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ABSTRACT: A novel method for controllable fabrication of a
superhydrophobic surface with a water contact angle of 162 +
1° and a sliding angle of 3 + 0.5° on copper substrate is
reported in this Research Article. The facile and low-cost
fabrication process is composed from the electrodeposition in
traditional Watts bath and the heat-treatment in the presence of
(heptadecafluoro-1,1,2,2-tetradecyl) triethoxysilane (AC-FAS).
The superhydrophobicity of the fabricated surface results from
its pine-cone-like hierarchical micro-nanostructure and the
assembly of low-surface-energy fluorinated components on it.
The superhydrophobic surface exhibits high microhardness and
excellent mechanical abrasion resistance because it maintains
superhydrophobicity after mechanical abrasion against 800 grit
SiC sandpaper for 1.0 m at the applied pressure of 4.80 kPa.
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Moreover, the superhydrophobic surface has good chemical stability in both acidic and alkaline environments. The
potentiodynamic polarization and electrochemical impedance spectroscopy test shows that the as-prepared superhydrophobic
surface has excellent corrosion resistance that can provide effective protection for the bare Cu substrate. In addition, the as-
prepared superhydrophobic surface has self-cleaning ability. It is believed that the facile and low-cost method offer an effective
strategy and promising industrial applications for fabricating superhydrophobic surfaces on various metallic materials.
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1. INTRODUCTION

Superhydrophobic surfaces with a contact angle greater than
150° and a sliding angle less than 10° attracted tremendous
attention for researchers because of its great importance in
fundamental research, as well as its potential in industrial use.
These superhydrophobic surfaces have many practical
applications in various areas, such as self-cleaning,' anticorro-
sion, > anti—icing,4 oil—water separation,s'é and microfluidic
devices.” The key element to construct superhydrophobic
surface is the presence of a low energy hydrophobic surface
coating on a rough structure with special micro-nanostruc-
tures.* " Up to know, a great number of methods have
successfully constructed superhydrophobic surfaces, such as
chemical vapor deposition,"* chemical etching,"> sol—gel
technique,'® solution-immersion method,'” spin coating,” and
laser fabrication.'® However, some of the fabrication techniques
for making superhydrophobic surfaces are potentially costly and
time-consuming for practical implementation in applications.
Because of the facile, low cost and suitable for industrial
applications, electrodeposition is thought to be an effective
technique for constructing large-area superhydrophobic sur-
face.'"?
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The scientific and engineering value of superhydrophobic
surface is dramatically limited as it has weak mechanical
abrasion resistance. As mentioned above, although different
superhydrophobic surfaces have been constructed by various
techniques, few coatings were reported to be actually used in
industrial applications because of their poor mechanical
abrasion resistance and surface chemical stability. Some
superhydrophobic surfaces are even fragile to the finger
contact. Obviously, the acquiring of excellent mechanical
abrasion resistance and chemical stability for superhydrophobic
surface is an urgent demand for their practical applications.
Recently, a few reports investigated the mechanical stabil-
ity,">*°~** chemical stability,”*** and long-term stability*>of the
as-constructed superhydrophobic surface. Zhu et al.>**'
evaluated the mechanical stability of the prepared super-
hydrophobic metal/polymer composite and fabric surfaces by a
simple finger pressing and scratch test. Unfortunately, few work
systemically evaluated the mechanical abrasion resistance of
superhydrophobic surfaces.*® She et al.® prepared a robust and
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Figure 1. (a) Comparisons of the contact angle of water droplet on various sample surfaces. (b) Contact angle of a water droplet on the
superhydrophobic surface (Ni-IIT). (c) Advancing/receding contact angle (6,/6z) of a water droplet on the superhydrophobic surface. (d) Water
droplet rolling down the superhydrophobic surface and its sliding angle.

stable superhydrophobic surface on magnesium alloy substrate.
With the SiC sandpaper (800 mesh) was served as an abrasion
surface, the as-prepared surface still maintained the contact
angle above 150° after mechanical abrasion for 0.7 m under a
pressure of 1.2 kPa.

