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Abstract:.

A robust superhydrophobic MWCNTs-Co/a-C:H carbon-based film was successfully fabricated
for the first time by a safe technology, namely electrochemical deposition. The multi-walled
carbon nanotubes (MWCNTS) and Co nano-particles were confirmed to tailor a micro-nanoscale
hierarchical surface and nanocrystallite/amorphous — microstructure.  The  resulting
WCNTs-Co/a-C:H carbon-based film exhibited complete water repellency with the contact angle
(158.1°) and much smaller sliding angle (2.98°), fairly strong mechanical property, excellent
corrosion resistance and self-cleaning ability. This research highlights a promising route for the
preparation of robust superhydrophobic film, providing potential uses including self-cleaning,
antifouling and anti-corrosion applications such as ship hulls and aeroplane wings.
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1. Introduction

Superhydrophobic surfaces with a minimum 150°. contact angle (CA) and a maximum 10°.
sliding angle (SA) for water droplets have attracted extensive attention due to their great
significance in both fundamental research and potential applications in the fields of oilwater
separation [1-4], water collection [5], anti-fogging [6], antiicing [7], energy conversation [8],
self-cleaning [9,10], anti-corrosion [11,12], and friction drag reduction [13], etc. In general, there
are two key points to equip surfaces with superhydrophobicity: creating a suitable
surface roughness with micro-nanoscale hierarchical structures and low surface energy material
modifications, which derived from the phenomenon of superhydrophobicity in nature [14,15].
Therefore, the combination of appropriate surface roughness and materials with low
surface energy is a successful way to prepare superhydrophobic surfaces, for instance, advanced
materials including carbon nanotubes [16,17], carbon nanofibers [18,19], graphene [20], graphene
oxide [21] and so on. Among these nanomaterials, Carbon nanotubes (CNTSs) have attracted much
attention in fabricating films because of their intrinsic 1-dimensional pore structure and unusual
chemical and physical properties, including high surface area, good lubricity, hardness and
toughness for superior transport capability [22,23]. Since carbon nanotubes were fist observed by
lijima in 1991, a variety of them have become available, such as single, double, few, and
multi-walled carbon nanotubes (MWCNTS) [24,25]. Besides, the MWCNTSs are more active
than single-walled carbon nanotubes because of it contain a large amount of hydroxyl groups. It

was reported that the presence of hydroxyl groups could enhance the superhydrophobic properties

[26,27].

Li et al. synthesized a superhydrophobic bionic surface, this bionic surfaces were fabricated by
depositing CNTs on PS colloidal crystals by the wet chemical self-assembling technique and the
subsequent chemical treatment of the surface with fluoroalkylsilane [16]. Losic et al. prepared 3D

graphene-carbon nanotube aerogels via a reaction, which exhibit superior adsorption



performance [28]. Mokarian et al. fabricated a superhydrophobic composite comprising
multi-walled carbon nanotubes and silicone rubber by etching, the contact angle of de-ionized
water droplets on the prepared surface was measured with the larger value [29]. As a result,
MWCNTs could be a promising candidate to effectively improve the micro-nanoscale
hierarchical structures so as to increase the surface roughness, which should be conducive to the
formation of superhydrophobicity. However, most of those methods could include severe
conditions, such as expensive materials, strict deposition conditions and complex multi-step
processing, and those could limit its practical application immensely. In contrast, electrochemical
deposition, having the benefits of facile operation, moderate costs and reproducibility, is a more
appropriate technique to produce water-repellent surfaces for engineering applications. At present,
our group has obtained a compact superhydrophobic carbon-based film via the incorporation of
cobalt by simple one-step high-voltage electrochemical deposition method, and this method
presents a simple, efficient and less energy-consuming features. Cobalt has good hardness,
strength and wear resistance. The dispersion of cobalt particles into the amorphous carbon matrix
can not only relieve the internal stress of the film, but also effectively prevent the agglomeration
and oxidation of the nano-metal particles, and the cobalt particles can form a layered
micronanostructure on the surface of diamond-like carbon film. Based on previous works, the
MWCNTSs was used to enhance the superhydrophobicity of as-fabricated film with much better

mechanical properties, self-cleaning and corrosion resistance.

