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ABSTRACT We have developed a facile and time-saving method to prepare superhydrophobic surfaces on copper sheets. Various
surface textures composed of Cu(OH), nanorod arrays and CuO microflowers/Cu(OH), nanorod arrays hierarchical structure were
prepared by a simple solution-immersion process. After chemical modification with stearic acid, the wettability of the as-prepared
surfaces was changed from superhydrophilicity to superhydrophobicity. The shortest processing time for fabricating a superhydro-
phobic surface was 1.5 min. Interestingly, the rapid wettability transition between superhydrophobicity and superhydrophilicity can
be realized on the prepared surfaces with ease by the alternation of air-plasma treatment and stearic acid coating. It took just 2 min
to complete the whole wettability transition. Additionally, the regeneration of the superhydrophobic surface is also considered regarding

its application.
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INTRODUCTION

uperhydrophobic surfaces with contact angles (CAs)

more than 150° have attracted significant interest due

to a wide range of potential applications (1—8). In
nature, lotus leaves exhibit an unusual superhydrophobicity
and self-cleaning property, called “lotus effect”, resulting
from the cooperative effect of the hydrophobic waxy coating
and a binary surface roughness (9). To mimic this effect,
researchers commonly fabricate artificial superhydrophobic
surfaces in one of two general ways: either by creating
hierarchical micro/nanostructures on the hydrophobic sub-
strates (10, 11) or by chemically modifying a micro/nano-
structured surface with low surface energy materials (12—14).
On the basis of this principle, various methods have been
reported for constructing the superhydrophobic surfaces
such as anodic oxidation (15), plasma etching (16), electro-
spinning (17), sol—gel processing (18), and laser irradiation
(19). However, these techniques all required either special
equipment or complex process control. Jiang et al. (20)
reported a simple method of fabricating a superhydrophobic
surface on the copper substrate with the n-tetradecanoic.
This process took a long time to carry out (about 3—5days),
which limited the application of the superhydrophobic
property on engineer material surfaces. In our present work,
we simply and rapidly produced superhydrophobic surfaces
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on copper sheets, and the fast switchable wettability transi-
tion can be realized easily.

Smart surfaces with reversible switchable wettability
under external stimuli are of great importance due to their
numerous industrial applications (21—23). Upon environ-
mental variations, such as electrical potential (24), solvents
treatment (25), temperature treatment (26), light illumina-
tion (27, 28), and pH control (29), surface chemical and/or
morphology of stimuli-sensitive materials can be changed,
which results in the change of surface wetting behavior.
However, the reversible wettability transitions triggered by
above-mentioned approaches require a long time, even
several weeks (28), which makes the switching less useful.
Therefore, it would be desirable to realize the wettability
transition rapidly. The work described below has accom-
plished this goal, and our new strategy has achieved the fast
wetting reversible transition by the alternation of plasma
treatment and chemical modification.

In this study, superhydrophobic surfaces were prepared
by a simple solution-immersion process followed by chemi-
cal modification with the stearic acid. The shortest process-
ing time for fabricating a superhydrophobic surface was 1.5
min. Reversible transition between superhydrophobic and
superhydrophilic can be realized by the alternation of air-
plasma treatment and stearic acid coating. The whole wet-
tability transition is realized in a short time of 2 min. We
expect that this simple and time-saving fabrication technique
will make it possible for large-scale production of superhy-
drophobic engineering materials, and the rapid switchable
wettability transition will find applications in smart devices.
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FIGURE 1. FESEM images of the sample surface after immersion in
the solutions of NaOH and (NH,),S,05 for (a) 0.5, (b) 1, (c) 3, (d) 5,
(e) 10, and (f) 20 min; the scale bars represent 1 um in length. The
insets correspond to water contact angles on each position.

EXPERIMENTAL SECTION

Materials. Copper sheet, sodium hydroxide (NaOH), am-
monium persulphate ((NH4),S,Os), stearic acid, acetone, and
ethanol were of analytical grade and used as received.

Formation of Superhydrophobic Surfaces. Inspired by the
previous method (30), Cu(OH), nanorod arrays and CuO mi-
croflowers/Cu(OH), nanorod arrays were prepared on the cop-
per substrate. Briefly, the copper sheets were ultrasonically
cleaned with acetone and deionized water sequentially and
immersed into an aqueous solution of 2.5 M NaOH and 0.13 M
(NH4)»S5,0g at room temperature for 0.5—20 min. During the
immersion process, the color of the copper sheet surface turned
gradually to faint blue, light blue, faint black, and light black.
The copper sheets were then taken out from the solution and
rinsed with deionized water, followed by drying under nitrogen.
The as-prepared sample surfaces were immersed into a 0.006
M ethanol solution of stearic acid for 1 min. Subsequently, the
copper sheets were rinsed by ethanol and blown to dry by
nitrogen at room temperature.