Copper (Cu) and its alloys is one of the important materials
in industry owing to its high electrical and thermal
conductivities, mechanical workability and relatively noble
properties. It is widely used in many applications such as a
conductor in electrical power lines and pipelines, heat
conductors and heat exchangers. One of the major challenges
in Cu applications is the prevention of Cu corrosion, which
leads to inferior device performance and failure. In the recent
years, research was carried out to construct superhydrophobic
surface on Cu substrate to improve its corrosion resistance.””*®
Liu et al”” found the constructed superhydrophobic surface
significantly improved the corrosion resistance of Cu in
seawater. Yuan et al.”® also constructed a superhydrophobic
fluoropolymer films on Cu substrate to improve its corrosion
resistance. However, the mechanical abrasion resistance of the
superhydrophobic surfaces on Cu substrate was not reported in
these literatures.

From the above analysis, it can be seen that excellent
mechanical abrasion and corrosion resistance is very important
for the constructed superhydrophobic surfaces on metal
substrates for their wide applications. In this work, a facile
and low-cost method is used to produce a superhydrophobic
surface on Cu substrate. The fabrication process is composed
from two steps: the electrodeposition in traditional Watts bath
and the heat-treatment in the presence of AC-FAS. The as-
prepared surface displays superhydrophobicity with a water
contact angle around 162° and a water sliding angle around 3°.
Additionally, the as-prepared superhydrophobic surface has
excellent mechanical abrasion resistance, excellent corrosion
resistance and self-cleaning properties, which removes the
major barriers to its practical applications.
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2. EXPERIMENTAL SECTION

2.1. Materials. Nickel sulfate (NiSO,), nickel chloride hexahydrate
(NiCl,-6H,0), and boric acid (H;BO;) were supplied by Guangzhou
Chemical Reagent Factory, China. (Heptadecafluoro-1, 1, 2, 2-
tetradecyl) triethoxysilane (CF;(CF,),(CH,),Si(OC,H;);, AC-FAS)
was supplied Guangzhou Liyuan Chemical Materials Co., China.
Anhydrous ethanol was provided by Guangzhou Donghong Chemical
Plant, China. All chemical reagents are analytical and used without
further purification.

2.2. Sample Preparation. The nickel (Ni) electrodeposit were
obtained in traditional Watts bath containing NiSO, (320 g:L™"),
NiCl,-6H,0 (50 g-L™"), and H;BO; (450 g-L™"). A copper plate with
a size of 40X 20 X1 mm was used as the working cathode. Prior to
plating, it was mechanically polished to a 0.06—0.10 ym surface finish,
and cleaned ultrasonically with distilled water and acetone to remove
contamination on the substrate surface. The platinum mesh with the
dimension of @ 50.0 mm was used as anode. The electrodeposition
was conducted with a direct current density of 0.75 A-cm™ at 50 °C
for 1 h. After deposition, the Ni deposit was rinsed with distilled water
and dried at 80 °C for 2 h. The Ni deposit and the bare Cu substrate
were abridged as Ni—I and Cu—1I, respectively.

In the next step, the as-prepared deposit was put into a sealed
reactor, which contained 10 mL 5 wt. % AC-FAS ethanol solution, and
heat-treated at 110 °C for 1 h in an oven. After heat-treatment, the
samples was rinsed with distilled water and dried with hairdryer to
obtain the superhydrophobic surface. For comparison, the Ni deposit
was also heat-treated at 110 °C for 1 h in an oven but in the absence of
AC-FAS ethanol solution. Ni-II will be heat treated without AC-FAS
and Ni-IIT will be heat treated with AC-FAS as described in the
following section. The Cu substrate was also treated with the same
method of Ni-III for reference, which was abridged as Cu—IL

