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Abstract

Micro and nano rough cube copper crystals were prepared on smooth copper substrate using
simple electrodeposition method. 1-Dodecanethiol/polydopamine multilayer films were
self-assembled layer-by-layer on modified rough copper surface. The surface contact angles of
modified multilayer films could reach a maximum of about 154°, and the contact angles remained
stable in air. A decrease in contact angle was observed after 35d of immersion in seawater.
Electrochemical impedance spectroscopy result showed that the corrosion resistance and chemical
stability of super-hydrophobic films were superior to the hydrophobic surface obtained in a previous

study, and the modified functional surface exhibited corrosion resistance ability.
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1. Introduction

Wettability is a fundamental property for solid surfaces and plays an important role in daily life,
industry, and agriculture. Inspired by the inherent “lotus effect”, extreme water repellency and

super-hydrophobic surfaces!? are due to the chemical coating with low surface-energy molecules and
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surface roughness.’>™ Artificial super-hydrophobic surfaces are popular among researchers for their
benefits in functional textile production,®® enhanced corrosion resistance,’' anti-freeze and anti-snow

properties, '3!3 bio-inspired aquatic materials, and devices field. %17

Recently, super-hydrophobic surfaces were fabricated by different methods on various
engineering material surfaces, such as zinc, copper, steel, magnesium, and aluminum, to improve their
corrosion resistance.” ! 1822 Copper is an important metal and is widely used in heat exchangers,
electrical power lines for communications, and pipelines for domestic and industrial water utilities.
However, copper materials corrode easily when used, especially in an aqueous environment containing
even trace amounts of CI". In our past work, > '° etched copper electrodes in acid solution have been
used to fabricate n—tetradecanoic acid super-hydrophobic coating using the dip-coating method at the
cost of sacrificing the mechanical properties of metal surfaces, thereby undermining corrosion
resistance, weakening the adhesive force between the film and substrate, and leading to the easy
exfoliation and rapid loss of corrosion resistance of super-hydrophobic film. To address these problems,
dopamine-assisted 1-dodecanethiol complex film was selected to enhance the stability and corrosion
resistance of copper surfaces on non-etching copper surfaces. Although the corrosion resistance of
modified films in seawater improved, the corrosion resistance decreased quickly with increasing
immersion time. Moreover, the contact angle only reached a maximum of about 120°. 2* Therefore, a
method for increasing the contact angle for the protective film with good corrosion resistance and high
stability is still required.

Generally, surface roughness and low surface energy materials are indispensable in
super-hydrophobic surfaces.?*?® A simple and time-saving potentiostatic electrolysis method is
proposed to deposit micro and nano coppers on the substrate to increase its roughness. Structural
analysis and surface wettability of the film are characterized by scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and contact
angle measurements. The corrosion resistance and durability of the super-hydrophobic coating on

copper surface in 3.5 wt% NaCl solution are investigated using electrochemical impedance
2
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spectroscopy (EIS) and contact angle measurements.
2. Experimental

2.1. Materials

Copper (= 99.5wt %) foils were mechanically abraded with SiC papers of different grit values
(400, 600, 800, 1000, 1200, and 2000#) and polished with 0.5 pm diamond paste. These samples were
then ultrasonically cleaned with acetone, ethanol, and distilled water for 5 min, and then dried with N»

before treatment.

2.2. Copper surface modification

Micro- and nano-structured cube copper samples were grown in a two-electrode cell, where the
copper samples acted as the cathode, and a platinum wire acted as the anode. The metallic copper films
were grown on copper substrate at a voltage of -0.5 V, and CuCl, and Na>SO4 solutions at an
appropriate ratio were used as electrolyte. The modified copper substrate was immersed in alkaline
dopamine (DA) solution. After 24 h, the substrate was removed from the solution, rinsed with
deionized water, and dried under N> gas flow. 1-Dodecanethiol (10 mM) was dissolved in
dichloromethane for 1-dodecanethiol (SH) ad-layer formation. Before the formation of
l-dodecanethiol film, the oxygen in the solution was removed by bubbling with N>, and the
polydopamine-coated copper substrate was added. The substrate was removed after 24 h, and the film
was rinsed by ethanol and dried under N; flow. For comparison, the DA and DA-SH films were
prepared on smooth copper surface under the same conditions, including the same immersion time and

procedures.
2.3. Measurements
The phase content was determined by X-ray diffraction (XRD) with a Rigaku D/max 2550

VB/PC apparatus at room temperature using Cu Kal radiation (k = 1.5406 A). The morphology of the
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coatings were characterized by a field-emission SEM (FE-SEM, JEOL-JSM-6700F) at 5.0 kV, and
chemical composition data of films on copper samples were characterized by EDS and XPS (PHI-5702
multifunctional spectrometer using Al Ka radiation).

