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H I G H L I G H T S

• The durable superhydrophobic
coating was prepared by dual inter-
facial enhancement.

• The prepared superhydrophobic
coating can withstand 105 abrasion
cycles.

• The formed nano-miro-nano structure
can prolong the hydrophobic lifespan
in water.

• The coating exhibited highly self-
cleaning and anti-fouling properties in
slurry.

G R A P H I C A L A B S T R A C T

A durable superhydrophobic EP-PTFE/GP-SiO2-POTS coating with excellent wear resistance was prepared by
dual interfacial enhancement. High pressure of melt extrusion and the “glue” action of polydopamine was used
to enhance interface bonding force. In addition, the formed nano-micro-nano structure on the surface established
two defense lines to prolong the hydrophobic lifespan underwater.
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A B S T R A C T

Superhydrophobic surfaces with special wettability have a promising potential for self-cleaning, anti-fouling,
and anti-corrosion applications. However, the practical applications of superhydrophobic coatings are currently
limited by their poor mechanical strength and hydrophobic durability. Here, we report a superhydrophobic
epoxy (EP) composite coating with improved durability, achieved by a dual interfacial enhancement. First, melt
extrusion technology was used to enhance the bonding force between EP and polytetrafluorethylene (PTFE).
Then, combining dopamine self-polymerization and sol-gel approaches, the interfacial strength between gra-
phene-polydopamine (GP) and SiO2 was enhanced by in-situ growth of SiO2 on the GP surface. After mod-
ification with 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS), the superhydrophobic EP-PTFE/GP-SiO2-
POTS coating (WCA=156.3 ± 1.5°, WSA=3.5 ± 0.5°) was successfully prepared on a steel surface by
electrostatic spraying. With the enhanced interfacial strength, the prepared composite coating demonstrated
excellent mechanical performance, and could withstand 105 abrasion cycles with only 54.4 mg weight loss.
Moreover, due to the induction effect of graphene, a special multilayered nano-micro-nano structure was formed
by the evenly distributed nano-SiO2 particles on the coating surface, which is beneficial to extend its super-
hydrophobic duration. The prepared coating can maintain its superhydrophobicity even after being scratched or
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immersed in 3.5 wt% NaCl solution for 60 days. Therefore, the prepared superhydrophobic coating demonstrates
great potential for application in anti-fouling, drag reduction, and other fields.

1. Introduction

Lotus leaf-inspired superhydrophobic coatings are generally char-
acterized by a water contact angle (WCA) higher than 150° and a water
sliding angle (WSA) lower than 10° [1]. The wide potential applications
of the superhydrophobic surfaces, such as anti-fogging [2], anti-ice [3],
and self-cleaning [4], as well as selective absorption [5] and drag re-
duction [6], have attracted considerable attention. In the past two
decades, thousands of artificial superhydrophobic surfaces have been
prepared by designing the surface microstructure or adjusting the sur-
face free energy [7–9]. However, their hydrophobic stability and me-
chanical performance in practical applications are often inadequate,
which limits their large-scale use [10,11]. As is well known, the dur-
ability of superhydrophobic coatings mainly depends on the surface
hierarchical structure and low surface energy materials [12]. Based on
the Wenzel and Cassie-Baxter models, low surface energy materials can
impart hydrophobicity to a coating and the hierarchical structure can
trap microscopic pockets of air to reduce the contact area between
water drops and coating surface, leading to an increased WCA and a
reduced WSA [13].

Currently, the main routes to enhance the durability of the super-
hydrophobic coatings involve designing robust hierarchical structures
and regenerating the surface compositions [14]. However, the super-
hydrophobic durability against abrasion or corrosion damages is still
poor. When the surface structure or the low surface energy materials is
destroyed, the stability of the air film trapped by the hydrophobic
hierarchical structure decreases, resulting in a poor hydrophobic dur-
ability under water. Accordingly, various efforts have been mad to
improve the stability of the air film. Cheek et al. [15] replenished hy-
drogen on a conductive superhydrophobic surface by an electrolytic
reaction compensation method. Under a voltage of 2.0 V and a current
of 0.225mA, the superhydrophobic durability was enhanced by 400%.

