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Abstract Self-cleaning superhydrophobic coatings with
water contact angle as high as 156° and sliding angle as
low as 3° were prepared through a facile one-step spray
coating process by spraying the hydrophobic silica
nanoparticles onto Al substrate. In addition, the superhy-
drophobic coatings maintained excellent electrochemical
corrosion resistance in a 3.5 wt% NaCl aqueous solution.
The corrosion behavior of the superhydrophobic coatings
on the Al substrate was characterized by the polarization
curve and electrochemical impedance spectroscopy. The
results indicated that the superhydrophobic coatings pos-
sessed excellent corrosion resistance. In addition, liquid
marbles coated with hydrophobic silica nanoparticles were
prepared by gentle rolling of liquid on powder beds of
hydrophobic silica nanoparticles. Furthermore, water
evaporation from the silica shell with time evolution was
investigated using a contact angle measurement system
video camera.

Graphical Abstract Superhydrophobic silica surface with
excellent corrosion resistance and liquid marbles coated
with hydrophobic silica were fabricated by a facile process.
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1 Introduction

In nature, many surfaces are superhydrophobic possessing
apparent water contact angle (CA) >150° and low contact
angle hysteresis (CAH). The best example is lotus leaf with
high contact angle and low hysteresis, which is attributed
to the cooperative effect of the hydrophobic waxy and the
hierarchical rough surface [1]. To obtain a superhy-
drophobic surface, two traditional conditions must be
attained: a hierarchical roughness and low surface energy
[2]. Superhydrophobic materials were widely applied in
various aspects during the last few decades, such as in self-
cleaning [3], transparent coatings [4, 5], anticorrosion [6],
oil/water separation [7-9] and selective transportation of
microdroplets [10]. Metal is widely applied in the modern
society, so the corrosion of the metal received considerable
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attention. Superhydrophobic performance is very advanta-
geous for the anticorrosion of the metal, and many methods
have been proposed to fabricate the superhydrophobic film
on all kinds of metal surfaces such as Cu, Al and Zn [11].
These methods mainly include chemical etching [12],
anodization [13], electrodeposition [14], spraying method
[15, 16], etc. The one-step spraying method is a fairly
facile and commercially available method for the widest
applications, which is not specific to a particular substrate
and can be easily applied to large surface area [17]. Herein,
the superhydrophobic surfaces are fabricated using a facile
one-step process by spraying the hydrophobic silica
nanoparticles that were synthesized by sol-gel method and
modified with octadecyltrichlorosilane (OTS). The
hydrophobic silica can be used on various substrates such
as paper [18], wood [19], glass [20] and fiberglass cloth
[21].

Liquid marbles are nonstick droplets encapsulated with
micro- or nanoscaled solid particles. Since liquid marbles
were introduced in the pioneering works of Quéré et al.
[22], they have been exposed to intensive theoretical and
experimental research. Liquid marbles are non-wetting
liquid droplets encapsulated by highly hydrophobic parti-
cles and can sit on the surface of a solid or a liquid. These
hydrophobic powders spontaneously migrate to the water—
air interface forming liquid marbles, which act as
microreservoirs of liquid capable of moving quickly
without any leakage. Due to hydrophobic powders at the
liquid—air interface, the wetting between the substrate and
the water is avoided. Because of the peculiar characteris-
tics, liquid marbles have potential application in many
fields, such as liquid storage [23], microreactors [24],
pollution detection [25] and gas sensors [26]. The stability
of liquid marbles is an important limiting factor for its
application, so stability studies of liquid marbles is crucial.
Water evaporation from the shell with time was used to
describe the stability of liquid marbles.

The formation of superhydrophobic materials via the
polymerization of OTS has been widely used [27, 28]. In
our work, SiO, nanoparticles were successfully synthesized
by sol-gel method and modified with OTS. The superhy-
drophobic surfaces were fabricated using a facile one-step
process by spraying the hydrophobic silica nanoparticles
onto Al substrate. The corrosion behavior of the superhy-
drophobic silica coatings on the Al substrate was also
studied by the polarization curve and electrochemical
impedance spectroscopy (EIS), which exhibit that the
superhydrophobic coatings possess outstanding corrosion
resistance. In addition, liquid marble was obtained by
rolling a water drop (10 pL) over hydrophobic silica
nanopowder beds. Furthermore, water evaporation from the
silica shell with time evolution was investigated using a
contact angle measurement system video camera.