Surface wettability was tested by the JC2000C1 system (provided by Shanghai Zhongchen Digital
Technology Apparatus Co., Ltd.) at ambient temperature, and the volume of the test droplet is about 5
pL. At least five parallel positions on one surface were measured to attain the average values of the
contact angles.

The electrochemical impedance spectroscopy (AUTOLAB 302N Electrochemical workstation,
Switzerland) was used to explore the corrosion resistance of samples in 3.5 wt% NaCl solution at
ambient temperature. The experiment was performed in a three-electrode cell system with a platinum
auxiliary electrode as a counter electrode (CE), a bare copper sheet or super-hydrophobic copper sheet
with an exposure surface of 10 mm % 10 mm as a working electrode, and a saturated calomel electrode
(SCE) as a reference electrode. Electrochemical impedance spectroscopy (EIS) measurements were
performed at a frequency range of 100 kHz to 10 mHz at open circuit potential (OCP) with amplitude

of perturbation voltage £10 mV.

3. Results and discussion

SEM and contact angle images (Fig. 1) show that the cube-shaped copper grew randomly on the
polished copper sample. The nanoscale cube-shaped copper and some smaller scale copper particles
presented a hierarchical structure (Fig. 1b), and the corresponding XRD pattern (Fig. 1f) confirmed the
as-grown pure cube copper crystal. The polished copper sample was very smooth except for some
cracks, and its contact angle was about 71° (Fig. le). The contact angle of the as-depositing copper
surface decreased to 47°, and this decrease was attributed to the rough cube copper crystal
nanostructure on the surface. This phenomenon complies with the Wenzel equation.?®?* However, the
contact angle of the DA-SH modified pre-depositing copper substrate reached 154°, and the signals of

C, O, and S elements also indicated that the DA-SH film was formed on the pre-depositing copper
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surface (Fig. 1g). Micro-nano rough cube copper crystal surface and low surface energy chemical

modification were essential for fabricating the super-hydrophobic surface (Fig. 1c).

After the super-hydrophobic film was successfully fabricated on rough nanostructure copper
surface, researchers determined the long-term stability and corrosion-resistant performance of the film
immersed in 3.5 wt% NaCl solution. EIS technology was applied to studying the corrosion resistant
phenomenon. The electrochemical impedance spectra for different copper electrodes immersed in 3.5
wt% NaCl solution contained a depressed semicircle with the center under the real axis (Fig. 2), which
is a characteristic behavior of solid electrodes and is often referred to as frequency dispersion;
frequency dispersion is attributed to the roughness and other inhomogeneities of the solid electrode. *°
The Nyquist diagrams (Fig. 2a) show that the diameter of the capacitance looping with
super-hydrophobic film was larger than the DA and DA-SH films on the smooth copper surface,
thereby suggesting that the super-hydrophobic film has good corrosion resistance in 3.5 wt% NaCl
solution.'® In our past work, the Z modulus (Fig. 2b) of the DA-SH film only reached 10> Qcm? at low
frequency, * whereas the Z modulus of the super-hydrophobic film reached 10%° Qcm?, indicating that
the super-hydrophobic film has outstanding corrosion resistance. The air trapped in the surface acts as
a barrier and prevents corrosive ions from penetrating the copper substrate. The type of
super-hydrophobic films fabricated in this study was more beneficial compared with the previously
studied etched method.!® Our films showed high corrosion resistance ability and good interfacial

adhesive force.