Nonetheless, this method was restricted by the electric conductivity of
the coating. Lee et al. fabricated superhydrophobic surfaces with micro
Si column constructed above Au nano-cluster [16] or nano-pits on the Si
micro-column sidewall [17], which can increase the gas fraction on the
surface and extend the superhydrophobicity. These studies confirmed
that nanostructures fabricated on or underneath a microstructure can
effectively enhance the underwater hydrophobic stability. In our pre-
vious work, we prepared a surface with microsized polyvinylidene
fluoride (PVDF) fibers on the TiO2 nanorod arrays by hydrothermal and
electrostatic spinning [18]. The prepared double gas layer surface can
even withstand a water jet pressure of 250 kPa. However, the me-
chanical strength of the above surfaces, which were obtained by etching
or in-situ growing on the inorganic surface, was not sufficient withstand
friction or scratching. Despite many recent advances in this area, it is
highly desirable to design stable multilayered micro/nanostructures by
using high-strength polymers to enhance the durability of super-
hydrophobic coatings.

Epoxy (EP) resin are widely employed in industrial production due
to their stable physicochemical properties, self-healing ability, and ex-
cellent adhesion to a metal substrate [19–21]. However, considering
the hydrophilicity of EP resins, their hydrophobization with low surface
energy materials is a crucial step to prepare superhydrophobic EP
composite coatings. Owing to its lowest surface tension (19mJ·m−2),
polytetrafluorethylene (PTFE) has been widely used to prepare non-
wetting coatings or to reduce the surface energy of the coating [22,23].
Peng et al. [24] have successfully prepared a superhydrophobic EP
coating by fluorinating epoxy molecules and physically adding PTFE
particles. The prepared coating was even able to withstand immersion
in aqua regia for 60min. However, the EP/PTFE coating exhibited a
marked decrease (150 μm) in thickness after only 100 abrasion cycles.
This is mainly due to the fact that the non-polar PTFE only exerts a
relatively weak dispersion force, which results in a weak interfacial

Fig. 1. The schematic diagram of the synthesis of GP-SiO2-POTS particles.
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bond between PTFE and EP. Therefore, by enhancing the EP-PTFE in-
terfacial bonding and designing a multilayered micro/nanostructure on
the coating surface, it should be possible to prepare a superhydrophobic
coating with durable hydrophobicity and mechanical properties.

To improve the EP-PTFE interfacial bond, we used melt extrusion to
uniformly disperse PTFE particles in the EP, the bonding strength be-
tween PTFE and EP can be strongly enhanced by the twin screw ex-
truder under high temperature, pressure, and shear force conditions.
Moreover, mussel-inspired dopamine can provide a secondary func-
tional platform on a solid surface via self-polymerization [25,26]. Thus,
we used dopamine to provide a large number of active hydroxyl groups
on the graphene surface. In combination with a sol-gel process, nano-
silica particles can be grown in situ on the modified graphene to form
graphene-polydopamine (PDA)-SiO2 (GP-SiO2) particles with three-di-
mensional (3D) structure. After modification with 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane (POTS), a superhydrophobic EP-PTFE/GP-
SiO2-POTS coating was successfully fabricated by electrostatic spraying
without any solvent emission. Moreover, the lamellar structure of
graphene can induce an even distribution of the nano-SiO2 particles on
both convex and flat coating surfaces. The prepared superhydrophobic
coating with multilayered nano-micro-nano (NMN) structure demon-
strated high hydrophobic stability and excellent wear resistance. This
study is expected to introduce an effective way for preparing durable
superhydrophobic coatings.