2.3. Characterizations. The water contact angle and sliding angle
were measured with approximately S5 uL water droplets using a
measuring apparatus (Dataphysics OCA40 Micro) at ambient
temperature. The values reported are the average of five measurements
made on different positions of the sample surface. Surface
morphologies of various samples were studied using a field emission
scanning electron microscope (FESEM, Nova NanoSEM 430). The
chemical compositions of the samples were investigated with a
Fourier-transform infrared spectrophotometer (FTIR, Bruker Vector
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Figure 2. SEM and FE-SEM images of deposited Ni (Ni-I), hydrophobic Ni (Ni-II), and superhydrophobic Ni (Ni-IIl) surfaces: (a) Ni—I, (b)
enlarged zone of A in panel a (inset, a photograph of needle-like leaf), (c) enlarged zone of B in panel a, (d) Ni-1I, (e) enlarged zone of A in panel d,
(f) enlarged zone of B in panel e, (g) superhydrophobic surface, (h) high magnification of panel g, (i) high magnification of h (inset, a photograph of

a pine cone), and (j) FE-SEM image of a pine-cone structure.

33) and X-ray photoelectron spectrometer (XPS, Kratos Axis Ultra
DLD). The sample surface roughness was characterized with a BMT
Expert 3D surface profile measurement system. The mechanical
stability of the obtained samples was evaluated by scratch test,
microhardness test, and pencil hardness test. The scratch test was
carried out on a homemade scratch tester with 800 grit SiC sandpaper
as an abrasion surface. The sample surfaces were tested facing this
abrasion surface with varying applied load and distance. The
microhardness of samples was measured on a Vickers microhardness
tester with a load of 100 g applied for 15 s. The pencil hardness tests
for the coatings are carried out according to the standard of ASTM
D3363-0S. It uses pencil leads of different hardness grades (6B-6H).
Electrochemical corrosion test was carried out in a three electrode
cell. A platinum plate and saturated calomel electrode (SCE) were
used as the counter and reference electrode, respectively. The as-
prepared deposit was used as a working electrode. Measurements were
performed in 3.5 wt % NaCl solution by an electrochemical
workstation (CorrTest CS310, Wuhan Corr Test Instrument Co.
Ltd,, China) at room temperature. Before the electrochemical tests,
coatings were mounted using paraffin wax with a surface area of 1 cm?
exposed to the corrosive medium. The potentiodynamic anodic
polarization curves were recorded at a sweep rate of 0.5 mV-s™' from
—250 to 250 mV versus the open circuit potential. The corrosion
potential (E,,), corrosion current density (I,) and corrosion rate
were determined using the Tafel extrapolation from the polarization
curves. As to electrochemical impedance spectroscopy (EIS) measure-
ments, the employed amplitude of the sinusoidal signal was 10 mV,
and the frequency range studied was from 10° to 107> Hz. The average
value from four replicates for each kind of specimen was reported.

3. RESULTS AND DISCUSSION

3.1. Wettability, Morphology, and Chemical Compo-
sitions. Figure 1 a shows that the Cu substrate (Cu—I) is
hydrophilcity due to its water contact angle around 83°. After
heat-treatment at 110 °C for 1 h, the contact angle of Cu—II
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slightly increases to 110° although the AC-FAS was used during
modification process. The contact angle of the deposited Ni
(Ni—TI) is around 115°, suggesting the simple electrodeposition
process cannot achieve hydrophobicity on the surface.
Interestingly, the contact angle of 143° is achieved for the Ni
deposit (Ni-II) as it was heat-treated in the absence of AC-FAS.
As the AC-FAS was added during the heat-treating process, the
Ni deposit (Ni-III) obtains a contact angle around 162°, as
shown in Figure la and b. The result shows that the
superhydrophobic surface is achieved as the deposited surface
was heat-treated in the presence of AC-FAS. Figure lc shows
that the superhydrophobic surface of Ni-III has an advancing
contact angle (6,) of 162.7° and a receding contact angle of
156.3°, suggesting the as-prepared superhydrophobic surface
having very low sliding angle. Figure 1d confirms that the water
droplet on the superhydrophobic surface rolls off the nearly
horizontal surface immediately without any adhesion, which
agrees well with the advancing/receding contact angle in Figure
lc. The test results show the superhydrophobic surface has an
ultra-low sliding angle around 3.0°, which means the as-
prepared surface possesses excellent water repellent property.
In addition, the dynamic behavior of water droplets was also
investigated. It can be seen that water stream can bounce off
from the superhydrophobic surface without leaving a trace
(Video 1). The results suggest that the as-prepared super-
hydrophobic surface is very stable and has strong super-
hydrophobicity.