The anti-corrosion ability of DA-SH super-hydrophobic coatings was evaluated by the
measurement of potential dynamic polarization curve in 3.5 wt% NaCl solution, as shown in Fig. 3.
DA-SH super-hydrophobic coatings present more positive corrosion potential (Ecorr is -0.296V vs. SCE)
and lower current density (Icorris 1.02x108A-cm™) during the process of cathode or anode polarization
than the bare copper specimen.

Time constants for the blank copper substrate, DA coating, DA-SH coating and the
5
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super-hydrophobic coating can be determined from Bode-phase angle versus frequency plots ( Fig. 2¢).
The blank copper shows one time constant and low phase angle in high frequency zone. After coating
modification, the specimens display high phase angle in high frequency zone. The super-hydrophobic
coating shows a wider platform from high frequency zone to medium frequency zone, which is in
accord with the results of Fig. 2a.

The inhibition efficiency (yp) was calculated by the following equation 1,333

@ —i )
COrv corr XIOO
i° (1)

corr

np%0=

Table 1 shows the electrochemical kinetic parameters obtained by potentiodynamic polarization
curves. As shown in Table 1, the existence of the films reduced both the anodic and cathodic currents,
and a significant positive shift for the corrosion potential was observed. Thus, the coverage of the films
reduced the corrosion rate of the bare copper, especially for the substrate with DA-SH

super-hydrophobic coating. The np values of the DA-SH Superhydrophobic film can reach 99.89.

Based on previous reports, >'° super-hydrophobic surface composed of hills could easily bring
about large amounts of air trappings within the “valleys” between the hills, and the CI™ could hardly
contact the bare surface, which agreed well with the SEM results (Fig. 1c). Contact angle
maintainability in corrosive solution for the super-hydrophobic surface plays an increasingly vital role
in practical application. The changes of contact angles for the super-hydrophobic surface exposed in
air and immersed in 3.5 wt% NaCl solution with increasing time are shown in Fig. 4. The average
contact angle of the modified surface hardly fluctuated in air. In 3.5 wt% NaCl solution, the contact
angle decreased from 154° to 150° after 5 d, and the contact angle decreased to 144° after immersion
for 10 d. With increasing immersion days (until 35 d), the contact angle continuously decreased to
138°, but it was still larger than the result in a previous study. 2> Owing to the replacement of air
trapped in the film by water, the air trapped in the rough structures reduced, and the contact angles of

the superhydrophobic film decreases continuously with immersion time. 3
6
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The Bode plots for bare copper and modified super-hydrophobic surface immersed in 3.5 wt%
NaCl solution for different days are shown in Fig. 5. Initially, the super-hydrophobic film exhibited
high corrosion resistance because of its dense structure with only a few cracks (Figs. 1c and 1d). After
5 d, two time constants were observed from high, medium, to low frequency field (Fig. 5b). The time
constant of the high-frequency area could be attributed to the outermost film, whereas the small tail
below 0.1 Hz was ascribed to the copper surface.’® 336 On the one hand, the capacitive loops at high
frequencies decreased gradually with increasing immersion time, which revealed that the film slightly
dissolved in NaCl solution. On the other hand, a time constant at 0.1 Hz was formed (Fig. 5b) after 5 d
of immersion, thereby showing that the initially produced micro and nano rough copper surfaces were
slightly pitted. The impedance also decreases continuously over the 35 days - at the lowest frequency
recorded (10 mHz), the value of |Z| decreases by more than an order of magnitude (Fig 5). After 35
days it is about 1 order of magnitude above that of the bare copper. While, after 35 d of immersion, the
corrosion resistance of the modified super-hydrophobic surface was still greater than that of bare
copper (Fig. 5a), as well as the previous result for 1 d immersion.!® Compared with previous
hydrophobic DA-SH films, the electrochemical results of the super-hydrophobic surface after 35 d of
immersion nearly had the same corrosion resistance as in previous hydrophobic DA-SH films after 1 d

3

of immersion,?® suggesting that the super-hydrophobic film fabricated in this study can effectively

protect the surface from corrosion.

