowire and nanotube arrays on a copper substrate via the
13
electrochemical route using an electrolyte solution of KOH.
This electrochemical method has an advantage over other methods in that the shape and atomic compositions of final copper
compound films can be controlled by means of modulating
the potential, reaction time, and the integrated charge passed
through the cell. Currently, there is a desire to synthesize size
and shape-controlled, and single crystalline 1D Cu(OH)2.
Rough Cu(OH)2 nanotube or nanowire films provided an
opportunity to form a superhydrophobic surface through sequential surface modification with low surface energy materials

such as n-dodecanethiol, perfluorodecyltriethoxysilane and
dodecanoic acid.14-16 This method is a convenient, environmentally friendly, and time-saving process compared to conventional methods. Based on this procedure, copper mesh with
superhydrophobic and superoleophilic properties was readily
fabricated and applied to a novel filtration device for the sepa17,18
In addition, 1D
ration of water and hydrophobic solvents.
Cu(OH)2 nanomaterials with a layered structure can be utilized
as precursors to form homogeneous, single-crystalline CuO
19
20
nanoribbons and two-dimensional CuO nanoleaves on a
large scale via further dehydration processes. These nanoscale
CuO materials were widely exploited as a powerful hetero21
geneous catalysis and in the fabrication of lithium-copper
oxide electrochemical cells.22
Here we report the electrochemical anodization of copper
foil in an aqueous solution of NaOH. Although NaOH is the
most common and economic alkaline chemical available, there
are no reports describing in detail the use of NaOH as a base
for the electrochemical copper anodization. To establish the
relationship between the final copper compound film and the
experimental conditions used, the anodization protocol was performed sequentially with variations in NaOH concentration,
reaction temperature, anodization time, and current density.
Optimized conditions for the growth of orthorhombic Cu(OH)2
nanowires are proposed to be at a 0.5 - 1 M NaOH concentration under a current density of 2 mA cm‒2 at ambient temperature. Various morphologies and chemical compositions obtained under different experimental conditions were interpreted
by the side reaction pathways such as sequential dehydration
and Cu2O formation.
Experimental
The growth of copper compound films was carried out in a
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Figure 1. Surface SEM images of copper anodized at a constant current density of 2 mA cm in 1.0 M NaOH solution at 20 C with a reaction
time of 1300s: (A) low magnification of ×1,000 and (B) high magnification of ×30,000. (C) TEM image corresponding to the individual
nanowire bundle of B (insert, SAED).

Results and Discussion
Surface SEM images were observed for the anodized copper
‒2
foil using of 2 mA cm current density in 1 M NaOH at room
temperature. The low-magnification image (Fig. 1A) shows
vertically-oriented, uniform, and dense distribution of pine-like
needles with average length of about 10 µm. However, the
tapered tip structures shown in the high-magnification image
(Fig. 1B) clearly indicate that the nanoneedle consists of a
bundle of several irregular, polygonal wires with an average
diameter of 100 - 300 nm. The structure of the anodized copper
was further investigated by TEM. Consistent with the SEM

(A)
Intensity (arb. unit)