2. Experiment

2.1. Materials

Epoxy resin (EP) and curing agent were bought from Sinopec Group
Baling Petrochemical Company. PTFE was obtained from Zhejiang
Green New Materials Co., Ltd. (Zhejaing, China). Graphene
(purity≥ 99.5%, thickness≤ 5 nm, and layer count≤ 10) was bought
from Nanjing Corfu Nano Corporation Beijing Marketing Center.
Dopamine (purity≥ 98%) and tris(hydroxymethyl) aminomethane
hydrochloride (Tris-HCl) were supplied by Beijing Biotopped Science &
Technology Co., Ltd. (China). Tetraethyl orthosilicate (TEOS) was ob-
tained from Tianjin chemical reagent a factory·NH3·H2O (25%) was

purchased from Nanjing sambah biotechnology Co., Ltd, (China).
1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS) (purity≥ 97.0%)
was supplied by Weng Jiang chemical reagent Co., Ltd. (Guangdong,
China). Ethyl alcohol was purchased from Tianjin yuanli chemical Co.,
Ltd. (China). Steel plate (Q235, thickness: 1 mm) was supplied by
Tianjin LuBao steel sales Co. Ltd. Deionized water was obtained from
Yongqingyuan pure water manufacturing center (Tianjin, China).

2.2. Preparation of GP-SiO2 composite particles

Fig. 1 shows the preparation schematic diagram of function gra-
phene particles. Firstly, 0.4 g graphene particles were added into
200mL aqueous solution with 0.2 g dopamine (1mg/mL) and 0.24 g
Tirs. Graphene-polydopamine (GP) particles were obtained after stir-
ring 24 h (500 r/min) and drying at 80 °C. Secondly, added 0.1 g GP
particles into 15mL of ethanol solution with 1mL NH3·H2O and ultra-
sonic agitation 10min. The mixture of 1mL TEOS and 5mL ethanol
solution was added into GP solution dropwise and stirring 24 h (300 r/
min) to complete hydrolysis. Finally, 50 μL POTS was added into the
solution when the reaction goes to 18 h. GP-SiO2-POTS particles were
obtained after drying at 80 °C. The FT-IR and EDS spectra were used to
confirm this reaction (Figs. S1–S3).

2.3. Preparation of EP-PTFE resin particles

Pure epoxy particles, curing agent and different content of PTFE
were added into a premixer (150 rad/min). After 15min, we added the
obtained premixing EP/PTFE particles into twin screw extruder (SLG-
30) with 200 rad/min (Fig. 2a). The screw has a diameter of 30mm and
a length of 450mm. Through three-stage heating (85 °C, 95 °C and
105 °C), platy EP-PTFE can be obtained after cooling and crushing. Fi-
nally, EP-PTFE particles were prepared after the mill treatment.

2.4. Preparation superhydrophobic coating

10 g EP-PTFE particles with different mass of GP-SiO2-POTS added
into a small mechanical mixer and stir well. The mixture was sprayed
on the steel plate (10 cm×10 cm) surface by electrostatic spraying
(80 kV voltage) with a spraying distance of 25 cm. EP-PTFE/GP-SiO2-
POTS coatings were obtained after calcining at 200 °C for 90min.

2.5. Characterization

Surface morphologies of the prepared particles and coatings were
observed by scanning electron microscope (SEM, Quanta 200). The
morphologies of the prepared particles were measured by transmission
electron microscope (TEM, JEM-2010). The chemical compositions
were obtained by Nicolet 6700 infrared spectrometer. The elemental
analysis was used by X-ray energy dispersive spectrometry (EDS) and X-
ray photoelectronic spectroscopy (XPS-Thermo ESCALAB 250Xi). The
water contact angles and sliding angles were measured by Contact
Angle Meter (JGW-360A) with 5 μL water drops, respectively. The re-
ported values were taken from the average of at least five measure-
ments of the coating surface. The wear resistance was tested by a
TABER abrasion tester. During the test, the prepared coating was fixed
on the rotational platform and rubbed by the friction wheels, which
were covered with 1000 mesh sandpapers and loaded with 500 g
weight (Technical Standard for Internal Fusion Bonded Epoxy Coating of
Steel Pipe SY/T 0442-2010). The thickness and adhesion strength were
measured by a coating thickness gauge (SaluTron ComBi-D3, Germany)
and cross-cut tester (QFH-2mm), respectively.