Reversible Conversion of the Surface Wettability. The
superhydrophobic surface was bombarded with air-plasma (1
W, low vacuum pressure of 5 Pa) for 1 min on a PGT-II plasma-
apparatus. As a result, the wettability of the surface was
converted into superhydrophilic. Then the plasma-treated sur-
face was immersed in the ethanol solution of stearic acid for 1
min to restore the superhydrophobicity. The wettability transi-
tion between superhydrophobic and superhydrophilic was real-
ized by the alternation of air-plasma treatment and stearic acid
coating.

Characterization. Field-emission scanning electron micros-
copy (JEOL JSM-6701F FESEM) was used to observe the mor-
phology of the Cu(OH), nanorod arrays and CuO microflowers/
Cu(OH), nanorod arrays hierarchical structure. X-ray power
diffraction (XRD) patterns were obtained using an X-ray diffrac-
tometer (Philips Corp., The Netherlands; operating with Cu Ka
radiation at a continuous scanning mode and w angle of 1.0°.).
X-ray photoelectron spectroscopy (XPS) date was acquired using
the VGESCALAB2 10 X-ray photoelectron spectrometer. The Mg
Kaline (hv = 1253.6 eV) was used as the excitation source, and
the binding energy 284.6 eV of Cls in hydrocarbon was used
as reference. CAs and sliding angles (SAs) were measured by
the sessile drop method using a KRUSS DSA 100 (KRUSS)
apparatus. Water droplets (about 5—10 ul) were dropped
carefully onto the surface. The average CA value was deter-
mined by measuring the same sample at five different positions.
The image of the droplet was obtained by a digital camera
(Canon).

RESULTS AND DISCUSSION

Figure 1 shows the FESEM images of the sample surfaces
after immersion in the NaOH and (NH4),S,05 aqueous
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FIGURE 2. XRD pattern of (a) Cu(OH), nanorod arrays and (b) CuO/
Cu(OH), hierarchical structure on the copper substrate. The insets
correspond to the magnified diffraction peaks in the region 10—40°
and 50—70°.

solution for (a) 0.5, (b) 1, (c) 3, (d) 5, (e) 10, and (f) 20 min.
Obviously, the immersion time plays a crucial role in deter-
mining the surface structure. After 0.5 min of immersion,
the surface of the copper sheet is uniformly covered with
nanorod arrays (Figure 1a). When the immersion time is
prolonged to 1 min and above, the hierarchical structures
of microflowers and nanorod arrays on the copper substrate
are formed. It is seen that the microflowers are standing on
the nanorod arrays, and the size and density of the micro-
flowers are increasing with extending reaction time (Figure
Ib—0. XRD analysis is carried out to study the crystal
structure of nanorod arrays and microflowers/nanorod ar-
rays hierarchical structure on the copper substrate (Figure
2). As seen in Figure 2a (the crystal structure of the nanorod
arrays; the corresponding FESEM image is shown in Figure
la), all the peaks marked with black dots, positioned at 26
values of 10—40°, are indexed to orthorhombic Cu(OH),
(JCPDS card No. 72—0140), except those marked with
triangles arising from the copper substrate. Figure 2b pre-
sents the XRD pattern of the microflowers/nanorod arrays
hierarchical structure (the corresponding FESEM images are
shown in Figure 1b—f). Comparing the XRD pattern of
Cu(OH), nanorod arrays, eight new peaks marked with
rectangles in the region 33—70° appear. The new diffraction
peaks are indexed as the (110), (002 111), (111 200), (020),
(202), (113), (002 311), and (113 220) plane of the mono-
clinic-phase CuO (JCPDS card No. 80—0076). From the XRD
analysis, it can be concluded that the nanorod arrays and
the microflowers/nanorod arrays hierarchical structure are
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composed of Cu(OH), crystals and Cu(OH),/CuO crystals,
respectively.

In alkaline aqueous solution, the surfaces of the copper
sheets are rapidly oxidized to Cu?* by the oxidant
(NH4),S,0g, and the reaction that accounts for the Cu(OH),
nanorod arrays formation is essentially an oxidation process
(30).