In this study, a novel but simple path for fabricating multi-walled carbon nanotubes enhanced
superhydrophobic MWCNTSs-Co/a-C:H carbon-based film has been demonstrated via a safe
technology, namely one-step electrochemical deposition. This process was adapted to use a
MWCNTSs/cobalt (I1) acetylacetonate methanol solution as electrolyte without using aqueous
solution to produce nanocomposite superhydrophobic films on silicon slice. For all we know, this
kind of superhydrophobic ternary MWCNTSs-Co/a-C:H carbon-based film with fairly strong

mechanical strength and excellent anticorrosion and selfcleaning properties haven't yet been



reported. The MWCNTSs and cobalt nano-particle inserts in amorphous carbon were effective to
tailor the feature of nanocrystallite/amorphous microstructure as well as micronanoscale
hierarchical surface in favor of superhydrophobicity of MWCNTs-Co/a-C:H film with the contact
angle of 158.1°. and sliding angle of 2.98°. without any further chemical modification. This new
outstanding robust superhydrophobic MWCNTs-Co/a-C:H carbon-based film with excellent

self-cleaning and corrosion resistance could have potential applications in the industry.

2. Experimental procedure
2.1 Materials and reagents

Multi-walled carbon nanotubes (MWCNTSs, purity e95%) were purchased from
Kefu nano-materials Tech Co., Ltd, Nanjing, China, and the average diameter and
average length of a MWCNT was 20-30 nm and 10-30 mm, respectively. Analytical pure
methanol was provided by Zhenxing chemical plant, Shanghai, China. Cobalt (II)
acetylacetonate was supplied by Alfa Aesar, China. All of the above reagents were
analytical reagent grades.
2.2 Preparation of electrolyte solution

The MWCNTSs with 100 mg were dispersed in 1L methanol, then sonication was
used to facilitate dispersion for 48h. Secondly, 100 mg cobalt (1) acetylacetonate was
dissolved in 500 mL methanol, likewise, sonication was used to facilitate dissolution for
10 min. Finally, the electrolyte solution was consist of 50 mL 0.2 g/L cobalt (1)
acetylacetonate/methanol solution, 0.7 mL 0.1 g/L MWCNTs/methanol suspension, and

49.3 mL analytical pure methanol solution.



2.3 Substrate processing

Monocrystalline silicon wafers with dimensions of 0.7 mm x 15 mm x 30 mm was
used to as a substrate. All of Si the substrates were cleaned using ultrasonic in methanol
for 5 min and then immersed in aqueous solution of 10% HF for 5 min to remove the
native oxide layer. Finally, the Si substrates were ultrasonic cleaning with methanol for 5
min again.
Preparation of MWCNTs-Co/a-C:H nanocomposite film

The MWCNTSs/cobalt nanocomposite superhydrophobic film was fabricated
successfully on Si substrate via a green and safe one-step electrochemical deposition
under high voltage, atmospheric pressure and low temperature. The dimensions of 0.7
mm x 15 mm x 30 mm Si substrate was employed as the cathode and the same
dimensions platinum tablets was employed as the anode, and the distance between two
electrodes was 8 mm. In order to ensure the accuracy of the experimental process, this
research was strict to control the following conditions: the electrolytic temperature was
controlled in the water bath of the constant temperature of 55°; the time of passing the
inert gas and the process of deposition were controlled in 8 hours; and the voltage was set
to 1200 V.

In addition, the preparation method and deposition conditions of the pure
diamond-like carbon (DLC) film were consistent with that of MWCNTSs/cobalt
nanocomposite film, but the electrolyte was only methanol.

2.5 Characterization



The morphology of MWCNTs-Co/a-C:H film was observed by a field emission
scanning electron microscope (SEM) (MLAG650F, FEI, USA). The scanning probe
microscope (SPM) (Veeco Dimension 3100) was used to characterize the surface
roughness of as-prepared film. The microstructures of the as-prepared film was further
characterized by using high-resolution transmission electron microscope (HRTEM) (FEI
Tecnai G2-20). X-ray photoelectron spectroscopy (XPS) was applied to analyze the
chemical composition of as-prepared film on an AXIS ULTRA apparatus
(Shimadzu-Kratos, Japan). In addition, all water contact angle and sliding angle was
measured at ambient temperature using a measuring apparatus (DCAT21, Germany). The
value of water contact angle was the average measurement of 5 different positions on the
same sample surface.