Equivalent circuit models of the different samples are shown in Fig. 6. In electrochemical fit,
constant phase angle element (CPE) is typically used to replace pure capacitance. In this circuit, Re; is
the charge transfer resistance, R; is the solution resistance, Ry is the film resistance, CPEr values are the
constant phase elements of the film, and CPEy is the electrical double layer. Value of Re directly
indicates anti-corrosion ability. Ryt and CPEpi represent resistance and the constant phase element of
the oxidation corrosion product layer, respectively. The equivalent circuit model in Fig. 6(a) was used

to fit the EIS data of pure copper in 3.5 wt% NaCl aqueous solution for 30 min. After adsorption of

7



RSC Advances Page 8 of 20

super-hydrophobic coating on copper substrate, the equivalent circuit model in Fig. 6b was used to fit
the EIS data. After immersion in the 3.5 wt% NaCl aqueous solution for 15 d, the super-hydrophobic
film shows an obvious time constant in low frequency range, and appearance of the time constant is
mainly due to slight corrosion occurring in the copper substrate surface, which resulted in the
formation of an oxidation layer (Fig. 5b). Thus, we used the equivalent circuit model in Fig. Sc to fit
the EIS data of super-hydrophobic surface after immersion in 3.5 wt% NaCl aqueous solution for
different days. The electrochemical parameters listed in Table 2 indicate that the super-hydrophobic
film (SH-Cu) has low capacitance (CPEr and CPEq4) and high resistance (Rr and Re), thereby proving
that super-hydrophobic films effectively protect the copper substrate from corrosion. With increasing
immersion time, both the capacitance (CPEr and CPEg) and the resistance (Rf and R¢) of the
super-hydrophobic film decreased, but the film still played a protective role for the substrate.

The OCP changes of the coated film were shown in Fig.7. The OCP of the coated sample shifted to more
positive direction with the immersion time. After 35 days, the OCP reached to -0.232V(vs. SCE). All this suggests
that the formation of oxide film and accumulation of corrosion products on the copper surface, which inhibits the
oxidation process.’” Also accumulation of corrosion products on the film was partly protective to the
substrate.

Changes of film resistance and charge transfer resistance with immersion time were shown in Fig.8.
From Fig.8(a), the Rr increased with the immersion time owing to the formation of corrosion products
and adsorption of medium ions in this organic film. And then it started to decrease because of the
destruction of the organic film. As shown in Fig. 8(b), the R of the film reduced with the immersion
time for 15 days. So the protection efficiency of the film declined as the immersion time. It can be seen
that the R value increases after immersion for 25 days, which might be ascribed to the accumulation

of corrosion product over film during immersion.’® With the destruction of the film, the Re value

8
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decreases after immersion for 35 days. The R of the film after immersion for 35 days was still higher
than that of the bare copper, and the R still remained 15.3 kQ cm?. So after immersion for 35 days,
the corrosion resistance decreased indeed, but the film could still provide protective ability on copper
substrate. The hydrophobicity of the film decreased over immersion time, so the permeability of the
film increased, Cl ions in NaCl solution can penetrate the DA-SH organic coating and interact with
substrate, and corrosion products were retained in the pores of the coating. A loose layer formed and
the protective property decayed. * Even so, the hydrophobicity of the film decreased over immersion
time, so the permeability of the film increased, Cl ions in NaCl solution can penetrate the DA-SH
organic coating and interact with substrate, and corrosion products were retained in the pores of the
coating. The decrease of corrosion resistance may be attributed to ionic penetration in the hydrophobic

layer. *° So the coating would be destructed with long immersion time, so the protection decayed.

4. Conclusions

Pure cube-shaped copper film was fabricated on a copper surface using the electrodeposition
method, and the DA-SH film was self-assembled layer by layer on the pre-deposition copper surface.
The film presented super-hydrophobicity with a contact angle of 154°. The super-hydrophobicity of the
film is ascribed to micro and nano rough cube copper crystal structures and low surface energy
chemical modification of DA-SH. The corrosion resistance of the super hydrophobic film formed on
copper surface in 3.5 wt% NacCl solution was investigated by the EIS techniques and potentiodynamic
polarization test. The electrochemical results show that the super-hydrophobic film exhibits a high Z
modulus at low frequency and low corrosion current density, indicating that it can prevent the copper
substrate from corroding. Moreover, the corrosion resistance of the super-hydrophobic film is also
related to its water repellent property. The contact angle of the super hydrophobic surface keeps above
150° in air after 35 d, with a slight decrease to 138° after immersion in 3.5 wt% NaCl solution for 35 d.

