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Abstract Surface morphology is known as the key factor
to obtain lyophobic surface. This paper illustrates two
superhydrophobic surfaces with different surface mor-
phologies including single-scale nanorod structure and
dual-scale flower-like structure. We compared contact
angles of many liquids and dynamic behavior of water
droplet impinging on the nanorod structured surface to
those of on the flower-like structured surface. It was found
that both the single-scale nanorod structure and the dual-
scale flower-like structure can achieve superhydrophobic-
ity. However, the dual-scale flower-like structure is supe-
rior to the single-scale nanorod structure in terms of
repelling the droplet with low surface tension. In addition,
we investigated stability and corrosion resistance of these
two superhydrophobic surfaces, showing that both the
single-scale nanorod and the dual-scale flower-like struc-
tured superhydrophobic surfaces had excellent long-term
stability and thermal stability. Nevertheless, the dual-scale
flower-like structured superhydrophobic surface was more
stable under outside vibration and had better corrosion
resistance than the single-scale nanorod structured super-
hydrophobic surface.
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1 Introduction

Superhydrophobic surface has attract great attention due to
many functions such as self-cleaning [1, 2], anticorrosion
[3, 4], anti-icing [S] and anti-bacteria [6]. It has been well
accepted that the combined effect of surface morphology
and low surface energy contributes to the superhydropho-
bicity [7]. Inspired by the surface morphology of louts leaf
[8, 9], researchers have successfully fabricate many
superhydrophobic surfaces with hierarchical structures
using various methods [10-13]. In addition, some super-
hydrophobic surfaces have single-scale structures. Shi et al.
[14] fabricated single-scale nanorod superhydrophobic
surface with water contact angle of 153.67° and the sliding
angle of 4°. Lee et al. [15] prepared single-scale sharper
pillar structured superhydrophobic surface by electrode-
position of nickel and Varanasi et al. [16] also reported
single-scale pillar structured superhydrophobic surface.

In actual production, it also needs the superhydrophobic
surface has oleophobicity or even superoleophobicity,
repelling a variety of droplets. According to theoretical
analysis, Patankar [17] has reported the result that both
dual-scale roughness structure and slender pillars can
contribute to amplifying apparent contact angle. Many
superamphiphobic (both superhydrophobic and superoleo-
phobic) surfaces have been successfully fabricated, and
most of these superamphiphobic surfaces had hierarchical
structures. The re-entrant structure plays a key role in
achieving superamphiphobic for a wide variety of liquids
[18-21]. For example, a hierarchical step-like microstruc-
ture with nanopores was fabricated on an Al surface
through facile chemical etching and anodization, and this
surface was conferred superamphiphobic after fluorination
[22]. Marmur et al. reported the superamphiphobic
nanocellulose aerogels, consisting of fibrillar networks and
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aggregates with structures at different length scales [23].
Chen et al. fabricated a flower-like superamphiphobic
surface by solvothermal process and self-assembly func-
tionalization [24]. Jiang et al. prepared raspberry-like
structured superamphiphobic coating [25] and Lee et al.
fabricated superamphiphobic surface with mushroom-like
micropillar arrays [26]. However, to the best of our
knowledge, there was few article reported the superam-
phiphobic surface with single-scale structure. Jiang et al.
fabricated a superamphiphobic surface with aligned carbon
nanotube [27], repelling rapeseed oil with surface tension
of ~35.7 mN/m [28].

In this paper, we investigated the effect of single-scale
and dual-scale structures on surface wettability by com-
paring the ability of nanorod and flower-like structured
superhydrophobic surfaces repelling to various droplets
(water, glycerol, different ethanol concentration in water,
and crude oil) and the dynamic behavior of water droplet
on these two superhydrophobic surfaces. In addition, we
investigated long-term stability, thermal stability, the sta-
bility of repelling outside vibration, and the corrosion
resistance of these two superhydrophobic surfaces.

2 Experimental section
2.1 Materials

X90 pipeline steel was obtained from TGRC of China and
cut into the size of 20 mm x 50 mm x 3 mm, and copper
(purity of 99.9 wt%) and zinc (purity of 99.9 wt%) plates
were both purchased from general market and cut into the
size of 20 mm x 50 mm x 5 mm. Copper(Il) sulfate
pentahydrate (CuSO,4-5H,0), zinc sulfate heptahydrate
(ZnS0O4-7H,0), potassium hydroxide (KOH) and ammo-
nium persulfate ((NH4),S,0g) were all analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd.
Other chemical reagents including sulfuric acid (H,SOy,
98%), ammonia (NH3-H,0, AR), anhydrous ethanol (AR)
and acetone (AR) were purchased from West Long
Chemical Co., Ltd. Pentadecafluorooctanoic acid (PFOA,
90%) with low surface energy was purchased from
Aladdin.