A corrosion monitoring instrument (CHI660E, China) was used to observe the
electrochemical corrosion of the film. The saturated potassium chloride (KCI) electrode
was used as a reference electrode with a platinum plate as the counter electrode. The
as-prepared film was used as the working electrode and the exposed area was controlled
at 1 + 0.1 cm?. The measurements were performed in 3.5% wt. NaCl solution at ambient
temperature.

2. Results
3.1 Surface morphology and wettability
The surface morphology of pure DLC film and MWCNTs-Co/a-C:H film were

examined by field emission scanning electron microscopy (SEM). SEM images of the



surface of pure DLC film in different magnifications are shown in Fig. 1 (a, b). It can be
seen that the surface morphology of pure DLC film was very smooth, even at high
magnification (Fig. 1 (b)) can only see the tiny protrusions. During electrochemical
deposition, methanol electrolysis was accompanied by the generation of hydrogen,
hydrogen has a cavitation effect on the surface of the film to form tiny protrusions.

SEM images of the surface of MWCNTs-Co/a-C:H film in different magnifications
are displayed in Fig. 1 (c-f). As shown in Fig. 1 (c), with the incorporation of cobalt and
MWCNTSs, the surface roughness of MWCNTs-Co/a-C:H film sharply increases. More
importantly, cobalt nano-particles and MWCNTs were embedded into the amorphous
carbon films. This is more evident at higher magnification (Fig. 1 (d)). The MWCNTSs
grow up through cobalt nano-particles and exhibit a micro-nanoscale hierarchical
structure. Further amplification found the morphology of MWCNTs (Fig. 1 (e)) and
cobalt nano-particles (Fig. 1 (f)) are protruding structure. Especially, the structure of
cobalt nano-particles was a pine-cone-like hierarchical micro-nanostructure. In general,
this hierarchical micro-nanostructure could prompted the film surfaces to obtain a larger
contact angle and smaller sliding angle in previous research [27]. Because the
hierarchical micro-nanostructure can keeps the air underneath a water droplet on the

surface.



Fig. 1 Surface morphology of pure DLC film (a, b) and MWCNTs-Co/a-C:H film (c-f)

Typical data set of SPM images (10x10 pm?®) of pure DLC film and
MWCNTs-Co/a-C:H film are shown in Fig. 2 (a) and (b), respectively. The topography
image of pure DLC film shows a surface formed by globular particles with, in average,
diameters smaller than 200 nm. Furthermore, the average roughness (Ra) of pure DLC
film was 36.6 nm with relatively smooth surface and small grains. Compared to SEM, the
SPM 2D projections images showed similar morphology. As shown in Fig. 2 (b), the

MWCNTs-Co/a-C:H film was formed from spherical particles with an average diameter



about 400 nm. In addition, the average roughness (Ra) of MWCNTs-Co/a-C:H film is
about 152 nm, and noticeable protrusions were observed on the surface. The SPM 2D
topography image show a similar morphology compared to SEM, also. It is indicated that
the incorporation of cobalt and MWCNTs increases the roughness of the
MWCNTs-Co/a-C:H film. This is an important factor for promoting the formation of

superhydrophobic films.
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Fig. 2 SPM images of pure DLC film (a) and MWCNTs-Co/a-C:H film (b)