SEM images of the deposited Ni (Ni-I), hydrophobic Ni (N-
II), and superhydrophobic Ni (Ni-III) surfaces are shown in
Figure 2. As shown in Figure 2a, the morphology of the
deposited Ni surface is composed from a few large dendrites, a
few twig-like branches and a large number of microparticles.
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The large dendrite contains many twig-like branches that are
featured with a length ranging from a few micrometers to
dozens of micrometers, as shown in Figure 2b. Figure 2c shows
that microparticle is featured with an average diameter of 1-2
pum, cylindrical shape, and smooth surface. After heat treatment
in the absence of AC-FAS, the hydrophobic Ni surface consists
of more twig-like branches and a large number of microparticles
but don’t have any large dendrites (Figure 2d and e).
Interestingly, the microparticle morphology in this surface is
different from that in the Ni-I surface. Most of microparticles
remain cylindrical, but a few microparticles have changed to be
pine-cone-like structure, as marked with arrows in Figure 2f.
The appeared pine-cone-like structure might correspond to the
improved hydrophobicity for the heat-treated Ni (Ni-II)
surface.

Surprisingly, after heat-treating in the presence of AC-FAS,
the as-prepared superhydrophobic surface is covered with large
amounts of smaller microparticles but don’t have any dendrites
and twig-like branches, as shown in Figure 2g. The size and the
surface of the microparticles become smaller and rougher,
respectively, as shown in Figure 2h. In addition, the
microparticle morphology has changed to be pine-cone-like
structure from cylindrical structure. Careful inspections of the
superhydrophobic surface show that the microparticles are
pine-cone-like microclusters with average diameter of 1—2 ym,
as shown in Figure 2i. Figure 2j shows the FE-SEM image of
the pine-cone-like structure in this superhydrophobic surface. It
can be seen that the pine-cone-like microcluster consists of
numerous irregular petal-like structures with size ranging from
dozens to hundreds of nanometers, which suggests that the
pine-cone-like microclusters are hierarchical micro-nanostruc-
ture. In general, these results from Figure 2 suggest the surface
featured with pine-cone-like hierarchical micro-nanostructure
favors the acquiring of the superhydrophobic surface. The pine-
cone-like hierarchical structures can generate numerous grooves
in which the air can be trapped that can lead to the larger
contact angle and smaller sliding angle according to the
Cassie—Baxter equation.3’29

Surface roughness profile curves are shown in Figure 3 to
elaborate the relationships between the surface roughness and
the wettability for these samples. The bare Cu substrate has a
surface roughness around 0.08 ym. After heat-treatment in the
presence of AC-FAS, its surface roughness slightly decreases to
0.06 pm. However, the surface roughness increases from 0.08
um for the Cu substrate to 1.86 ym for the deposited Ni
surface. After heating treatment, the surface roughness of the
hydrophobic Ni-II decreases to 1.40 ym, which agrees well with
the morphology shown in Figure 2 due to the disappearance of
large dendrites. As expected, the superhydrophobic surface (Ni-
III) displays a surface roughness of 1.18 ym, because it is only
covered with smaller microparticles (Figure 2g). The results
confirm that the deposited surfaces have much higher surface
roughness than the bare Cu substrate, irrespectively of the
subsequent modification process. As is well known, the rough
surface is necessary for achieving a superhydrophobic surface.
To obtain a superhydrophobic surface, the surface roughness
must reach the Cassie-Baxter state.>° But, the surface roughness
is by no means the only factor to determine the super-
hydrophobicity of the surface. Although Ni-III displays lower
surface roughness than Ni—I and Ni-II, it has super-
hydrophobicity with a contact angle of 162° and sliding angle
of 3.0°. The superhydrophobicity of Ni-III surface results from
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Figure 3. Surface roughness profile curves of various samples.

its pine-cone-like hierarchical structures and its chemical
compositions.