2.2 Fabrication of superhydrophobic surfaces

As shown in Fig. 1, the single-scale nanorod structures
were fabricated by electrodeposition of zinc coating and
hydrothermal treatment for in situ growth of ZnO, and the
dual-scale flower-like structures were fabricated by elec-
trodeposition of copper coating and chemical oxidation for
in situ growth of CuO. Then, both of them achieved
superhydrophobic property after chemical modification.

@ Springer

Before electrodeposition, the polished steel surface was
first pre-treated and the detail was reported in article [29].
The specific processes of fabricating nanorod and flower-
like superhydrophobic surfaces are as follows.

2.2.1 Fabrication of ZnO nanorod structured
superhydrophobic surface

The pre-treated steel sample as cathode and the polished
zinc sample as anode were immersed in the solution con-
taining 240 g/L of ZnSO,4-7H,O (pH ~4), and the distance
between cathode and anode was 2 cm. The temperature of
electrodeposition solution, the current density of direct
current, and the electrodeposition time were 55 °C, 9
A/dmz, and 26 min, respectively. Then, the steel sample
was immersed in 100 mL mixed solution containing
NH5-H,O (5 mL), anhydrous ethanol (45 mL) and distilled
water (50 mL) in a Teflon-lined stainless steel reaction
autoclave at 95 °C for 24 h. After the formation of ZnO
nanorod structures, the steel sample was chemically mod-
ified by immersing into 0.01 mol/L of pentadecafluorooc-
tanoic acid anhydrous ethanol solution for 11 days [30].

2.2.2 Fabrication of CuO flower-like structured
superhydrophobic surface

The pre-treated steel sample (cathode) and the polished
copper sample (anode) were put into the mixed solution
composed of 200 g/L of CuSO4-5H,0 and 12 g/ H,SO, at
23 °C for 30 min with the current density of 5 A/dm?, and
the distance between cathode and anode was also main-
tained at 2 cm. After electrodeposition, the steel sample
was immersed into the mixed solution containing 2.5 mol/
L of KOH and 0.12 mol/L of (NH,4),S,0g5 at 60 °C for
50 min. Finally, the steel sample was modified by
immersing into 0.01 mol/L of pentadecafluorooctanoic
acid anhydrous ethanol solution for 7 days [31].

2.3 Characterizations and tests

The surface morphologies and the crystal structures of
these two superhydrophobic surfaces were observed using
Field Emission Scanning Electron Microscopy (FE-SEM,
Nova NanoSEM450, FEI) and X-ray diffraction (XRD,
X’Pert PRO MPD, PANalytical B.V.), respectively. The
contact angle was measured via the sessile liquid droplet
(~5 pL) on a contact angle goniometer (SL200B, USA,
KINO) in air at room temperature. The liquid droplets were
gently deposited on the sample surface, and the value
reported herein was the average of at least three different
places on each sample.

The dynamic behaviors of a water droplet (4 pL,
~1mm in radius) impinging on these two
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superhydrophobic surfaces were recorded using a high-
speed camera (Photron, SA4) with 2500 fps.

The corrosion resistance of these two superhydrophobic
surfaces both with an exposed area of 1 cm? was tested by
potentiodynamic polarization in 3.5 wt% NaCl solution
using electrochemical workstation (CHI 60D, China) with
a standard three-electrode system at room temperature. The
potentiodynamic polarization curves were obtained at a
scan rate of 0.166 mV/s.