Fig. 2. The diagram of (a) melt extruder and (b) the process of melt-extrusion
and physical mixing.
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3. Results and discussion

3.1. Analysis of GP-SiO2 particles

The schematic diagram of the synthesis of GP-SiO2-POTS particles is
shown in Fig. 1. Under alkaline condition, dopamine can self-poly-
merize on the graphene surface and form a large amount of hydroxyl
groups (Figs. S1 and S2). This can provide a secondary reaction plat-
form for the growth of nano-SiO2 particles during the sol-gel process
(Fig. 1a–c). Compared with the smooth flake-like graphene surface
(Fig. 3a), a large amount of nano-SiO2 particles uniformly covered the
graphene surface modified by 4mM·L−1 PDA (Fig. 3b1, b2). However,
the distribution of nano-SiO2 particles on the modified graphene was
discrete. Fig. 3c1 shows that dense nano-SiO2 particles were success-
fully grown on the graphene surface modified with 8mM·L−1 PDA. The
difference in the quantity of nano-SiO2 particles grown on the graphene
surfaces is mainly due to that the high content of PDA, which can
provide a higher number of reaction sites for the growth of nano-SiO2.
Moreover, various nanopore structures can be formed among the dense
nano-SiO2 particles, which favors the storage of higher amounts of low-
surface-energy POTS. Therefore, the prepared graphene-8 mM·L−1

PDA-SiO2 particles with 3D structure were used to establish a hier-
archical structure on the coating surface and overcome the SiO2 ag-
glomeration caused by the physical mixing process (Fig. 3d).

Moreover, transmission electron microscopy (TEM) measurements
were performed to inspect the morphology of the prepared particles
(Fig. 4). As shown in Fig. 4a, the pure graphene particles exhibited a
flake-like morphology. After the sol-gel process, dense nano-silica par-
ticles were tightly bonded with the PDA-modified graphene surface,
despite having been subjected to a strong ultrasound treatment before
the TEM measurements (Fig. 4b). In contrast, SiO2 could hardly be
detected on the unmodified graphene surface except for its edges
(Fig. 4c). The differences in the distribution of SiO2 are mainly due the
fact that ultrasonic waves can easily break the weak van der Waals
interactions between SiO2 and graphene, whereas PDA can enhance the
interfacial bonding strength between graphene and SiO2 via the for-
mation of chemical bonds. Therefore, the SiO2 grown on the PDA-
modified graphene surface can withstand the destruction by ultrasonic

waves.

3.2. Mechanical abrasion of EP-PTFE and EP/PTFE composite coatings

Owing to their lowest surface tension (19mJ·m−2), PTFE particles
have been widely used to prepare non-wetting coatings by physical
mixing [27]. However, the non-polar surface of PTFE, without or-
ientation or inducing forces, can hardly be adhesive to other resins,
such as EP and polyester ones. Melt extrusion, as a solvent-free process,
can overcome the cohesive resistance of the agglomerated PTFE parti-
cles and the interfacial resistance between PTFE and EP by shear flow
and differential pressure flow [28,29]. Herein, a Taber abrasion tester
(Fig. 5a) was employed to evaluate the mechanical stability of EP-PTFE
(melt extrusion) and EP/PTFE (physical mixing), by measuring the
abrasion loss.

Fig. 5b shows the abrasion losses of the physically mixed EP/PTFE
coating and the hot-melt extruded EP-PTFE coating after 2000 abrasion
cycles. The abrasion losses of all prepared coatings showed an initial
decrease, followed by an increase. The significant reduction of abrasion
losses was mainly ascribed to the low friction coefficient of PTFE, which
can form a lubrication film on the sandpaper surface. The lubrication
film changes the wear mechanism from micro-cutting to adhesion (Fig.
S4), which can reduce the damage to the coating surface during the
friction test [30]. However, once the PTFE content exceeded 5wt%, the
abrasion loss increased, especially for the EP/PTFE coating. As shown
in Table 1, when the PTFE content was increased to 7.5 wt%, the dif-
ference in abrasion loss between EP/PTFE and EP-PTFE increased to
19.9 mg. Moreover, as the PTFE content was increased to 10 wt%, the
difference further increased to 21.8mg. As the composition of the
materials is the same, this difference mainly depends on the enhance-
ment of the interfacial strength between EP and PTFE by melt extrusion.
Furthermore, numerous grooves and pits were observed on the surface
of the EP/PTFE (7.5 wt%) coating after 2000 abrasion cycles (Fig. 5c).
In contrast, the rubbed EP-PTFE (7.5 wt%) surface was relatively
compact and smooth (Fig. 5d). The difference in surface topography
further confirmed that high shear forces and pressures can effectively
enhance the EP-PTFE interfacial bonding. Finally, according to the re-
lation proposed by Cassie and Baxter = ∑∗θ f θ(cos cos )i i [31], a high