FTIR spectra of AC-FAS and the superhydrophobic surface
are shown in Figure 4. A broad band at 1000-1130 cm™*

Superhydrophobic surface
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Figure 4. FTIR spectra of AC-FAS and the superhydrophobic surface.

resulting from the stretching of Si—O—Si are found for the
superhydrophobic surface. The peaks at 1320, 1230, 1190, and
1145 cm™ that are assigned to the C—F stretching vibration of
the —CF; and —CF, groups from the AC-FAS molecules are
observed on the superhydrophobic surface. The peak at 2970
cm™), which is attributed to the methyl symmetric stretching
from AC-FAS, is not observed in the superhydrophobic surface.
These results confirm that AC-FAS molecules have been
successfully assembled on the surface of deposited Ni surface by
heat treatment. To further confirm the self-assembly of the AC-
FAS film on the Ni surface by heat treatment, Figure S displays
the XPS spectra of the superhydrophobic surface. It can be seen
that the superhydrophobic surface exhibits strong signals of F
1s, C 1s and O 1s and a weak signal of Si 2p. Figure 5f gives the
XPS high-resolution of C 1s. The C 1s peaks locating at 292.5
and 289.8 eV are assigned to the carbon atom of —CF; and
—CF,—, respectively. The peak at 283.5 eV is assigned to the
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Figure 6. (a) Morphology evoluation of the surface deposited with Ni and then heated at 110 °C for 1 in the presence of AC-FAS. (b) Formation
mechanism of the self-assembled AC-FAS film on the rough Ni surface.

carbon atom of —C—C and —C—H. The peak at 282.0 eV is
attributed to the carbon atom of —C—Si.*' These results further
imply that the AC-FAS have successfully assembled on the
surface of the deposited Ni surface by heat-treatment.

From these results obtained from Figures 2—35, it is clear that
the superhydrophobic surface derives from its special micro-
structure and chemical compositions. The morphology
evaluation of the sample surface after electrodeposition and
heat-treatment can be displayed as Figure 6a. A rough Ni
coating was firstly deposited on the Cu substrate by
electrodeposition. However, the rough Ni surface is charac-
terized with large dendrites and cylindrical microparticles,
which is unfavorable to form the superhydrophobic surface.
After the heat-treatment in the presence of AC-FAS, the
modified surface is changed to be the pine-cone-like
hierarchical micro-nanostructures. The rough surface with
hierarchical micro-nanostructures has been confirmed to favor
the formation of the superhydrophobic surface.”**** However,
the rough surface is a necessary but not suflicient condition to

8766

achieve superhydrophobicity for this surface. It is well known
that the surface wettability is also governed by its chemical
compositions besides the surface morphology. Both the FTIR
and XPS measurements confirm that the AC-FAS is
successfully assembled on the deposited Ni surface by heat-
treatment. The formation mechanism of the self-assembled AC-
FAS film on the rough Ni surface can be elaborated as Figure
6b. The AC-FAS molecules react with the —OH groups of the
deposited Ni surface to form a self-assembled film on the
surface with the help of heating. The assembled AC-FAS film
can effectively reduce the free energy of the deposited surface
due to the its —CF; group with a surface energy of 6.7 mJ-m™>
and —CF,— group with a surface energy of 18 mJ-m™2. To sum
up, it can be concluded that the superhydrophobicity of the as-
prepared surface derives from its rough surface with pine-cone-
like hierarchical micro-nanostructures and the presence of low-
surface-energy fluorinated components on it.