3 Results and discussion

3.1 Surface morphology and crystal structure

The surface morphologies and crystal structures of these
two superhydrophobic surfaces were characterized by SEM
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and XRD, respectively. As shown in Fig. 2a, it can be
clearly seen that nanorod structures are successfully
formed on the sample surface, and the uniform nanorod
structures are mostly perpendicular to the surface. Based on
statistical calculations, Figure Sla shows diameter distri-
bution histogram of the nanorod structures using the soft-
ware of Nano Measurer, and the average diameter is about
0.15 pm. The space among the nanorod structures based on
statistical calculations is showed in Figure S1b, and the
average size of the space is around 0.29 pm. To confirm
the crystal structure of nanorod structures, Fig. 2c shows
the XRD pattern of the nanorod structured superhy-
drophobic surface. It can be found the diffraction peaks of
wurtzite ZnO, which is consistent with article [32]. In
addition, there is an obvious peak of (002), which indicates
that the ZnO structures grow in orientation [33], con-
tributing to the formation of nanorod structures.
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Fig. 2 SEM images (a, b) and XRD patterns (c, d) of the nanorod (a, ¢) and flower-like (b, d) structured superhydrophobic surfaces, respectively
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As shown in Fig. 2b, it could be found that there are
numerous nanosheets and some of them are clustered into
flower-like structures, leading to the formation of dual-
scale structure that can be seen as the composed of
microsphere and nanosheet. In addition, there is certain
space among the flower-like structures. Larger view of
Fig. 2b is shown in Figure S2a, which is very similar to the
surface microstructure of lotus leaf. As the same, the size
of the nanosheet is also obtained via statistical calculations.
As shown in Figure S2b, the average length of nanosheet is
about 0.24 pm and the space among the nanosheet is
around 0.11 pm (Figure S2c). The thickness of the
nanosheet is only about 0.03 pm according to Figure S2a.
The diameter of the flower-like structure is shown in Fig-
ure S2d, and the average diameter is about 2.98 pum. The
space among the flower-like structures is around 2.31 pum.
To confirm the crystal structure of the flower-like structure,
Fig. 2d shows the XRD pattern of the flower-like struc-
tured superhydrophobic surface. It can be found that the
diffraction peaks of CuO, which is consistent with article
[34]. Besides, the orientation of (—111) and (200) are
relatively strong, therefore, the CuO crystallites have a
preferential orientation, resulting in the formation of
nanosheet.

3.2 Contact angle of various liquid droplets

The wettability of the nanorod and flower-like structured
superhydrophobic surfaces were analyzed by contact
angles of various liquid droplets. As shown in Fig. 3, water
contact angles of the nanorod and flower-like structured
superhydrophobic surfaces were 157.59° and 160.69°,
respectively. The sliding processes of water droplet on
these two superhydrophobic surfaces are shown in Video
S1 (nanorod structured surface) and Video S2 (flower-like
structured surface), respectively. It can be found that the
sliding angle of water droplet on the nanorod structured
surface is about 6°, while that on the flower-like structured
surface is only around 3°. It indicated that both the single-

Fig. 3 Contact angles of water, Water
glycerol, 20 wt% ethanol-water
and crude oil on the nanorod 157.59°

and flower-like structured
superhydrophobic surfaces,

respectively Nanorod

surface

160.69°

Flower-like
surface | "
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scale nanorod and the dual-scale flower-like structures
contributed to achieving superhydrophobicity, which was
consistent with Patankar’s theoretical analysis [17]. In
addition, glycerol contact angles on the nanorod and
flower-like structured surfaces were 155.14° and 157.38°,
respectively. The contact angle of 20 wt% ethanol-water
(38.56 mN/m, [35]) on the nanorod and flower-like struc-
tured surfaces were 148.88° and 152.62°, respectively. The
contact angle of crude oil on the nanorod structured surface
was 113.85°, which was much less than that of on the
flower-like structured surface (146.92°). It could be found
that all of the contact angles on the nanorod structured
surface were less than those of on the flower-like structured
surface, indicating that the dual-scale flower-like structure
was superior to the single-scale nanorod structure in real-
ization of lyophobicity for the liquid droplet with low
surface tension. This also explains the reason why most of
the surface morphologies of the reported superoleophobic
surface are not single-scale rough structures such as re-
entrant structure [36], flower-like structure [24], or even
there-level hierarchical structure [37].

As the droplets used to test the contact angles were
limitation, the contact angles of the droplets with different
ethanol concentrations on the nanorod and flower-like
structured superhydrophobic surfaces were measured for
detailed analysis of the contact angle between the droplets
with different surface tension and these two superhy-
drophobic surfaces (the blue line in Fig. 4). Here, the
ethanol-water droplets are used because water with dif-
ferent ethanol concentration has different surface tension
[35], and the surface tension decreases with the increase of
ethanol concentration (the green line in Fig. 4). It can be
seen that the contact angle decreases with the increase of
ethanol concentration, indicating that the contact angle
decreases with decreasing the surface tension of the dro-
plet. The contact angle on the single-scale nanorod struc-
tured surface was smaller than 150° once the ethanol
concentration increased to 15 wt% (42.72 mN/m [35]),
while that on the dual-scale flower-like structured surface

Glycerol 20 wt.% Ethanol-water  Crude oil
155.14° 148.88° 113.85°
157.38 152.62° 146.92°
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Fig. 4 Contact angles of the ethanol-water droplets on the nanorod (a) and flower-like (b) structured superhydrophobic surfaces changing with

different concentration of ethanol [34]

was still larger than 150° when the ethanol concentration
was 50 wt% (28.51 mN/m [35]). It further indicated that
the dual-scale flower-like structure is superior to the single-
scale nanorod structure in achieving the super-
lyophobicity.