Cu + 4NaOH + (NH4),S,04 — Cu(OH), + 2Na,SO, +
2NH; 1 + 2H,0

The formation of the Cu(OH), nanorod arrays depends
mainly on the concentration of NaOH and (NH4),S,0g (31),
and the growth rate of the controllable morphologies can be
controlled by the reaction time (30—33). We took the
solution of 2.5 M NaOH and 0.13 M (NH,),S,0g as a model
system. In the initial stage, nanoparticles and some nano-
rods were formed, and then some bamboo-shoot-like rods
emerged (32). In the following stage, nanorod arrays were
formed, and the length of the rods increased with the time
(30—33). During the next stage, some microflowers were
synchronously deposited from the bulk solution because of
the reaction of Cu?* ions resulting from copper oxidation and
OH™ during the growth of the nanorods. Simultaneously,
some of the microflowers were transfixed by several nano-
rods (32), and the size and density of the microflowers
increased with the time as mentioned above.

The as-prepared sample surfaces were superhydrophilic
with the CAs of almost 0°. After immersion in the stearic
acid solution for 1 min, these surfaces exhibited superhy-
drophobicity, with the static CAs ranging from 159° to 153°
(insets in Figure 1). The CAs almost remained unchanged
even the water volume changing from 5 to 10 uL. Moreover,
the CAs were still more than 150° after three months storage
at ambient conditions, indicating the good long-term stability
of the surfaces. Water droplets were easy to slide off with
the SAs less than 5° on the as-prepared superhydrophobic
surfaces. Moreover, when a droplet of 10 uL hit the surfaces,
it can bounce away from the surfaces. Along the continuous
bounce on the surfaces, the water droplet moved from left
to right rapidly (Figure 3), indicating the surface possessing
robust superhydrophobicity under dynamic wetting. It is
well-known that improving the surface roughness is a crucial
factor in the fabrication of superhydrophobic surfaces (34).
The nanorod arrays or hierarchical structures on the copper
sheet can trap a large fraction of air within the grooves,
which is important for the formation of superhydrophobic-
ity. As a contrast, we observed that the CA of the smooth
copper surface only reached to 109° after modification with
stearic acid. It should be noted that this fabrication method
makes it possible to fabricate a superhydrophobic surface
on copper substrates within 2 min, which would be very
advantageous for the industrial large-scale production.

Interestingly, the surface wettability of the samples with
different immersion time was found to exhibit rapid revers-
ible transition by the alternation of air-plasma treatment and
stearic acid coating, allowing it to be changed between
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FIGURE 3. Snapshots of a 10 uL water droplet vertically hitting the
superhydrophobic CuO/Cu(OH), surface.
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FIGURE 4. Approach, contact, deformation, and departure process
of a 5 uL water droplet suspending on a syringe with respect to the
surfaces: (a—d) the as-prepared superhydrophobic surfaces; (e—h)
the air-plasma-treated surfaces. The arrows represent the moving
direction of the substrate.

superhydrophobicity and superhydrophilicity quickly. We
take the sample surface obtained by immersion in the NaOH
and (NH4),S,0g aqueous solution for 0.5 min as a model
system. Before plasma treatment, a water droplet (5 uL)
suspending on a syringe was difficult to be pulled down to
the surface in all cases, even though the droplet was de-
formed severely (Figure 4a—d). Upon air-plasma treatment,
the superhydrophobic surface was converted into a super-
hydrophilic one. When a water droplet was dropped onto
the surface, it spread out on the surface immediately, with
the time of 0.3 s (Figure 4e—h). However, when the
plasma-treated surface was immersed in the stearic acid
solution, the superhydrophobicity of surface was obtained
again, with the CA restoring to 159°. It just took 2 min to
fulfill the whole switchable wettability transition. Rapid
wettability transition is a very important characteristic to
enable the application of surface in terms of smart devices,
such as controlled transportation of fluids, water-proof coat-
ings for moisture-sensitive electronic devices, rapid water
motion, and smart membranes. This process had been
repeated several times, and the good reversibility of the
surface wettability was observed (Figure 5).

To thoroughly understand the source of wettability change,
the changes of the surface compositions and the microstruc-
ture of the surface were investigated. The morphology of the
surface was the same before and after experiencing air-
plasma treatment. This means that the wettability variation
may result from the changes of surface compositions. The
starting surface was fully covered with a stearic acid mono-
layer, making the surface superhydrophobic. The sharp
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FIGURE 5. Reversible wettability transition can be rapidly realized
through plasma treatment and stearic acid coating, respectively.