3.2. Mechanical Stability. The mechanical stabilities
including hardness and mechanical abrasion resistance are

dx.doi.org/10.1021/am501539b | ACS Appl. Mater. Interfaces 2014, 6, 8762—8770
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Table 1. Comparisons of Hardness for Various Samples

Cu-1
230 + 10

sample Cu-II

hardness (kgf mm™2)

pencil hardness

224 + 10

Ni-1 Ni-IT Ni-III
416 + 15 528 + 18 385 + 10
>6H >6H >6H

very important for the practical application of the super-
hydrophobic surfaces. In this work, the microhardness test,
pencil hardness test, and scratch test were performed to
evaluate the mechanical stability of the as-prepared super-
hydrophobic surface. Comparisons of the hardness for various
samples are shown in Table 1. It is clear the deposited Ni
surface displays a microhardness of 416 + 15 kgf-mm™, which
is much higher than the bare Cu of 230 + 10 kgf-mm™2. After
heat treatment, the microhardness increased to 528 + 18 kgf-
mm 2 However, as the AC-FAS was used during the heating
process, the microhardness of the as-prepared superhydropho-
bic decrease to 385 + 10 kgf-mm™, which might be attributed
to the self-assembled AC-FAS film on this coating. Compared
to the bare Cu substrate, the superhydrophobic surface still
exhibits much higher microhardness. In addition, the hardness
of these surfaces has been evaluated by standard pencil
hardness tests. The results show that the coating of Ni-I, Ni-
II, and Ni-Ill display much higher hardness than 6H. The
results mean that not only superhydrophobicity but high
hardness are obtained for the sample surfaces constructed by
electrodeposition and modification process. The high hardness
can extend the applied range of the superhydrophobic
materials.

Scratch tests were reported to be an effective method to
evaluate the mechanical abrasion resistance of the super-
hydrophobic surfaces.>***® In this work, the similar scratch
tests were carried out using 800 grit SiC sandpaper as an
abrasion surface, as shown in Figure 7a. The superhydrophobic
surfaces facing the abrasion material were tested at a speed of 4-
S mm-s™' and varied applied pressure and sliding distance.
Figure 7b shows that the surface still has superhydrophobicity
with a contact angle of 157° and a sliding angle of 9.0° after
abrasion for 1.0 m at 2.4 kPa. Figure 7b displays that the
contact angle decreases and the sliding angle increases with the
increase of applied pressure. After abrasion for 1.0 m at applied
pressure of 4.8 kPa, the surface still has superhydrophobicity
with a contact angle above 150°. When the applied pressure
increases to 6.0 kPa, the contact angle decreases to 148° and
the sliding angle increases to 31°. These results display that the
as-prepared superhydrophobic surface has excellent mechanical
abrasion resistance. It is much better than other reported
superhydrophobic surfaces.****® The superhydrophobic surface
on magnesium alloy cannot endure the abrasion distance over
0.7 m at the applied pressure of 1.2 kPa’ The super-
hydrophobic surface formed on Si surfaces can only endure a
pressure of 3.45 kPa after abrasion for 2.0 m.*®

Figure 8 displays the SEM images of the resulting
superhydrophobic surfaces after abrasion for 1.0 m at applied
pressure of 24 and 6.0 kPa. SEM image of the super-
hydrophobic surface before abrasion is also shown in Figure 8a
for reference. As shown in Figure 8b, a few shallow scratches
are observed on the superhydrophobic surface after abrasion for
1.0 m at the pressure of 2.4 kPa, which suggests that the surface
is slightly scratched by the hard sandpaper. As a result, the
surface remains superhydrophobicity (see inserted figure). As
the applied pressure of 6.0 kPa was used, the superhydrophobic
surface is featured with severe abrasion wear, as shown in
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increasing abrasion length at the applied pressure of 2.4 kPa. (c)
Contact angle and sliding angle of the superhydrophobic surface with
increasing applied pressure after abrasion for 1.0 m.