Fig. 3. SEM images of (a) graphene, SiO2 in-situ growth on the (b1, b2) graphene-0.5 mg/mL PDA and (c1, c2) graphene-1 mg/mL PDA, (d) physical mixing of SiO2

and graphene.
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percentage of PTFE is more beneficial for improving the non-wetting
properties of the coating. Considering the approximately equal abrasion
loss of the EP-5 wt% and EP-7.5 wt% PTFE coatings, 7.5 wt% was
chosen as the optimum added amounts of PTFE for preparing a durable

superhydrophobic coating by the melt extrusion process.

3.3. Wettability and surface morphology

Compared with the value of the pure EP surface, the WCA of the EP-
PTFE surface increased from 84.3 ± 0.9° to 104.2 ± 1.2° (Fig. S5). To
optimize the wettability, different contents of GP-SiO2-POTS particles
(from 0.2 to 1.4 wt%) were added to EP-PTFE. As shown in Fig. 6a, the
prepared coating surface acquired superhydrophobic properties
(WCA=156.3 ± 1.5°, SA=3.5 ± 0.5°) upon the addition of only
1 wt% of GP-SiO2-POTS particles. Moreover, the WCA values showed no
significant increase when the GP-SiO2-POTS amount increased to 1.2 or
1.4 wt%. Considering that an excessive amounts of inorganic particles
may impair the adhesion properties of the coating, EP-PTFE/1 wt% GP-
SiO2-POTS was chosen as the optimum superhydrophobic coating. The
prepared coating also demonstrated high repellency against milk, juice,
coffee, and tea (inset of Fig. 6a).

Fig. 4. TEM images of (a) graphene, (b) graphene-PDA-SiO2, (c) graphene-SiO2 without PDA.

Fig. 5. (a) The schematic diagram of Taber abrasion tester, (b) The abrasion loss of EP/PTFE and EP-PTFE coating with different content of PTFE after 2000 cycles.
The surface SEM images of (c) EP/7.5 wt% PTFE and (d) EP-7.5 wt% PTFE after 2000 abrasion cycles.

Table 1
The abrasion loss of EP/PTFE, EP-PTFE and the difference in abrasion loss after
2000 cycles test.

Content of PTFE Abrasion loss/mg

EP/PTFE (physical
mixing)

EP-PTFE (melt
extrusion)

Δ mass

0 48.5 48.5 0
2.5 wt% 18.6 17.1 1.5
5.0 wt% 17.2 10.7 6.5
7.5 wt% 31.1 11.2 19.9
10 wt% 35.6 13.8 21.8
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Moreover, the EP-PTFE/GP-SiO2-POTS coating was immersed into
10−2 M HCl and 3.5 wt% NaCl solutions to evaluate its hydrophobic
stability, which is an important parameter to assess the performance of
superhydrophobic coatings. Fig. 6b shows that the WCA of the prepared
EP-PTFE/GP-SiO2-POTS surface remained higher than 150° even after
immersion in a 10−2 M HCl or 3.5 wt% NaCl solution for 96 h. The
silver mirror effect of the coating surface was observed even after
prolonging the immersion test time in the 3.5 wt% NaCl solution to
60 days. This time was much longer than that (less than 7 days) of other
reported superhydrophobic coatings [32–35].