3.2 Structural characterization

X-ray photoelectron spectroscopy (XPS) was performed to analyse the chemical composition of
pure DLC film and MWCNTs-Co/a-C:H film. The XPS spectra of pure DLC film mainly
including Cls and O1s. Differently, the XPS spectra of MWCNTs-Co/a-C:H film mainly
including C1s, O1ls, and Co2p. Moreover, the peak position of Co2p is relatively sharp and the
content of oxygen in the MWCNTSs-Co/a-C:H film is more than that in the pure DLC film. This is
because the MWCNTSs surface contains a large number of oxygen-containing functional groups.
It was also indicated that cobalt nano-particles and MWCNTSs are successfully embedded into the
amorphous carbon film. Furthermore, the C1s of pure DLC film was fitted in the Gaussian mode
including sp2C]C (284.3 eV), sp3CeC (285.4 eV), and CeO or C]O (288.4 eV), as shown in Fig.
3(a). Similarly, there were four peaks presented in curve-fitted Cls spectra of
MWCNTSs-Co/a-C:H film, including sp2C]C (284.3 eV), sp3C-C (285.1 eV), MWCNTs C]C
(285.6 eV), and CeO or C]O (288.5 eV) (Fig. 3(b)), which different with the C1s of pure DLC



film due to the incorporation of MWCNTs formed MWCNTs C]C. Simultaneously, the
incorporation of MWCNTS increases the oxygen content in the MWCNTSs-Co/a-C:H film because
the surface of the MWCNTS contains a large amount of oxygen-containing functional groups. It
can provide an evidence for the superhydrophobic properties of MWCNTs-Co/a-C:H film. As
shown in Fig. 3(c), the Co2p was fitted in the Gaussian mode including Co2p3/2 (778.24 eV) and
Co2p1/2 (793.34 eV). Comparison XPS standard spectrum, it can be seen that the film in the
electron binding energy displacement are basically consistent with the elemental metal Co. This is

consistent with TEM's conclusion.

The structure of the MWCNTs-Co/a-C:H film was further investigated by TEM and HRTEM. Fig.
4(a) shown the TEM images of MWCNTs-Co/a-C:H film at low magnification. It is obvious that
the cobalt nano-particles and MWCNTSs are together in the carbon film, which indicating the
cobalt nano-particles and MWCNTSs were successfully embedded into the amorphous carbon film.
At higher magnification (Fig. 4(b)), there were observed two different sizes of lattice fringes in
MWCNTSs-Co/a-C:H film. For further calculations, the d-spacing of the two lattice fringes with
different sizes are 0.34 nm (Fig. 4(c)) and 0.18 nm (Fig. 4(d)), corresponding to (002) crystal
plane of MWCNTS and (200) crystal plane of face-centered-cubic cobalt, respectively. It reveals

that cobalt exists in the amorphous carbon film as an elementary substance.

The diffraction pattern and rings were shown in the electronic diffraction analysis through the
corresponding selected area electron diffraction (SAED) pattern of MWCNTs-Co/a-C:H film, as
shown in Fig. 5. There are obvious diffraction ring and many bright diffraction spots in the image
of SAED. The diffraction ring is the diffraction pattern of elemental cobalt and there diffraction
spots may be diffraction patterns of MWCNTSs. Moreover, spherical Co particles have been
further determined from the d-spacing (according to the Spacing (nm)=L/RX) evaluated of
corresponding diffraction ring; the values of lattice fringes were 0.20 nm, 0.18 nm, 0.13 nm, and

0.11 nm, respectively corresponding to the crystalline face: (111), (2 0 0), (220), and (311). It is



demonstrated that the Co nano-particles and MWCNTSs were inlaid together and successfully
embedded into the MWCNTs-Co/a-C:H film with typical anocrystallite/amorphous

microstructure.
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Fig. 3 C1s spectra of pure DLC film (a) and MWCNTs-Co/a-C:H film (b), Co2p spectra of
MWCNTs-Co/a-C:H film (c)

The structure of the MWCNTs-Co/a-C:H film was further investigated by TEM and
HRTEM. Figure 4 (a) shows the TEM images of MWCNTs-Co/a-C:H film at low
magnification. It is obvious that the cobalt nano-particles and MWCNTSs are together in
the carbon film, which indicating the cobalt nano-particles and MWCNTs were
successfully embedded into the amorphous carbon film. At higher magnification (Fig. 4
(b)), there were observed two different sizes of lattice fringes in MWCNTs-Co/a-C:H
film. For further calculations, the d-spacing of the two lattice fringes with different sizes

are 0.34 nm (Fig. 4 (c)) and 0.18 nm (Fig. 4 (d)), respectively corresponding to (0 0 2)



interplanar distance of MWCNTSs and (2 0 0) interplanar distance of face-centered-cubic
cobalt. It reveal that cobalt exists in the amorphous carbon film as an elementary

substance.