Figure 8c. It seems that a few microparticles with pine-cone-like
structure have been destroyed and the new surface is generated.
Because of the loss of the pine-cone-like hierarchical structures
and the new surface exposed on the surface, the contact angles
of this surface decrease and the sliding angles increase (Figure
7¢).

3.3. Chemical Stability and Corrosion Resistance. The
superhydrophobic surfaces are always used in various corrosive
environments and for a long time. Figure 9a show variations of
the contact angles and sliding angles for the superhydrophobic
surface as functions of pH value of water droplet. The pH value
of the water droplet was adjusted by sulfuric acid and sodium
hydroxide. It is clear that the as-prepared surface retains
superhydrophobicity in pH values ranging from 1.0 to 13.0
because of their contact angles greater than 150° and sliding
angle less than 10°. It suggests that the as-prepared super-
hydrophobic surface has good chemical stability in both acidic
and alkaline environments. Figure 9b displays the change of the
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Figure 8. SEM images for the superhydrophobic surface before (a) and after abrasion for 1.0 m at applied pressure of 2.4 (b) and 6.0 kPa (c). Inset:

Images of water droplet on the surface.
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superhydrophobic surfaces.

contact angles and sliding angles of the superhydrophobic
surface as a function of the immersion time in water. The
contact angle is slightly decreased to 158° from 162° and the
sliding angle is slightly increased to 6.0° from 3.0° as the
superhydrophobic surface was immersed in water for 6 days.
This result suggests that the immersion in water does not
greatly affect the surface states from the wettability point of
view. That is to say, the as-prepared surface can maintain
superhydrophobicity as it was immersed in water for several
days.

The potentiodynamic polarization curves of the bare Cu
substrate (Cu—I), electrodeposited Ni (Ni—I) and super-
hydrophobic surface (Ni-III) measured in 3.5 wt % NaCl
solution are shown in Figure 10. The corrosion potential
(E.on), corrosion current density (ior) and corrosion rate using
the Tafel extrapolation from the potentiodynamic polarization

—=—Pure Cu substrate
| —=— Electrodeposited Ni
—— Superhydrophobic surface

log I (A.cm™)

03 -02

E(V)

Figure 10. Potentiodynamic polarizaiton curves measured in 3.5 wt %
NaCl solution for the bare Cu substrate (Cu-I), electrodeposited Ni
(Ni-I), and superhydrohobic surface (Ni-III).
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curves are given in Table 2. It can be seen that the
electrodeposited Ni coating shows better corrosion resistance

Table 2. Corrosion Potential (E,,,), Corrosion Current
(icor), and Corrosion Rate of the Bare Cu, Deposited Ni, and
Superhydrophobic Surface

- corrosion rate
sample (mV) I, (A cm™) (mm a™!)
bare Cu substrate —2714 272 %x107° 599 x 107!
electrodeposited Ni —2887  415x107° 4.88 x 1072
superhydrophobic —2224 383 x 1077 451 x 107°
surface

than the bare Cu substrate due to its lower corrosion current
density and corrosion rate. As expected, the superhydrophobic
surface has much better corrosion resistance than the bare Cu
and deposited Ni coating. The corrosion current density of the
superhydrophobic surface is approximately 1.4% that of the
bare Cu and 9.2% that of the electrodeposited Ni coating. The
superhydrophobic surface exhibits very low corrosion rate, a
staggering 133-fold decrease from the bare Cu and 11-fold
decrease from the unmodified Ni deposit. It can be concluded
that the as-prepared superhydrophobic surface possesses a good
anticorrosion protection for the bare Cu substrate.