In order to analyze the difference in hydrophobic durability, the
surface structures of the EP-PTFE/(1 wt%) GP-SiO2-POTS and EP-PTFE/
(1 wt%) graphene-SiO2/POTS coatings are displayed in Fig. 7. The
figure clearly shows a compact and uniform distribution of numerous
nano-SiO2 particles on the mastoid and flat portions of the EP-PTFE/GP-
SiO2-POTS coating surface (Fig. 7a1–a3). In contrast, the surface of the
EP-PTFE/graphene-SiO2/POTS coating consisted of smooth microscale
structures and agglomerated nano-SiO2 particles (Fig. 7b1–b3). The
different surface structure of the two coatings can be ascribed to the
different interfacial interaction between SiO2 and graphene. Under the
action of the polymer melt flow, the lamellar structure of graphene

promotes the uniform dispersion of the GP-SiO2 particles on the coating
surface. Therefore, the nano-SiO2 particles grown on the graphene
surface can be densely distributed on the surface of the coating and
form a uniform nanostructure.

A schematic representation of the surface structure was plotted in
Fig. 8. As shown in Fig. 8a1 and b1, the microsized mastoid portion
forms the first protection barrier that prevents the entry of liquid. With
increasing soaking time and water pressure, the water gradually
squeezes into the pores of the microsized mastoids. Under such cir-
cumstances, the closely-arranged nanostructures can act as the second
protection barrier to further prevent water penetration (Fig. 8a2),
whereas the agglomerated nano-SiO2 particles cannot achieve the sec-
ondary shielding effect (Fig. 8b2). Therefore, the EP-PTFE/GP-SiO2-
POTS surface with double air film protection possessed high hydro-
phobic durability in underwater conditions.

3.4. Self-cleaning and antifouling properties

In outdoor applications, the coating surfaces tend to accumulate
gritty dirt or other contaminants. In this work, we selected sand as
contaminants to test the self-cleaning properties of the prepared

Fig. 6. (a) Effect of GP-SiO2-POTS content on the wettability of EP-PTFE composite coating. (Inset: the wettability of milk, juice, water, tea, and coffee). (b) The
change of WCA under different immersion time of 3.5 wt% NaCl and 10−2 M HCl. (Inset: the optical photos of immersion.).

Fig. 7. SEM image of (a1, a2, a3) EP-PTFE/(1 wt%) GP-SiO2-POTS coating surface and (b1, b2, b3) EP-PTFE/(1 wt%) graphene-SiO2/POTS superhydrophobic coating
without PDA.
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superhydrophobic EP-PTFE/GP-SiO2-POTS coating (Fig. 9a, b). As
shown in Fig. 9b1, the EP-PTFE/GP-SiO2-POTS coating covered with
sand was tilted on the culture dish. Under the support of the surface
hierarchical structure and the repulsion by the fluorinated groups, the
water drops remains spherical and easily rolls off from the coating
surface (Fig. 9a1). During this process, the sand is absorbed on the
water drop surface and then removed from the coating surface
(Fig. 9a2, b2), producing a clean coating surface after only a few rolling
cycles (Fig. 9a3, b3).

The anti-fouling performance of the superhydrophobic coating is
also an important parameter for outdoor applications. To mimic real
pollution more closely, we prepared a slurry solution by mixing soil and
water. Fig. 9c1 shows that when a steel plate was immersed into the
slurry, the steel surface was in continuous direct contact with the slurry.
After removing the plate, the glutinous slurry adhered to the surface
and the steel plate was significantly polluted (Fig. 9b2). In contrast, the
immersed EP-PTFE/GP-SiO2-POTS coating trapped a stable air film
between surface and slurry. This air layer can decrease the contact area
and adhesion of the slurry on the coating surface (Fig. 9d1). Therefore,
the prepared coating exhibited outstanding anti-fouling properties, and
could repel the slurry solution to keep the surface clean even after 20
immersion times (Fig. 9d2).