one-compartment cell connected to the electrochemical analyzer (624C, CH Instruments) under ambient conditions. Copper
2
foil (2.0 × 2.0 cm ) was sequentially washed with acetone,
ethanol, 2.0 M HCl, and deionized water for about 5 min each
under ultrasonication to remove organic contaminants and an
oxide layer on surface. The copper foil was dried using a stream
of a compressed air and then immediately used as the working
electrode. The counter electrode was a stainless steel sheet
2
with a surface area of approximately 5.0 cm . The electrolyte
was an aqueous NaOH solution with concentrations ranging
between 0.5 - 4.0 M. The solutions were deaerated by bubbling
with dry nitrogen for at least 30 min before experimentations.
The copper foil was electrochemically anodized at a constant
‒2
current density over a 0.1 - 5.0 mA cm range with a typical
reaction time of 600 s. A thermostat was used to control cell
o
temperature ranging within 5 - 50 C. After anodization, samples were rinsed twice with deionized water and then dried with
compressed air before material characterization.
The surface morphology of the as-prepared copper compound
films was observed by field emission-scanning electron microscopy (FE-SEM; S-4800, Hitachi) and transmission electron
microscopy (JEM-2100F, JEOL). The atomic composition was
probed using an equipped X-ray detector through energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). X-ray diffraction (XRD) patterns were also obtained using an X-ray diffractometer (D/Max-2500, Rigaku)
with Cu Kα radiation (λ = 1.5418 Å) to confirm crystalline
structures.
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Figure 2. Typical (A) XRD pattern and (B) EDS spectrum of the
Cu(OH)2 nanowire arrays shown in Fig. 1. The lower bar plot in A
corresponds to the orthorhombic Cu(OH)2 phase (JCPDS card No.
80-0656).

observations, the nanoneedle exhibits a layered structure of
polygonal wires (see Fig. 1C). The widths of individual nanowires are in the range of 150 - 200 nm.
The anodized copper was further characterized using XRD
to confirm its crystal structure and atomic composition. Fig. 2A
shows a typical XRD pattern for the sample. All diffraction
peaks can be indexed to the orthorhombic Cu(OH)2 phase with
cell parameters of a = 2.947 Å, b = 10.59 Å and c = 5.256 Å
(JCPDS card No. 80-0656), except those marked with an asterisk, arising from the copper substrate. The selected area electron
diffraction (SAED) pattern of a nanobundle (inset of Fig. 1C)
demonstrates that single crystalline nanowires, growing along
the [100] direction parallel to the longest dimension, were predominantly laid on the (010) plane.
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Figure 3. Narrow-scan (A) O 1s and (B) Cu 2p XPS spectra of anodized
copper under the optimized conditions. The annealed spectra were
obtained after the as-prepared sample underwent 200 oC thermal
treatment for 1 hr in air.

The constituent atoms were confirmed to be Cu and O from
the EDS spectrum (Fig. 2B). The broad backgrounds are due
to Pt being used as a coating layer for SEM observation. The
relative Cu : O atomic population ratio was determined to be
1 : 2.1, which is very close to the stoichiometric value of copper
hydroxide. XPS measurements were performed to confirm chemical bonding environments of O and Cu atoms in the anodized
copper as shown in Fig. 3. The as-prepared sample exhibits
the peak positions of 530.9 eV for O 1s and 934.6 eV for Cu
2p, respectively, which can be assigned to a Cu(OH)2 compound
23,24
XPS observations
in the light of the values in the literatures.
o
also carried out for the sample annealed at 200 C in air. The
thermal treatment results in the chemical shift of Cu 2p peak
into low binding energy (933.6 eV), and the additional O 1s peak
in low energy (529.5 eV). They can be interpreted with the formation of cupric oxide by the dehydration process of as-formed
19
Cu(OH)2 as previously reported:
Cu(OH)2 (s) → CuO (s) + H2O (l)
Moreover, it was observed that Cu(OH)2 nanostructures were
transformed into corresponding CuO without any noticeable
change in morphology during the post-thermal treatment. Con-

Figure 4. SEM images of copper foil anodized in different NaOH
concentrations: (A) 0.5 M, (B) 1.0 M, (C) 2.0 M and (D) 4.0 M. All
were generated under the same current density of 2 mA cm‒2 and
reaction time of 600 s at 20 oC.

sequently, the bundle arrays of orthorhombic Cu(OH)2 polygonal nanowires were mainly formed from the electrochemical
Cu anodization under the conditions of current density of 2 mA
‒2
cm in 1 M NaOH at room temperature.
The plausible mechanism for the formation of nanowirebundle structures can be given on the ground of previous results
7,8
obtained in the alkaline oxidant solution system. When an
electrical potential was applied to copper foil in NaOH solution,
its surface underwent an electrochemical oxidation process:
2+
‒
Cu (s) → Cu (s) + 2e
2+