2 Experimental
2.1 Materials

Octadecyltrichlorosilane  (OTS) was obtained from
Shanghai Boer Chemical Reagent Co., Ltd. Ammonia and
tetraethoxysilane (TEOS) were purchased from Tianjin
Kaixin Chemical Reagent Co., Ltd. Acetone, toluene and
ethanol were purchased from Sinopharm Chemical
Reagents and used as received. Al substrate was obtained
from a local store and cleaned with acetone and ethanol
before use.

2.2 Preparation of SiO, nanoparticles by sol-gel
method

Silica nanoparticles were synthesized according to the well-
known Stober method [29]. TEOS was dispersed in the
miscible liquids of anhydrous ethanol, deionized water and
ammonia solution, which molar ratio was 1:37.87:3.22:0.09.
The clear solution was stirred at room temperature for 2 h in
a closed glass container and then aged at room temperature
for 3 days. Spherical silica particles were obtained, with the
diameter being about 50 £+ 10 nm (see supporting infor-
mation Figure S1). Finally, silica nanoparticles were then
dried at room temperature.

2.3 Preparation of superhydrophobic SiO,
nanoparticles

1 g SiO; nanoparticles and 40 mL toluene were placed into
a round-bottom flask, and then, 1 mL of OTS was added
into the solution and refluxed for 3 h. After filtration, the
obtained SiO, nanoparticles were dried at 353 K and
ground to a fine powder using a mortar; then, superhy-
drophobic SiO, nanoparticles were successfully prepared
(see supporting information Figure S2).

2.4 Preparation of the superhydrophobic silica
coatings on Al substrate

Silica particles (0.9 g) were dispersed in 60 mL of ethanol
to obtain uniform suspensions under magnetic stirring for
1 h, and then, 0.05 g waterborne polyurethane (PU) was
dispersed in the solution. Subsequently, the resulting sus-
pensions were sprayed onto stainless Al substrate with a
0.2 MPa compressed air gas using a spray gun connected to
an air compressor. The distance between the spray gun and
the substrate was about 15 cm. Finally, the coatings were
dried at ambient temperature for 1 h to evaporate the
ethanol completely.
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2.5 Preparation of silica liquid marbles

Water droplets were placed in the hydrophobic silica
powder beds with a microliter syringe (10 pL). By gently
rolling the aqueous droplet on the powder beds, the liquid
was encapsulated by the silica powders. Finally, liquid
marbles were transferred to glass sheet on the workbench
of the contact angle measurement system.

2.6 Characterization

Fourier transform infrared (FT-IR) spectra were recorded
on a Bio-Rad FTS-165 instrument using KBr as the
background. The IR transmission spectrum were collected
by pressing the particles in a KBr pellet and scanning 32
cycles from 400 to 4000 cm ™" at 2 cm ™' resolution. The
morphological structure of the as-prepared surface was
examined by field emission scanning electron microscopy
(FE-SEM, JSM-6701F). Samples were pre-coated with a
thin layer of platinum or gold, respectively, to prevent
charging. Contact angle and sliding angle measurements
were performed using a SL200KB apparatus at ambient
temperature. The static contact angles (CAs) were mea-
sured in sessile drop mode. The sliding angles (SAs) were
measured by a tilting stage method. The sliding angle is
defined as the tilt angle of the stage upon which a water
droplet rolls off of the surface. The as-prepared SiO, were
also characterized by an X-ray diffractometer (XRD) (Ri-
gaku Corp., D/max-2400) equipped with the graphite
monochromatized Cu Ko radiation. About 5 mg of samples
was packed into a standard cavity mount. Digital data were
obtained for a 26 range of 5°~70° at an angular resolution
of 0.02° with a total counting time of 4 h.
Electrochemical measurements were measured in a
3.5 wt% NaCl corrosive solution at room temperature
using a computer-controlled CHI660E electrochemical
workstation, which was equipped with a three-electrode
system with a saturated Ag/AgCl reference electrode, a