3.3 Dynamic behavior of the impinging water
droplet

In general, a water droplet is deposited gently on the
sample surface in experimental works. However, water
droplets contact the superhydrophobic surface often with
certain velocity in practical application such as raindrop
[38]. Therefore, the dynamic behavior of the impinging
water droplet with different impact velocity on the nanorod
and flower-like structured superhydrophobic surfaces were
studied.

When the impact velocity of water droplet was small
(0.31 m/s), as shown in Figure S3a, the dynamic behaviors of
water droplets from contacting to complete rebounding off the
nanorod and flower-like structured superhydrophobic sur-
faces were similar. The leaving water droplets maintained
intact and did not leave any traces of adhesion on the super-
hydrophobic surface. With increasing the impact velocity to
0.77 m/s (Figure S3b), there were small droplets separating
from the main water droplet, showing jetting phenomenon.
Meanwhile, the dynamic behaviors of water droplets on these
two superhydrophobic surfaces were still similar. Figure 5
shows the dynamic behaviors of the impinging water droplet
with the impact velocity of 1.71 m/s. It could be found that the
leaving water droplet on the flower-like structured superhy-
drophobic surface remained the jetting phenomenon despite
the length of the main water droplet increasing (Video S3).
However, the water droplet on the nanorod structured super-
hydrophobic surface separated many satellite droplets during
the retraction process (Video S4), forming splashing phe-
nomenon [39]. Hyungmo et al. [40] pointed out that the

2.8 ms 12 ms

(o)

Nanorod o
surface
Py
0

[¢]

0 ms 6.4 ms

Flower-like o

Fig. 5 Dynamic behavior of water droplet after impinging on the
nanorod and flower-like structured superhydrophobic surfaces,
V=171 m/s

instability of the liquid—vapor interface could break the bal-
ance between surface tension and internal pressure of water
droplet when the impact velocity was high, which could result
in the formation of satellite droplets and forming splashing
phenomenon. Therefore, according to these results, it could be
seen that the dual-scale flower-like structured superhy-
drophobic surface can withstand water droplet with higher
impact velocity than the single-scale nanorod structured
superhydrophobic surface.

3.4 Stability and corrosion resistance

Long-term stability of the superhydrophobic surface is
important in  actual  production. = These  two

@ Springer
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superhydrophobic samples were placed in air at room
temperature for 6 months, and water contact angle of these
two sample surfaces was measured every month. As shown
in Fig. 6a, it was found that contact angle remained
stable with prolongation of the exposure time in air,
showing that both the single-scale nanorod and the dual-
scale flower-like structured superhydrophobic surfaces had
excellent long-term stability. Thermal stability of these two
superhydrophobic surfaces was measured by the method
described in article [41]. The superhydrophobic samples
were kept at different heating temperatures for 1 h, and the
water contact angle was measured after the superhy-
drophobic samples cooling. The effect of heating temper-
ature on contact angle was shown in Fig. 6b. It was found
that water contact angles of these two superhydrophobic
surfaces were still greater than 150° with the increase of
heating temperature, showing that both the single-scale
nanorod and the dual-scale flower-like structured super-
hydrophobic surfaces had good thermal stability.
Ultrasonic vibration is also an effective method for
detecting the stability of the superhydrophobic surface
[42]. Two superhydrophobic samples were placed in a
beaker containing distilled water, and the beaker was
placed in an ultrasonic cleaning shaker with a frequency of
45 kHz. As shown in Fig. 7a, water contact angle on the
flower-like structured superhydrophobic surface main-
tained stable, while that on the nanorod superhydrophobic
surface was decreased with the increase of ultrasonic time.
This was because the flower-like structured superhy-
drophobic surface had dual-scale structure that can effec-
tively prevent water into the space among microstructures,
while the ability of the nanorod structures preventing water
into the space was weaker, resulting in the decrease of
water contact angle. Movafaghi mentioned the break-
through pressure, which was the minimum pressure that
can force a transition from the Cassie-Baxter state to the
fully wetted Wenzel state [43]. The inter-nanosheet spacing
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& st
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&
-
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of the flower-like structure is extremely small, which could
lead to an extremely high breakthrough pressure. More-
over, Whyman et al. [44] mentioned that the small-scale
roughness of the dual-scale structure could increase the
potential barrier to be surpassed for the Cassie-Wenzel
transition, thus the dual-scale flower-like structured
superhydrophobic surface remained the excellent super-
hydrophobic property after ultrasonic vibration.