‒

Cu (s) + 2OH (aq) → Cu(OH)2 (s)
This reaction was accompanied by the evolution of gas bubbles from the counter electrode surface, supporting the occur+
‒
rence of a reduction reaction such as 2H + 2e → H2 (g). The
nucleation of Cu(OH)2 began from localized regions of supersaturation where crystalline Cu(OH)2 started to grow and was
assembled into the observed bundle structure. Generally, the
morphology of a crystal is determined by the different growth
speeds of crystal faces under a nonequilibrium oxidation system.
The orthorhombic Cu(OH)2 structure was known to consist of
chains in the (001) planes, characterized by the square-planar
2+
2+
coordination of Cu ions with strong σ bonds. The Cu ions
‒
then formed two longer bonds with two OH groups from neighboring chains along the c axis, forming a corrugated sheet parallel to (010). The two-dimensional sheets were stacked through
the relatively weak hydrogen bond interactions, and therefore
became a three-dimensional crystal. The growth speed of such
25
a crystal is normally proportional to 1/dhkl. The interplanar
distance of 10.59 Å for the (010) planes was the longest whereas
the (100) distance of 2.947 Å was the shortest. Therefore,
Cu(OH)2 nanowires were believed to grow along the [100]
direction with the arrangement parallel to the (010) planes.
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The concentration of nucleophile OH‒ ions may have a substantial effect on the growth mechanism, ultimately determining
the morphology of the resultant copper compound film. We examined the influence of NaOH concentration on the morphology
of final copper film products. SEM images show the morphology change of copper compound films formed with varying
the NaOH concentration over the 0.5 - 4 M range (Fig. 4). These
samples were anodized under the same conditions (current den‒2
o
sity of 2 mA cm , temperature of 20 C, and a reaction time of
600 s) except for the NaOH concentration. These results clearly
exhibit that the morphology of anodized Cu was strongly dependent on NaOH concentration. The 1 M SEM image (Fig. 4B)
shows the nanoneedle shape identical to those of the sample
prepared with the same concentration and a longer reaction
time of 1300 s (Fig. 1). The long reaction time simply results in
an increase in length without a noticeable change in width. In
low 0.5 M concentration, the surface structure still maintained
a wire-like shape with an average width of 100 nm as shown
in Fig. 4A. Moreover, a relative Cu : O atomic ratio of 1 : 2.3
determined by EDS supported the formation of copper hydroxide. However, there were some distinct differences in shape:
1D nanostructures, consisting of a bundle of a few nanoribbons
in high-magnification images, were narrower and longer than
those produced at 1M NaOH. These observations suggest that
the decrease in NaOH concentration resulted in the formation
of a more elongated sheet along the [100] direction and the resultant structures were nanoribbons rather than nanowires. As
the NaOH concentration increased from 1 M to 4 M, nanowire
structures gradually disappeared from the surface (see Figs.
4B - 4D). At 4 M NaOH, the copper surface was predominantly
covered with aggregated particles. The relative Cu : O atomic
ratio determined by EDS was 1 : 1.1 and 1 : 0.2 for 2 M and 4 M
NaOH, respectively. Furthermore, XRD peaks of cubic Cu2O
and monoclinic CuO were observed in the sample anodized in
4 M NaOH. This implies that the nanoparticle agglomerates
formed under high NaOH concentration were no longer orthorhombic Cu(OH)2 with 1D nanostructure. The sequential dehydration of Cu(OH)2, as observed above in the thermal treatment process of as-prepared Cu(OH)2, must be responsible for
the CuO formation. The electrochemical Cu2O formation on
13,26
and could be understood by
Cu foil was previous reported,
the following reaction:
2Cu (s) + 2OH‒ (aq) → Cu2O (s) + H2O (l) + 2e‒
2+