platinum electrode as the counter electrode and the samples
(bare Al film and superhydrophobic coating formed on the
Al film) as the working electrode. The surface area of the
test samples open to the corrosive solution was about
1 cm? The superhydrophobic coatings formed on the Al
film were immersed in a 3.5 wt% NaCl corrosive solution
to establish the open-circuit potential (E,,). The polar-
ization curves were obtained at a sweep rate of 5 mV s .
The electrochemical impedance spectroscopy (EIS) was
conducted at E,, in the frequency ranged from 10 to
100 kHz using an ac perturbation of 5 mV. Two-dimen-
sional (2D) image of the liquid marble was obtained by an
OLYMPUS-IX51 digital microscope. The water evapora-
tion from the silica shell was characterized using the
SL200KB apparatus.

3 Results and discussion

The hydrophobic SiO, nanoparticles were a key part of our
strategy for the fabrication of superhydrophobic surfaces.
From the supporting information Figure S3, it can be
obtained that the as-prepared SiO, shows amorphous
structure. Superhydrophobic silica coatings were fabricated
by the subsequent introduction of the roughness surface
and low surface energy through spraying the hydrophobic
silica nanoparticles on the Al substrate. Figure la exhibits
the low-magnification FE-SEM image revealing that the
surface is not smooth. The surface roughness structure is
established by a large number of agglomerated particles.
As shown in Fig. 1b, there are also numerous irregular void
spaces among individual particles. The agglomerated par-
ticles and the irregular void space led to the roughness
surface. Trapped air in irregular void space is important for
superhydrophobic. Therefore, this surface morphology is
advantageous in bringing about excellent superhydropho-
bic and low adhesive properties with a CA as high as
156° £ 1° and an SA as low as 3° (Fig. la, b insert).

500nm

Fig. 1 a, b FE-SEM images of the as-prepared superhydrophobic coatings at low and high magnification, respectively. The insets show the
water droplet on the coating surface with a a CA of 156° &+ 1° and b a SA of 3°
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Fig. 2 Variation in the water CAs and SAs of the as-prepared
superhydrophobic silica surface as a function of pH values of water
droplets

The chemical stability of coatings is important in prac-
tical application. The superhydrophobic silica coatings
always exhibit chemical stability in different corrosive
conditions. Figure 2 shows the relationship between the
water CAs and SAs on the superhydrophobic silica coat-
ings and pH values of a water droplet. As shown in Fig. 2,
CA values are >150° and remain almost invariable within
experimental error at all pH values of the water droplet,
ranging from 1 to 14. SA values always remain below 5°,
which shows the low adhesion of the as-prepared super-
hydrophobic silica coatings. We conclude that the super-
hydrophobic coatings show good chemical stability to acid
droplets, basic droplets and some salt aqueous solutions.

The corrosion resistance of the superhydrophobic sur-
faces is a key determinant in the superhydrophobic surfaces
practical applications. The corrosion resistance of the
superhydrophobic silica coatings was tested in a 3.5 wt%
NaCl aqueous solution by electrochemical workstation.
Figure 3 shows potentiodynamic polarization curves of a
bare Al substrate after immersion in the 3.5 wt% NaCl
aqueous solution and the superhydrophobic silica coatings
formed on an Al substrate after immersion in the 3.5 wt%
NaCl aqueous solution for 3 h at room temperature. As
given in Table 1, the electrochemical parameters of the
corrosion current density (/.o,) for bare Al and the silica
coatings were obtained using the Tafel extrapolation from
the potentiodynamic polarization curves. It should be noted
that I ., of the superhydrophobic coatings on the Al sub-
strate immersed in a 3.5 wt% NaCl corrosive solution for
3 h decreased by 2 orders of magnitude compared to that of
the bare Al substrate. In a typical polarization curve, a
lower corrosion current density usually indicates a lower
corrosion rate and a better corrosion resistance [30, 31].
The superhydrophobic coatings on the Al substrate provide
very effective protection of Al from corrosion. The surface