Fig. 4 TEM images of MWCNTs-Co/a-C:H film at different magnification (a-d)

The diffraction pattern and rings were shown in the electronic diffraction analysis
through the corresponding selected area electron diffraction (SAED) pattern of
MWCNTs-Co/a-C:H film, as shown in Fig. 5. There are obvious diffraction ring and
many bright diffraction spots in the image of SAED. The diffraction ring is the
diffraction pattern of elemental cobalt and there diffraction spots may be diffraction
patterns of MWCNTSs. Moreover, spherical Co particles have been further determined
from the d-spacing (according to the Spacing (nm) = L/RX) evaluated of corresponding
diffraction ring; the values of lattice fringes were 0.20 nm, 0.18 nm, 0.13 nm, and 0.11

nm, respectively corresponding to the crystalline face: (11 1), (200),(220),and (311).



It is demonstrated that the Co nano-particles and MWCNTs were inlaid together and
successfully embedded into the MWCNTs-Co/a-C:H film  with  typical

nanocrystallite/amorphous microstructure.
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Fig. 5 SAED pattern of MWCNTs-Co/a-C:H film

3.3 Wettability

The wettability of films is mainly affected by two parameters of surface roughness and surface
energy [31]. The wettability of the pure DLC film and the MWCNTs-Co/a-C:H film were
evaluated by contact angle measurement with 5 puL deionized water. The pure DLC film has a
contact angle (CA) of 76.2°. due to its high surface energy (Fig. 6(b)). MWCNTSs in the film is
the main substances that reduce the surface energy of the MWCNTSs-Co/a-C:H film because of
the lower surface energy of the MWCNTSs. On the other hand, the incorporation of MWCNTSs and
cobalt will increase the roughness of the film. The test results show that the highest contact angle
of 158.1°. (Fig. 6(d)) and a sliding angle (SA) is approximately 2.98°. (Fig. 6(e)) of the
MWCNTs-Co/a-C:H film, which shows superhydrophobicity. According to Watanabe et al.'s
report [32], the sliding angle may be affected by roughness, surface energy, and the mass of
droplet. The high water contact angle and the low sliding angle indicate that the water droplet can
easily roll down the surface when it tilts, which is attributable to the “lotus effect”[33]. The

superhydrophobicity is greatly improved compared to pure DLC film.
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Fig. 6 Photographs of droplets on the pure DLC film (a), water contact angle of pure DLC film (b),

photographs of droplets on the MWCNTs-Co/a-C:H film (c), water contact angle (d) and sliding angle
(e) of MWCNTs-Co/a-C:H film

3.4 Tape adhesive tests

For the further study on robustness of painted surfaces, the tape peel test process and sandpaper
abrasion test process of MWCNTSs-Co/a-C:H film was shown in Figs. 7 and 8 [34-36]. Fig. 7(a)
showed the superhydrophobicity of MWCNTSs-Co/a-C:H film without adopting tape peel test,
which exhibited the water contact angle of 158.1°. After 1 runs of tape test (Fig. 7(b)), the
WCNTs-Co/a-C:H film surface almost no change, still remained superhydrophobic and had a
water contact angle of 156.9°. After 2 runs of tape test (Fig. 7(c)), the MWCNTs-Co/a-C:H film

surface traces of some damage, the contact angle of CNTs-Co/ a-C:H film is approximately



154.2°. Until 6 runs of tape test, the MWCNTs-Co/a-C:H film surface obvious signs of
destruction, but the surface still remained superhydrophobic. Thus, due to the mechanical
interlocking between MWCNTs and cobalt nano-particles, the superhydrophobic
MWCNTs-Co/a-C:H nanocomposite film have fairly strong cohesion. However, the
MWCNTSs-Co/a-C:H film surface suffered serious damage after 8 runs of tape test and the contact

angle of only 140.8°. Plot of tape test cycles and water contact angles after each tape

peel test was shown in Fig. 7(g).