To examine corrosion resistance of these two superhy-
drophobic surfaces, the superhydrophobic samples were
first immersed in 3.5 wt% NaCl aqueous solution at room
temperature. Water contact angles of these two superhy-
drophobic surfaces changed with the immersion time were
shown in Fig. 7b. It was found that water contact angle of
the flower-like structured superhydrophobic surface was
always above 150°, whereas that of the nanorod structured
superhydrophobic surface was less than 150° after the
immersion time increasing to 2 h. It was indicated that the
dual-scale flower-like structured superhydrophobic surface
had better corrosion resistance compared to the single-scale
nanorod structured superhydrophobic surface.

To further evaluate the corrosion resistance of these two
superhydrophobic surfaces, as shown in Fig. 8, the polar-
ization curves of the steel substrate and these two super-
hydrophobic samples in 3.5 wt% NaCl aqueous solution
were measured. Based on Tafel extrapolation, the corrosion
potential (E..,) and corrosion current density (icor) Of
these three samples were obtained. The E,, of the single-
scale nanorod structured superhydrophobic surface was
—1.00493 V, which was decreased compared with the steel
substrate (—0.68467 V). The i, of the nanorod structured
superhydrophobic surface was 1.7117 x 107> A/em?,
obvious larger than that of the steel substrate
(3.9748 x 107 A/cm?). It was showed that the corrosion
resistance of the nanorod structured superhydrophobic
surface was poor. However, the E_,, of the flower-like

structured  superhydrophobic  surface (—0.21362 V)
170
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Fig. 6 Effects of the storage time in air (a) and the heating temperature (b) on water contact angle
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Fig. 8 Polarization curves of the pipeline steel surface (a), nanorod
(b) and flower-like (c) structured superhydrophobic surfaces

increased and the i, (5.3899 x 1077 A/cm?) decreased
obviously compared with those of the steel surface,
showing excellent corrosion resistance.

Surface morphologies of the nanorod and flower-like
structured superhydrophobic surfaces before and after
corrosion were shown in Figure S4 to identify the mech-
anisms of corrosion resistance. It can be found that the
surface morphology of the nanorod structured superhy-
drophobic surface before (Figure S4a) and after (Fig-
ure S4b) corrosion was basically the same and that of the
flower-like structured superhydrophobic surface before
(Figure S4c) and after (Figure S4d) corrosion was also
unchanged. This indicated that poor corrosion resistance of
the single-scale nanorod structured superhydrophobic sur-
face was not because of the damage of surface morphology
after immersing into the NaCl aqueous solution. This was
mainly due to the fact that the single-scale nanorod struc-
ture on the superhydrophobic surface cannot prevent the
NaCl solution trapping into the space among the
microstructures, resulting in the NaCl solution contacting
the zinc coating surface. Nevertheless, when the dual-scale

flower-like structured superhydrophobic surface contact
NaCl aqueous solution, the air trapped in the space among
dual-scale structures can effectively prevent the etching
solution from being immersed in the microstructure [3],
and the fluoride also can be effective in preventing the
diffusion of CI™ on the superhydrophobic surface [45].
Therefore, the dual-scale flower-like structured superhy-
drophobic surface had excellent corrosion resistance com-
pared with the single-scale nanorod structured
superhydrophobic surface.

4 Conclusions

In conclusion, both the single-scale nanorod structure and
the dual-scale flower-like structure can achieve superhy-
drophobicity. However, the dual-scale flower-like structure
is superior to the single-scale nanorod structure in repelling
the droplet with low surface tension. Meanwhile, the dual-
scale flower-like structured surperhydrophobic surface had
better ability for repelling the impinging water droplet with
high impact velocity. Both the single-scale nanorod and the
dual-scale flower-like structured surperhydrophobic sur-
faces had excellent long-term stability and thermal stabil-
ity. Nevertheless, the dual-scale flower-like structured
surface is more stable under outside vibration and had
better corrosion resistance than the single-scale nanorod
structured surface.
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