Bare Al substract

—Si0, coating immersed for 3 h

log(I/A)

-1.3 -12 -11 -1.0 -09 -0.8 -0.7 -0.6
Potential/V

Fig. 3 Polarization curves of the bare Al substrate and superhy-
drophobic silica surface immersed in the 3.5 wt% NaCl solution

Table 1 E.. and I, for a bare Al substrate immersed for 2 h and a
SiO, coating immersed for 3 h were obtained from the Tafel in a
3.5 wt% NaCl solution

Sample Bare Al Immersed for 3 h
Ecorr (V) —0.805 —0.932
Leorr (A cm™) 2416 x 107° 242 x 107°

composed of some particles agglomerate and interval was
appropriate for Cassie’s state with a mass of trapped air
[32, 33]. Studies have shown that the air was the most
important element for corrosion resistance. Thus, we could
conclude from analysis of Fig. 3 that the superhydrophobic
coatings are effective for improving the corrosion resis-
tance of the Al surface.

EIS is an effective and revealing method for the corro-
sion characterization of coated metals. In our study, the EIS
measurements were performed under open-circuit potential
in 3.5 wt% NaCl corrosive solutions under a working fre-
quency range from 10 mHz to 100 kHz using an ac per-
turbation of 5 mV. Figure 4 presents the evolution of the
impedance spectra of the superhydrophobic silica coatings
formed on an Al surface after immersion in a 3.5 wt%
NaCl solution for 3 h and bare Al for 2 h. Figure 4a shows
that the Nyquist plot of bare Al is composed of a capacitive
loop at high frequency range and a straight line in low
frequency range. As shown in Fig. 4a, the superhy-
drophobic coatings have bigger loops than the bare Al
substrate. The diameter size of capacitive loops represents
the stand or fall of anticorrosion. The capacitive loops are
from the trapped air, and the line presents a diffusion
process [34, 35]. The conclusion which is consistent with
the result forms the Bode plot of impedance modulus IZ] as
a function of frequency in Fig. 4b. The impedance modulus
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Fig. 4 EIS results of bare and the as-prepared superhydrophobic silica coatings formed on the Al surfaces in 3.5 wt% NaCl solution. a Nyquist
plots, b Bode 1Z] versus frequency plots and ¢ Bode phase angle versus frequency plots

IZI of the superhydrophobic coatings after immersion for
3 h at low frequency maintains a high value and is esti-
mated to be about 1.4 x 10° Q cm? (Fig. 4b). The as-
prepared superhydrophobic coating immersed for 3 h is 2
orders of magnitude greater than that of the pristine Al
substrate. It is well known that higher Z modulus at lower
frequency displays a better corrosion resistance on the
metal substrate [36, 37]. From Fig. 4c, the phenomenon of
the peak value of bode phase angle diagrams moving to
high frequency was obtained, indicating that superhy-
drophobic coatings can effectively reduce the corrosion
rate of the Al In addition, the high phase angles at the high
frequency domain equally indicate the good repellent
property [38, 39]. These consistent results from polariza-
tion curves and EIS further prove that the as-prepared
superhydrophobic coatings formed on Al possess better
corrosion resistance than bare Al. The excellent anticor-
rosion property of the superhydrophobic coatings should be
attributed to the synergistic action of the superhydrophobic
property based on the silica coatings and air trapped in the
porous structure.

Lotus leaves can always keep a clean appearance despite
in a mire environment in nature [40]. Studies had found
that the cooperation between hierarchical structure and
epicuticular wax on the leaves surface contributed to a high
CA and a low SA. So water droplets can roll off instead of
sliding on the surface and take away the dirt adhered on its
surface effectively. Self-cleaning properties tests showed

the water droplets could clean away attapulgite powder on
the silica superhydrophobic coatings surface (Fig. 5). This
suggests that the dispensed water droplet can collect the
dust powders easily and perfectly during rolling off the
surface due to the superior superhydrophobic property of
the as-prepared surface. The main reason in the removal of
dirt from a roughened surface is the reduction in solid/solid
interfacial area for the particles sit on top of small-scale
roughness without strongly constraint. Thus, the as-pre-
pared superhydrophobic surface has an excellent function
of self-cleaning.