Water droplets

0 run

154.2 deg

4 runs
[-):
150.1 deg

8 runs

160

{
g 1564 \{z\

_— £ ﬁ-—ﬁ
; 152 \ﬁ-..ﬁ,
s0 ~
= —
- e
= 1484
(=]
3
g 1us
)

1404 w

0 2 HE %
Cyecles

Fig. 7. Tape peel test process of MWCNTs-Co/a-C:H film (a—f) and plot of tape test cycles and
water contact angles after each tape peel test (g).



Fig. 8 shows one cycle of the sandpaper abrasion test and plot of mechanical abrasion cycles and
water contact angles after each abrasion test of MWCNTs-Co/a-C:H film. The
MWCNTSs-Co/a-C:H film was placed face-down to sandpaper under a weight at 100 g and moved
longitudinally for 10 cm along the ruler (Fig. 8(a)). Then, the MWCNTSs-Co/a-C:H film was
rotated by 90° in situ and then moved transversely for 10 cm along the ruler (Fig. 80(b)). This
procedure guaranteed the surface was abraded both longitudinally and transversely, which could
be defined as one abrasion cycle. After 20 cycles of sandpaper abrasion test, it can be observed
that the superhydrophobic film was not peeled off from the substrates. Meanwhile, water contact
angles after each abrasion cycle were shown in Fig. 8(c), and it can be seen that the static
water contact angles were between 150° and 158°, indicating the coated surface retained
superhydrophobicity after sandpaper abrasion test. Again, the superhydrophobic

WCNTs-Co/a-C:H film has strong mechanical property.
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Fig. 8. One cycle of the sandpaper abrasion test (a, b) and plot of mechanical abrasion cycles and
water contact angles after each abrasion test (c).

3.5 Corrosion resistance
Electrochemical experiments can be used to assess the corrosion resistance of pure

DLC film and MWCNTs-Co/a-C:H film. All samples were soaked in 3.5wt% NaCl



aqueous solution for 2 h before testing to ensure that the samples were stable in the
corrosive medium. Figure 9 showed the Tafel polarization curves for pure DLC film and
MWCNTs-Co/a-C:H film. And the electrochemical parameters including corrosion
potential (Ecorr), corrosion current density (lcorr), and protection efficiency (/) of pure
DLC film and MWCNTs-Co/a-C:H film based on the polarization curves was listed in
Table 1. In general, the lower the corrosion current density, the lower the corrosion rate.
Obviously, the corrosion current density of MWCNTs-Co/a-C:H film reached
4.234x10™° A.-cm™ and the corrosion potential up to -0.268 V. Compared to pure DLC
film, the MWCNTs-Co/a-C:H film exhibit lower corrosion rate, indicating the
incorporation of cobalt and MWCNTSs in the deposit significantly enhanced the corrosion
performance. Moreover, the protection efficiency (I) (Calculated according to Equation
D) of MWCNTs-Co/a-C:H film is approximately 98.02%. It revealed that the

MWCNTSs-Co/a-C:H film have outstanding corrosion resistance.

1)
IOCorr is the corrosion current density of pure DLC film;

leorr 1S the corrosion current density of MWCNTs-Co/a-C:H film.
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Fig. 9 Tafel polarization curves for pure DLC film and MWCNTs-Co/a-C:H film

Table 1 Electrochemical parameters for pure DLC film and MWCNTs-Co/a-C:H film obtained from
polarization curves

Samples Pure DLC film MWCNTSs-Co/a-C:H film
Icorr (A-cm™) 2.141x10° 4.234x10™°
Ecorr (V) -0.359 -0.268
n (%) 98.02

The electrochemical impedance spectroscopy (EIS) can be used to evaluate the
protection of the films against corrosion. EIS plots were recorded over the frequency
range from 0.01 Hz to 10° Hz at open circuit potential in 3.5wt% NaCl aqueous solution
as shown in Fig. 10 and Fig. 11. The Nyquist plots of pure DLC film and
MWCNTs-Co/a-C:H film were shown in Fig. 10. Apparently, the radius of capacitive