Therefore, under strong basic conditions, the Cu ions generated by electrochemical anodization favored the formation of
cuprous and cupric oxide instead of copper hydroxide.
The NaOH concentration-dependent change in electrochemical copper anodization can be summarized as follows: (1)
the favorable formation of a Cu(OH)2 sheet occurs in NaOH
concentrations less than 1 M via the anodization followed by
‒
the OH addition reaction, (2) the sheets formed in 1 M NaOH
have wire-like nanostructures whereas the 0.5 M anodization
leads to the production of more anisotropic sheets (ribbon-like
nanostructures), and (3) Cu2O and CuO particles are favorably
formed but become aggregated lumps with cavities near the
surface under the electrolyte concentrations higher than 4 M.
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Figure 5. SEM images of samples obtained by anodizing a copper
foil at different temperatures using 0.5M NaOH, current density of 2
mA cm‒2, and a reaction time of 600s: (A) 35 oC and (B) 50 oC. And
(C) XRD pattern of the 50 oC sample. The lower bar plot corresponds
to the monoclinic CuO phase (JCPDS card No. 80-1916).

The anodization mechanism of Cu foil was further investigated by analyzing the effect of reaction temperature variation
o
in the range of 5 - 50 C. The electrochemical anodization
carried out in 0.5 M NaOH, which has an advantage to prepare
a superhydrophobic surface due to the high aspect ratio in nanobundle structures. The surface morphology of a sample anodized
o
o
at 5 C was observed to be similar to that of 20 C, showing 1D
Cu(OH)2 nanobundle arrays. The only difference between the
o
samples was in length: the average length at 5 C was approxio
mately half that of what was observed at 20 C, indicating that
the growth mechanism is nearly identical at these temperatures,
but the growth rate becomes slower as temperature decreases
o
below 20 C. In contrast, there was considerable change in shape
o
when the reaction temperature increased above 20 C. Figs.
o
5A and 5B show SEM image of the samples anodized at 35 C
o
and 50 C, respectively. Unusual leaf-like nanostructures were
observed in the 50 oC image, while both nanobundles and nanosized leaves displayed near the surface. It suggests that an additional reaction pathway exists as the temperature increases from
o
o
20 C to 50 C. The atomic composition and crystalline structure of the leaf-like nanostructures were determined using EDS
and XRD analyses, respectively. The leaf-like arrays were comprised of Cu and O atoms with a Cu : O atomic ratio of 1 : 1.2,
close to the stoichiometry of cupric oxide. The XRD pattern
shown in Fig. 5C clearly supports the existence of a monoclinic
CuO phase (JCPDS card No. 80-1916). The CuO formation
maybe comes from the sequential dehydration process, Cu(OH)2
(s) → CuO (s) + H2O (l).
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(A)

(B)

Figure 6. SEM images of copper foil anodized at low current densities, (A) 0.1 mA cm‒2 and (B) 0.5 mA cm‒2, using 0.5 M NaOH, reo
action temperature of 20 C, and a reaction time of 600 s.
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or cuprous oxides. Electrochemical anodization processes were
known to form a porous Cu2O layer at first, and then Cu(OH)2
27,28
Bouillon et al. found that only CuO was
or CuO films on it.
‒2
observed at low current density (< 0.5 mA cm ), and Cu(OH)2
‒2 29
was dominant at above 0.8 mA cm . In the light of these
previous reports, we can interpret our results as followings: 1)
‒2
at 0.1 mA cm , Cu foil is covered with only the porous Cu2O
particles because of a small current density for the growth of
Cu(OH)2 or CuO films; 2) sheet-shape CuO mainly grows at
‒2
0.5 mA cm ; 3) the growth of 1D Cu(OH)2 nanostructures,
competing with the formation of CuO, become more favorable
‒2
with increasing a higher current density between 1 - 2 mA cm .
Gas bubbles were evolved from the surface of the copper foil
in the electrochemical anodization above 5 mA cm‒2. This
phenomenon can be interpreted by the electrolysis process:
2OH‒ (aq) → H2O (l) + 1/2 O2 (g) + 2e‒

(A)

(B)

(C)

(D)

Figure 7. SEM images of samples obtained by anodizing a copper foil
with different reaction times at room temperature using 0.5 M NaOH,
and current density of 2 mA cm‒2: (A) 30 s, (B) 60 s, (C) 300 s, and
(D) 1800 s.