EIS is one of the most efficient and intensively used methods
for investigation and prediction of corrosion protection.'>**
Figure 11 shows the Nyquist plots and Bode plots recorded for
the bare Cu, electrodeposited Ni and the as-prepared
superhydrophobic surface in 3.5 wt % NaCl solution. The
diameter of the capacitive loop in the Nyquist plots represents
the polarization resistance of the work electrode. As shown in
Figure 1la, the superhydrophobic surface has the highest
impedance value around 2.0 X 10° Q-cm™ that is 75 times
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Figure 11. Nyquist plots (a) and Bode plots (b) of the bare Cu substrate, electrodeposited Ni surface, and the as-prepared superhydrophobic surface

in 3.5 wt % NaCl solution.

Figure 12. Evolution process of self-cleaning behavior of the as-prepared superhydrophobic surface.

higher than that of the bare Cu substrate and 10 times higher
than that of the deposited Ni coating. Figure 11b presents the
Bode plots (impedance modulus 1Zl as a function of frequency)
of the three samples in 3.5 wt % NaCl solution. It is clear that
the superhydrophobic surface possesses the highest impedance
modulus at low frequency, followed by the deposited Ni
coating. These results from Figure 11 further confirm the as-
prepared superhydrophobic surface provides excellent corro-
sion protection for the bare Cu substrate.

As illustrated above, the pine-cone-like hierarchical micro-
nanostructure is necessary to achieve the superhydrophobicity
for the as-prepared surface in this work. The hierarchical micro-
nanostructures can generate numerous grooves in which the air
can be trapped according to the Cassie—Baxter equation.'>’
Because of the trapped air, the water drop from the corrosive
medium might be suspended on the superhydrophobic surface.
To confirm that, the as-prepared superhydrophobic surface was
immersed in 3.5 wt % NaCl solution in this work (Video 2). It
is clear that the superhydrophobic surface is completely
nonstick to the corrosive water when it was immersed in and
then taken out from 3.5 wt % NaCl solution. This result
suggests that the air is indeed trapped in groove of surface and
the liquid forms a convex surface between the interface of liquid
and air for the capillary. The trapped air can effectively prevent
corrosive media to penetrate into the surface and generate the
better corrosion protection effect.>

3.4. Self-Cleaning Effect. It is important for super-
hydrophobic surfaces with self-cleaning ability for their practical
applications. The self-cleaning effect of the as-prepared
superhydrophobic surface is also investigated by applying
chalk dust as contaminants to the surface. Figure 12 displays
the evolution process of self-cleaning effect. It is clear the
spherical water droplet began to roll quickly and remove the
chalk dust, which might result from the joint action of high
capillary forces induced by water droplet and the weak adhesion
of the dusk particle to the superhydrophobic surface. The self-
cleaning process (Video 3) depicts that the dusted surface
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become clean after the water droplet was free of the surface.
Therefore, it can be concluded that the superhydrophobic
surface can protect substrates from pollution in practical
applications.

4. CONCLUSIONS

The mechanical abrasion resistance, corrosion resistance, and
self-cleaning ability are of great importance for super-
hydrophobic surface applications. In this work, a super-
hydrophobic surface with a contact angle around 162° and a
sliding angle around 3° is successfully constructed on the Cu
substrate by a facile method. The superhydrophobicity of the
constructed surface derives from its rough surface with pine-
cone-like hierarchical micro-nanostructures and the assembly of
low-surface-energy fluorinated components on it. The as-
prepared superhydrophobic surface has high hardness, excellent
mechanical abrasion resistance, and excellent corrosion
resistance as well as self-cleaning ability. It can be used in
both acidic and alkaline environments. The fabrication process
containing electrodeposition and heat-treatment is very facile
and low-cost, which offer an effective strategy and promising
industrial applications for fabricating superhydrophobic surfaces
on various metallic materials.
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@ Web-Enhanced Features
Videos of the bouncing behavior of water droplet on the
superhydrophobic surface, nonstick behavior of the super-
hydrophobic surface to corrosive water, and self-cleaning
process of the superhydrophobic surface are available in the
HTML version of this paper.
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