semi-circle of MWCNTs-Co/a-C:H film is much larger than the pure DLC film. In



addition, in order to further study the anti-corrosion properties of the films, ZSimp-Win
software can be used to analyze the impedance spectrum through the equivalent circuit
simulation method. The equivalent circuit include capacitors, resistors and insulators,
where Q is the constant phase angle element, Qsim represents the film capacitance, Qi
represents the electric double layer capacitance between the surface of the silicon pellet
and seawater, and n is the constant phase angle index, indicating the degree of dispersion
effect. R is the solution resistance, Rsm is the film resistance, R is the charge transfer
resistance. The equivalent circuit diagram of pure DLC film and MWCNTs-Co/a-C:H
film was shown in Fig. 11 (b). It is worth mentioning that the Rgm, of
MWCNTs-Co/a-C:H film is about 2.01x10° ©-cm? bigger than the pure DLC film (Ryiim =
9.71x10* ©-cm?) and the Qgiim of MWCNTs-Co/a-C:H film is about 7.12x107 F-cm?. In
general, the impedance value is used to characterize the corrosion resistance of the film,
which is generally considered a sign of the corrosion resistance of the film. The greater
the value, the better the corrosion resistance of the film. Furthermore, the Bode plots of
pure DLC film and MWCNTs-Co/a-C:H film was shown in Fig. 11 (a). Similarly, the
impedance value of the low frequency region is used to characterize the corrosion
resistance of the film. The greater the value, the better the corrosion resistance of the film.
The Tafel polarization curves and electrochemical impedance spectroscopy indicated that
the corrosion resistance behavior of MWCNTs-Co/a-C:H film is better than that of pure
DLC film. In other words, the MWCNTs-Co/a-C:H film could present outstanding

corrosion resistance, indicating some potential uses as anti-corrosion materials.
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Fig. 10 Nyquist plots of MWCNTs-Co/a-C:H film (a) and pure DLC film (b)
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Fig. 11 Bode plots of pure DLC film and MWCNTSs-Co/a-C:H film (a) and equivalent circuit for EIS
data fitting (b)

3.6 Self-cleaning

It is important for superhydrophobic surfaces with self-cleaning ability for their
practical applications. Fig. 12 (a-d) effectively illustrated the self-cleaning behavior
process of pure DLC film and MWCNTs-Co/a-C:H film. The pure DLC film was placed
on the left and the superhydrophobic MWCNTs-Co/a-C:H film was placed on the right
side. First, all the films surface covered with red chalk dust (Fig. 12 (a)). Then, a few

drops of 0.05ml deionized water in the pure DLC film and MWCNTs-Co/a-C:H film



surface, respectively. It can be clearly seen that the water drops with red chalk dust
quickly rolled down in the MWCNTs-Co/a-C:H film surface. More importantly, the
MWCNTs-Co/a-C:H film became clean and restored the initial superhydrophobic
properties. However, the water droplets remain stationary on the surface of pure DLC
film, which not show the self-cleaning ability. Compared to pure DLC film, the

MWCNTSs-Co/a-C:H film exhibited excellent self-cleaning properties.

Fig. 12 Self-cleaning process (a-d) of MWCNTs-Co/a-C:H film

4. Discussions
In this study, a novel but simple path electrochemical deposition for the preparation
of outstanding superhydrophobic MWCNTs-Co/a-C:H nanocomposite carbon-based film

with fairly strong mechanical strength and anti-corrosion as well as self-cleaning



performances. The water contact angle of MWCNTs-Co/a-C:H nanocomposite
superhydrophobic film surface is approximately 158.1 deg and a sliding angle is about
2.98 deg, which due to the incorporation of MWCNTSs and cobalt nano-particles resulting
in the film to form a micro-nanoscale hierarchical structure. This micro-nanoscale
hierarchical structure can effectively keep the air between the water droplets and the film
surface, so that the water droplets on the film surface can quickly roll down, maintaining
superhydrophobic properties. Moreover, the MWCNTSs surface contains a large number
of oxygen-containing functional groups could be another factor to obtain
super-hydrophobic properties of the MWCNTs-Co/a-C:H film. Remarkably, the
incorporation of MWCNTs can effectively reduce the surface energy of the
MWCNTs-Co/a-C:H carbon-based film.