EIS results of the super-hydrophobic film after 35 d of immersion in 3.5 wt% NaCl aqueous solution

9



RSC Advances Page 10 of 20

showed that the film can provide corrosion protection for copper substrate. This corrosion resistance
for the super-hydrophobic film is attributed to its water repellent property. The entire preparation
process is simple and environment friendly, and this method could enhance the corrosion resistance of

copper.
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Table Captions

Table 1 Electrochemical kinetic parameters obtained by potentiodynamic polarization curves for

different copper electrodes in 3.5 wt% NaCl aqueous solution at room temperature.

Table 2 Electrochemical parameters obtained from fitting results of EIS plots from Fig. 5.

Figure Captions

Fig. 1 SEM images of (a) cube-shaped copper film modified surface. (b) Magnified image on a single
region of a. (¢) DA-SH modified surface. (d) Amplified diagram of super-hydrophobic surface. (¢)
Bare copper surface. (f) The corresponding XRD analysis of b. (g) The corresponding EDS analysis of
c. The insets are the contact angle photographs of water droplets covering the surfaces.

Fig. 2 The EIS results for unmodified, differentially treated copper samples in 3.5 wt% NaCl aqueous
solution: (a) Nyquist plot, (b) Bode plots and (¢) Bode-phase angle versus frequency plots. The insets
are the enlarged impedance spectra in the higher frequency range.

Fig. 3 Potentiodynamic polarization curves for different copper surfaces in 3.5 wt% NaCl aqueous
solution after immersion for 30 minutes.

Fig. 4 Changes in contact angle of the super hydrophobic surface after exposure in air and immersion
in 3.5 wt% NaCl aqueous solution for different days.

Fig. 5 Bode plots of modified copper samples during immersion in 3.5 wt% NaCl aqueous solution for
different days; (a) impedance plot and (b) phase angle plot.

Fig. 6 Equivalent circuit models for (a) bare copper surface (b) super-hydrophobic surface after
immersion in 3.5 wt% NaCl solution for 30 min (c) super-hydrophobic surface after immersion in 3.5
wt% NaCl aqueous solution for different days.

Fig.7 OCP changes of the superhydrophobic film versus the immersion time

Fig. 8 Changes of Ry film resistance(a) and R charge transfer resistance(b) of the superhydrophobic

film versus immersion time

13
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Table 1
'BC Ba Ecorr Leorr CR np
Samples
(V/dec) (V/dec) (V/SCE) (A cm?) (10°mm/a) (%)
Cu 0.413 0.157 -0.478 9.33 275.436 —
CutDA 0.144 0.137 -0.333 2.12 62.5145 77.28
Cut+DA+SH 0.081 0.100 -0.453 0.368 10.8509 96.06
Cu+Cu+DA+SH 0.046 0.037 -0.296 0.0102 0.30226 99.89
Table 2
Samples Rs Ry CPEy ny CPE4 Nt R CPE,i pie Ryt

(Qcem?) (kQcem?) YHQ!s"cm?) Ya(Q' s" cm?) (kQ cm?)  Ypi(Q! s" cm?)

BareCu 174 5.86 6.90x10¢ 0942 - - -
SH-Cu 15.0 9.88 2.76x10%% 0.823  5.43x10% 0.687 3391 - - -

SH-Cu-35d 17.8 6.58 5.22x107 0412 3.21x10°% 0.615 153 2.69x10°  0.534 276

14
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Fig. 8
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RSC Advances

Micro and nano rough cube copper crystals were prepared on smooth copper substrate using
simple electrodeposition method. 1-Dodecanethiol/polydopamine multilayer modified films were
self-assembled layer-by-layer on modified rough copper surface. The surface contact angles of
modified multilayer films reached a maximum of about 154°, and the contact angles remained
stable in air. A decrease in contact angle was observed after 35d of immersion in seawater.
Electrochemical impedance spectroscopy result showed that the corrosion resistance and chemical
stability of super-hydrophobic films were superior to the hydrophobic surface obtained in a

previous study, and the modified functional surface exhibited corrosion resistance ability.
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