Scratch tests were reported to be effective methods to
evaluate the robustness of the superhydrophobic surface
against mechanical forces [41, 42]. In our study, similar
scratch tests were carried out using 800 mesh SiC sand-
paper as an abrasion surface with the as-prepared super-
hydrophobic surface facing the abrasion material, as shown
in Fig. 6a. Simultaneously, the as-prepared sample was
subjected to a 5 g weight and was dragged forward and
backward with a speed and abrasion length of about
2 cms~! and 5 cm, respectively. Figure 6b displays the
change in the water CA as a function of scratch cycles. The
results show that the water CA was still close to 150° after
80 scratch cycles. These results display that the as-prepared
superhydrophobic surface has good mechanical abrasion
resistance.

Furthermore, when the hydrophobic SiO, is in contact
with a water droplet, it is picked up by the droplet and

Fig. 5 Time sequence of the self-cleaning process on the superhydrophobic surface at a sliding angle about 3°
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forms a porous shell around it. The Young—Dupré equation

(AF = —nRZy y(1 + sin 0.)* where Ry is the radius of the
SiO,, 6, is the intrinsic contact angle, AF is the net change
in surface free energy and 7,y is the liquid—vapor interfa-
cial tensions) suggests that it is always favorable for par-
ticle to spontaneously attach to the liquid—vapor interface,
even if they are hydrophobic [43]. Figure 7a shows the 2D
digital image of the liquid marble constructed by
hydrophobic silica. We can observe that the silica particles
are random and close-packed over water surface and there
are a mass of voids between microspheres. The presence of
voids areas makes the inner water can evaporate and result
in the instability of liquid marbles. Meanwhile, liquid
marbles with porous appearance do not wet contact sub-
strate because of gas film existed in porous construction.

Force

(a)

Sample

Sandpaper

(b) 180
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o
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Fig. 6 a Schematic illustration of the scratch test. b The variation in
water CAs on the as-prepared superhydrophobic surface scratched by
the sandpaper

Fig. 7 a Surface of the liquid
marble coated with silica grains
as seen with a microscope,

b Schematic diagram of the
liquid marble

Figure 7b is the illustration image of liquid marbles
enwrapped by the hydrophobic silica, which are aggregated
over the whole water drop surface.

The robustness of the liquid marble was measured by
evaporation rate of inner water at ambient temperature. As
shown in Fig. 8, the volume of the liquid marble was
measured by the contact angle measurement system video
camera until the liquid marble collapse completely at room
temperature (35 % relative humidity, 28 °C). The state of
the liquid marble was recorded every 20 min. Time evo-
lution of a 10 uL. water marble at room temperature is
shown in Fig. 8a—f. Initially, the liquid marble was nearly
spherical, and height of the marble started decreasing
because of evaporation before 60 min, and buckling of the
marble occurred in Fig. 8d. Finally, in 100 min water

Fig. 8 Horizontal profiles of the same silica liquid marble during
evaporation with time obtained by contact angle measurement system
video camera

(b)c SiO:particles . Water surface
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evaporated completely from the structure and the marble
finally collapsed.

4 Conclusion

In summary, we have demonstrated a facile one-step spray
method to fabricate superhydrophobic coatings by spraying
the hydrophobic silica onto the Al substrate. Meanwhile,
the corrosion resistance of superhydrophobic coatings was
tested in a 3.5 wt% NaCl aqueous solution by way of
electrochemistry. The results from polarization curves and
EIS demonstrate that the silica coatings provide excellent
anticorrosive properties. The superhydrophobic surface
also has an excellent function of self-cleaning. In addition,
liquid marbles coated with hydrophobic silica nanoparti-
cles were fabricated by rolling the water on the powder
beds of hydrophobic silica nanoparticles. Furthermore, the
volatility of liquid marbles also was observed.
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