The formation mechanism of superhydrophobic MWCNTs-Co/a-C:H carbon-based
film on the Si substrate through a green and safe one-step electrochemical deposition was
exhibited in Fig. 13. When the power is turned on, first, methanol starts electrolysis into
CHs*. In the meantime, cobalt (I1) acetylacetonate was also electrolyzed into Co®* and
(CsH-0,)". Then, under the action of high voltage electric field, the CHs" and Co*" drive
the MWCNTSs to the cathode. Finally, the MWCNTSs-Co/a-C:H film was formed on the Si
substrate. In this process, due to the strong conductivity of MWCNTSs will promote the
movement of CHs* and Co®*, accelerate the deposition process. The mechanism of this

process is listed as follows:

CH30H’ CH3++ OH- @)



Co(C5H702)2" Co2+ +2(C5H702 ) (3)
Co2+ + CH + MWCNTs’ MWCNTs — Co/a — C: H film (@)

As shown in Fig. 13, the superhydrophobic schematic illustration of
MWCNTs-Co/a-C:H film was vividly demonstrated. First, cobalt (1) acetylacetonate and
MWCNTSs were electrolytically deposited on Si substrate in a 1200V voltage and 55 °C
water bath. Then, the cobalt nano-particles and MWCNTs were inlaid grow on the
surface to form a micro-nanoscale hierarchical structure. So, the superhydrophobicity of
MWCNTSs-Co/a-C:H film can be ascribed to the generation of a multi-scale hierarchical
rough structure, which enables air pockets to be trapped in the cavities formed by the
nano-features on the film surface, suspending the water droplets. The incorporation of
MWCNTSs not only increases the roughness of the film, but also reduces the surface

energy of the film.
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Fig. 13 Schematic of the preparation of superhydrophobic MWCNTs-Co/a-C:H film

The mechanism of corrosion resistance could probably be related to hydrophobicity
of film. The change in corrosion performance might be similar to that of hydrophobicity.
Due to the low wetted area on solid surface immersed in the aggressive solution, the
trapped air between the clusters in the superhydrophobic surface can serve as an effective
barrier to keep corrosive media away from the surface and provide better corrosion
protection for the film. These results suggested that the superhydrophobic
MWCNTs-Co/a-C:H film could achieve much better corrosion resistance than that of
pure DLC film, which was attributed to the combined action of MWCNTSs and nano-sized
cobalt particles acting as barriers hinders the movement of CI" in the 3.5% wt. NaCl
solution. In other words, the MWCNTs-Co/a-C:H film have outstanding corrosion
resistance.

The most important factor for self-cleaning phenomenon should be the incorporation
of MWCNTSs and nano-sized cobalt particles so as to form a micro-nanoscale hierarchical
structure on the surface of the film. This micro-nanoscale hierarchical structure not only
had a large micro-roughness, but also achieved a low surface energy for the
MWCNTs-Co/a-C:H film duo to the presence of MWCNTSs. Particularly, the air trapped
in the space around the microstructures could reduce the contact area between the water
droplet and the superhydrophobic surface, so that the water droplets could easily take
away the dust on the super-hydrophobic film. As a result, the film could exhibit superior

self-cleaning performance compared to the MWCNTs-Co/a-C:H film and pure DLC film,



indicating that this kind of superhydrophobic MWCNTs-Co/a-C:H film might have
potential applications in modern industry.
5. Conclusions

Multi-walled carbon nanotubes enhanced MWCNTs-Co/a-C:H carbon-based film
was successfully fabricated via a green, safe, and one-step electrochemical deposition
technology. Remarkably, the co-incorporation of MWCNTs and cobalt nano-particles
could facilitate the formation of a micro-nanoscale hierarchical structure. The resulting
MWCNTs-Co/a-C:H carbon-based film could exhibit outstanding superhydrophobicity
with the contact angle of 158.1 deg and a sliding angle of 2.98 deg without any further
surface modification meanwhile it could possess excellent anti-corrosion and
self-cleaning  performances. = The  as-fabricated  surface  could  maintain
superhydrophobicity after an adhesion tape test, which confirmed that the MWCNTSs and
cobalt nano-particles are fairly strong bond to the film. This research highlights a
potential route for the industrial preparation of superhydrophobic film that has promising
uses including self-learning, antifouling and anticorrosion applications such as ship hulls
and aeroplane wings.
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