3.5. Mechanical robustness

As is well known, one of the biggest obstacles for the practical ap-
plication of superhydrophobic coatings is the poor mechanical dur-
ability. Herein, a Taber abrasion tester with a 1000-mesh friction wheel
and 500 g load was used to investigate the wear resistance of the
coating, by measuring the abrasion loss and the variation in thickness.
As shown in Fig. 10a, the initial thickness of the EP-PTFE/GP-SiO2-
POTS coating was 207 μm. After 100 abrasion cycles, the rubbed
coating exhibited a slight decrease in thickness (18 μm), which was only
about one-ninth of that (150 μm) reported for a physically mixed
fluorinated EP/PTFE superhydrophobic coating [24]. It is worth men-
tioning that the load used in this test was twice that of the reported
coatings. Moreover, after 2000 abrasion cycles, the decrease in thick-
ness of the rubbed coating was still less than 50 μm. Therefore, the
prepared EP-PTFE/GP-SiO2-POTS coating possessed a stable mechan-
ical strength.

In addition, Fig. 10a shows that the abrasion loss of the EP-PTFE/
GP-SiO2-POTS coating was only about 16.7 mg after 1000 rubbing cy-
cles. Such a low abrasion loss can even satisfy the requirements of the
technical standard for internal fusion bonded epoxy coatings of steel
pipes in China (≤20mg, 1000 cycles). When the number of rubbing
cycles increased to 2000, the abrasion loss only increased to 19.8 mg,
which is much lower than those of the physically mixed EP/PTFE/GP/
SiO2/POTS coating (101.4mg) and EP-PTFE/GP/SiO2/POTS coating
(25.2 mg) (Fig. S6). The significant improvement in the wear resistance
of the EP-PTFE/GP-SiO2-POTS coating can be mainly attributed to the
dual interfacial enhancement provided by EP-PTFE and graphene-SiO2

via the melt extrusion method and the PDA modification. Through this
enhancement, the EP-PTFE/GP-SiO2-POTS coating can withstand 105

abrasion cycles and shows a weight lose of only 54.4mg after rubbing.
The abrasion loss rate was also much lower than that of other reported
non-superhydrophobic coatings [36–40] (Table S1).

Furthermore, we also investigated the influences of chemical and
mechanical damage on the superhydrophobicity of the prepared
coating. As shown in Fig. 10b, the WCA value remained above 150°
after soaking in 0.1 M HCl for 30min or finger touching. In addition, we
also tested the alkali resistance of the prepared coating. The effect of
the pH value on the wettability of the EP-PTFE/GP-SiO2-POTS com-
posite coating is shown in Fig. S7. After 30min immersion in a strong
alkaline solution (pH 14), the WCA of the composite coating showed a

Fig. 8. Schematic representation of the surfaces structure with (a1, a2) and
without (b1, b2) PDA modification.

Fig. 9. Schematic (a1, a2, a3) and optical photograph (b1, b2, b3) of self-cleaning test with sand, antifouling tests of uncoated steel plate (c1, c2) and EP-PTFE/GP-
SiO2-POTS composite coating (d1, d2) by immersion into slurry.
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Fig.10. (a) The change in abrasion loss and thickness with taber abrasion cycles, (b) The WCA after immersing in 0.1M HCl 30min, finger touch, scratched, abrasion
2000 cycles, The SEM images of (c) the abraded and (e) the scratched surface, the optical photograph of (d1) the abrasion and (d2) the scratched surface (inset, the
wettability of milk, juice, water, tea, and coffee).

Fig. 11. (a) Uncoated strider-like steel dixsc on water, (b1, b2) A strider like steel disc with four “feet” on water covered with EP-PTFE/GP-SiO2-POTS coating. (b3)
Optical photo of strider. (c) Ejection, (d1, d2) Wettabiliy after bending and (e1, e2, e3, e4, e5) adhesion of EP-PTFE/GP-SiO2-POTS coating.
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marked decrease to 134 ± 2.3°. This is mainly due to the fact that the
Si–O bond of POTS can be destroyed by a strong alkaline solution.
Nonetheless, the coating maintained a stable superhydrophobicity in a
weak alkaline solution (pH 10), and is therefore suitable for use in
strongly acidic and weakly basic environments. Moreover, even after
knife scratching or rubbing with sandpaper for 2000 cycles, the da-
maged surface could recover its superhydrophobicity by heating at
150 °C for 10min. The healing surface also demonstrated high re-
pellency to milk, juice, coffee, and tea (Fig. 10d1, d2). This phenom-
enon is mainly due to the fact that the abraded or scratched surface can
maintain its hierarchical structures, providing the roughness necessary
for the superhydrophobicity, even though it differs from the original
morphology (Fig. 10c, d). Furthermore, the pre-stored POTS in the
porous structures of GP-SiO2 can migrate to the damaged surface to
restore the superhydrophobicity during heat treatment. The XPS results
(Fig. S8) show that the F atomic content in the rubbed coating surface
increased from 52.94% to 81.93% (close to the initial content of 86.5%)
after heat treatment. Therefore, the prepared superhydrophobic EP-
PTFE/GP-SiO2-POTS coating possesses excellent wear resistance and
stable superhydrophobicity even after chemical or physical damage.