As a result, the samples anodized at different reaction temperatures were characterized by differing chemical compositions and nanostructures. Therefore, careful temperature regulation, in addition to the control of NaOH concentration, is
required to obtain a well-defined copper compound film in
composition and structure. With increasing reaction temperature, the growth rate for the wire-like Cu(OH)2 formation
gradually increased while the sequential dehydration rate beo
came favorable at above 50 C.
The influences of current density, ranging from 0.1 - 10 mA
‒2
cm , on the anodization mechanism was also investigated.
Fig. 6A and B show two SEM images for the anodized surface
at the low current densities of 0.1 and 0.5 mA cm‒2, respec‒2
tively. Black irregular nanoparticles appeared at 0.1 mA cm ,
‒2
while the 0.5 mA cm sample exhibited a blue surface with
sparse 1D nanowires on randomly arranged sheet arrays. This
‒2
mixed appearance was still observed at 1 mA cm , and was then
‒2
no longer seen at 2 mA cm due to complete surface coverage
by the surface nanowires. With the aid of EDS and XRD analyses, it was confirmed that the black nanoparticles were crystalline cuprous oxides, and that the nanosheets might be cupric

Thus, the optimized current density for the formation of a compact blue 1D Cu(OH)2 film is approximately 2 mA cm‒2.
Fig. 7 shows SEM images as a function of anodization time
in order to observe the change in surface morphology. The
electrochemical anodization was performed using the follow‒2
ing conditions; 0.5 M NaOH, current density of 2 mA cm ,
o
and temperature of 20 C. There was no discernable change
until a reaction time of 30 s was reached. As the reaction time
was increased, nanobundles started to appear and gradually become longer and denser between 60 and 600 s. The nanobundles
were observed to be completely removed from the surface after
1800 s. The initial incubation time longer than 30 s is required
to start the growth of 1D Cu(OH)2. The delayed growth can be
understood with the initial growth of a Cu2O base layer mentioned above. At long reaction time such as 1800 s, long nanobundles seem to undergo side reactions such as agglomeration
among the formed nanobundles and dissolution into the electrolyte solution, probably due to a lowered nanowire growth rate.
Conclusion
We have synthesized orthorhombic copper hydroxide arrays
with 1D nanostructures by anodizing copper foil in an aqueous
NaOH solution. Optimized conditions for the wire-like nanobundle formation were found to be 0.5 - 1 M NaOH at a reaction temperature of 20 oC and current density of 2 mA cm‒2.
The growth was interpreted by the formation of anisotropic
Cu(OH)2 lamellates parallel to the (010) planes with the growth
direction of [100]. In addition, other copper compound nanostructures of Cu2O agglomerates and CuO nano-leaves were
formed under non-optimized conditions. These observations
suggest that there are side reactions that hamper the nanobundles formation. These include the sequential dehydration
of as-formed Cu(OH)2 to form cupric oxide at high temperature,
the Cu2O formation at low current density, and the Cu2O and
CuO formations at high NaOH concentration. Consequently,
single crystalline quasi-aligned Cu(OH)2 nanowires can be
prepared on a large scale by using this simple electrochemical
anodization process, where the length and shape of the 1D nanostructures are easily controllable based upon reaction conditions.
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This protocol for the production of 1D Cu(OH)2 nanobundle
arrays can be widely utilized to prepare promising CuO nanomaterials and superhydrophobic surfaces.
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