wettability change after air-plasma plasma treatment was
caused by a local chemical change, which was verified by
the XPS analysis. Spectra a and ¢ in Figure 6 show the survey
XPS spectra of the surfaces before and after air-plasma
treatment, respectively. It can be seen that the C 1s, O 1s,
and Cu 2p peaks are detected for both the surfaces before
and after air-plasma treatment and the amount of relative
of oxygen increases after plasma treatment. To get more
information on the changes of the surface compositions, we
collected high-resolution XPS data for O 1sand C 1s. Asitis
shown in spectra b and d in Figure 6, the multielement
spectra of O 1s is resolved into four components centered
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at BE = 530.4, 531.7, 532.7, and 533.9 eV, which are
ascribed to Cu—O, Cu—OH, C—0O, and —COO species,
respectively (35—37). It can be seen that the content of the
C—0 and —COO species increases after air-plasma treat-
ment, with the value increasing from 28.2 to 32.7 % and 9.3
to 32.3%, respectively. Figure 7 shows the multielement
spectra of C1s, which are fitted to different peaks attributable
to different chemical states, namely, C—C/C—H, C—0O, and
O—C=O0. From the fitted results, it is seen that the original
content of the C—0O and O—C=0 groups is low, with 14.3
and 12.4%, respectively (Figure 7a), whereas the value
increases to 19.6 and 25.3 % after air-plasma treatment for
1 min (Figure 7b). It is well-known that plasma containing
electrons, ions, radicals, and neutral molecules strongly
interacts with the surfaces, and as a result, chemical modi-
fication occurs on the surfaces (38). Among various plasma
treatments, oxidative (oxygen and air) plasma treatment is
found to be an effective tool for improving wettability by
creating —COOH, —CO, and other relevant groups (39). As
a result, the surface hydrophilic is improved, and the CA of
the surface changes from 159 to 0°.

The most distinctive characteristic of the process is its
reversibility by a simple stearic acid coating process, which
is realized rapidly. Upon immersion in the stearic acid
solution, the plasma-treated surface came back to the origi-
nal superhydrophobic state. It is supposed that upon stearic
acid coating, the surface is fully covered with the alkyl chains
again. The XPS also demonstrates that after coating with
stearic acid, the content of the —CHj; group increased almost
to the original value (Figure 7¢).

With respect to the real application, the superhydropho-
bic surface is easily scratched, especially upon contamina-
tion with hard contact. Additionally, unlike the plant leaves,
the destroyed surfaces almost cannot be repaired automati-
cally, which limits the applications of the superhydrophobic
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FIGURE 6. XPS survey spectrum and O 1s XPS spectrum of the surface (a, c) before and (b, d) after air-plasma treatment, respectively.
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FIGURE 7. XPS of the C1s level (a) before plasma treatment, (b) after
plasma treatment, and (c) after stearic acid coating, respectively.
surface. How to regenerate the superhydrophobic perfor-
mance of a surface after being scratched becomes a key
concern. The alternative way would be to prepare superhy-
drophobic surfaces with simple fabrication and easy repair-
ability. In this work, the prepared superhydrophobic surfaces
can also be damaged by the mechanical scratch. However,
as the fabrication approach is facile and time-saving, it
provides an opportunity to construct a regenerative super-
hydrophobic surface. As shown in Figure 8a, when the
superhydrophobic surface was damaged in some area by a
knife, the CA decreased sharply to about 100°. After being
treated again by immersion in NaOH and (NH4),S,0s aque-
ous solution and the stearic acid coating process, the dam-
aged surface was rendered with superhydrophobicity. The
reparative surface can restore its good superhydrophobicity
with the CA of 159° (Figure 8b). The easy repairability is
expected to satisfy the future demands in the practical
application of superhydrophobicity. Additionally, it should
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FIGURE 8. Photographs of water droplets (a) on the surface partly
destroyed by mechanical scratching and (b) on the regenerated
surface by immersion in NaOH and (NH,4),S,0s aqueous solution and
stearic acid coating again.

be emphasized that the reparative surface also shows fast
wettability transition property by the alternation of air-
plasma treatment and stearic acid coating.

CONCLUSION
In summary, superhydrophobic surfaces were fabricated

on the copper substrate by a facile and time-saving ap-
proach. The shortest processing time for fabrication of a
superhydrophobic surface was 1.5 min. By the alternation
of air-plasma treatment and stearic acid coating, the rapid
reversible wettability transition of the surface between su-
perhydrophobicity and superhydrophilicity was realized.
XPS analysis demonstrated that oxygen species were incor-
porated in the surface after air-plasma treatment. The whole
wetting transition procedure was accomplished within 2
min. Meanwhile, the fabrication process is so facile and time-
saving that it provides an opportunity to construct a regen-
erative superhydrophobic surface. We expect that this fab-
rication technique could perhaps show the most promise for
the widest array of applications as it can be applied to the
large-scale production, it do not typically require expensive
materials and complicated application methods, and it can
be easily used to repair the damaged superhydrophobic
surfaces. Moreover, the rapid wetting transition may have
significant application potential, especially in the smart
microfluidic devices.
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