3.6. Adhesion ability of EP-PTFE/GP-SiO2-POTS coating

A water strider-like steel disc “robot” with four “feet” was designed.
As shown in Fig. 11a, the uncoated robot can hardly stand on the water
surface, and its four feet were instantly immersed in water. However,
the robot coated with EP-PTFE/GP-SiO2-POTS can easily stand and
slide on the water surface, just like the real spider (Fig. 11b). This is
mainly due to the superhydrophobicity of the feet, which can generate a
strong repulsive force on the water surface. Thus, the robot can stand on
the water surface only through its four feet. When the coating was set in
contact with water, a stable air layer was formed on its surface, which
reduced the fluid resistance and effectively reflected the jet water
stream (Fig. 11c). In addition, the air layer remained on the coating
surface and kept its superhydrophobicity even after repeated upward or
downward bending tests (Fig. 11d1, d2). In addition, no cracking or
stripping occurred on the bent coating surface (Fig. S9), indicating that
the prepared superhydrophobic EP-PTFE/GP-SiO2-POTS coating pos-
sessed high bending resistance and hydrophobic stability.

The “Paints and Varnishes-Cross-Cut Test for Films” (GB/T9286)
standard test was used to evaluate the adhesion ability of the EP-PTFE/
GP-SiO2-POTS coating. As shown in Fig. 11e1, 2mm×2mm grids
were drawn on the prepared coating by a cross-cut tester. Then, high-
tack tape (VHB, 3M) was pasted on the cross-cut surface and the tape
was pulled out in the vertical direction. This process was repeated until
no debris remained on the tape. After the test, almost no flaking was
observed around the cross-incision in Fig. 11e2. The test result corre-
sponded to grade 1 adhesion, because the stripped area was less than
5% (Fig. 11e3). Moreover, the tested coating surface retained its su-
perhydrophobicity, with a high WCA of 154 ± 1.2° (Fig. 11e4, e5).
These outstanding adhesion properties can be mainly attributed to the
enhancement of the interfacial bonding between PTFE and EP by the
melt extrusion at high pressure. At the same time, the in-situ growth of
SiO2 on the GP surface can also enhance bonding at the interparticle
interface and avoid the aggregation of nano-SiO2 particles, which favors
the cross-linking of polymers. Therefore, the superhydrophobic EP-
PTFE/GP-SiO2-POTS coating exhibited excellent adhesion ability,
which can further expand its range of applications.

4. Conclusion

In this study, a robust superhydrophobic EP-PTFE/GP-SiO2-POTS
coating (WCA=156.3 ± 1.5°, WSA=3.5 ± 0.5°) was successfully
prepared by electrostatic spraying. The interfacial bonding strengths of
EP-PTFE and GP-SiO2 were enhanced by the differential pressure shear
flow during melt extrusion and the “glue” action of polydopamine,

respectively. This double interfacial enhancement significantly im-
proved the mechanical properties of the prepared coating. In addition,
the special NMN structure can trap a more stable air layer, preventing
diffusion of water in the coating interior. The formed NMN structure
can also create a second protection barrier to prolong the hydrophobic
performance and maintain the surface clean during the self-cleaning
and anti-fouling tests. The prepared superhydrophobic EP-PTFE/GP-
SiO2-POTS coating shows a promising application potential, due to its
excellent wear resistance, self-cleaning, anti-fouling, and adhesion
properties.
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