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ABSTRACT: Water-based superamphiphobic coatings are environment-
friendly, which have attracted tremendous attention recently, but the
performances are severely limited by the dispersibility of hydrophobic
particles. To solve the poor dispersibility of modified silica powder with
hydrophobicity, silica dispersion was blended with polytetrafluoroethylene
(PTFE) emulsion and modified aluminum tripolyphosphate (ATP)
dispersion to successfully prepare water-based coatings. Multifunctional
coatings were prepared by one-step spraying. It possessed good adhesion
(grade 1), excellent antifouling, impact resistance, chemical stability (acid
and alkali resistance for 96 h of immersion), and corrosion resistance (3.5
wt % NaCl solutions for 20 days). More importantly, the super-
amphiphobic coatings had high contact angles (CAs) and low slide angles
(SAs) for ethylene glycol (CAs = 154 ± 0.8°; SAs = 13 ± 0.7°) and water
(CAs = 158 ± 0.7°; SAs = 4 ± 0.3°). Furthermore, the composite coating
was still hydrophobic after 35 cycles of wear with high roughness sandpaper (120 mesh) under three different loads, which
maintained superamphiphobicity at 425 °C. This work is expected to provide a facile idea and method for the preparation of
waterborne superamphiphobic coatings.

1. INTRODUCTION
The study of superamphiphobic surfaces originated from
bionics, and oil-repellent organisms on the surface were found
in nature,1 such as bacterial biofilm (Bacillus subtilis),2

leafhopper skin,3 fish skin, and springworm skin.4−6 Inspired
by nature, researchers have attempted to develop super-
amphiphobic coatings to solve industrial problems.7 Due to
excellent water and oil repellency, superamphiphobic coatings
are widely used in self-cleaning,8 antifouling,9 anti-icing,10 drag
reduction,11 anticorrosion,12 chemical shielding,13 and crude
oil transportation.14 The micro/nanostructures and low surface
energy chemistry are inseparable factors for obtaining super-
amphiphobic coatings.15−18 To obtain superamphiphobic
coatings with excellent performances, volatile organic com-
pounds (VOCs) are generally used to a disperser to enhance
the dispersion of coatings, such as toluene,19,20 acetone,21,22

ethyl acetate,23 and dichloropentafluoropropane.24 They are
harmful to the environment and human health. In recent years,
the preparation of environment-friendly waterborne super-
amphiphobic coatings attracted researchers’ interest. However,
it seemed contradictory to disperse hydrophobic substances in
water, which tended to float on the water surface.25 Poor
dispersion will lead to the low performance of super-
hydrophobic coatings, and it is not easy to realize oil
repellency on the surface. Therefore, improving the dispersion
of the waterborne coating will be conducive to replacing
solvent superhydrophobic and oil repellent coatings.

At present, a lot of work has been done to solve
dispersibility, and many researchers have made attempts.
Some studies have reported simple methods for obtaining
dispersions of aqueous superhydrophobic coating by dispersing
silica particles in silane/siloxane/organic polymer waterborne
emulsion and coating on different substrates to obtain
superhydrophobic surfaces.26−30 Although these waterborne
superhydrophobic coatings were prepared by various methods
to enhance the dispersion of coatings, there were few reports
on the exploration of dispersion stability. In the preparation
methods of a rough surface, some reports had chemically
etched the surface of aluminum alloy with HNO3/HCl/
HF,31,32 CuCl2,

33 and NaOH solution.34 It had been treated
with low surface energy materials to fabricate the super-
amphiphobic surfaces. Chemical etching avoided harmful
VOCs, but acid and alkali solutions endangered human health
and affected the mechanical properties of the alloy to a certain
extent. Zhang et al. prepared the dispersion of tetraethyl
orthosilicate (TEOS), 1H,1H,2H,2H-perfluorodecyltriethoxy-
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silane (PFDTES), and nanosilica by improving the Stöber
method and then sprayed it on an AA5083 alloy substrate to
obtain superamphiphobic coatings.35 Although the dispersion
of superamphiphobic coatings with excellent dispersibility was
fabricated by one pot, the wear resistance of the surface has not
been discussed. In addition, the stability was not explored. Li et
al. used a four-step spraying method to successively form a
coating system of polyurethane, silica fluoride, methyl silicone,
and silica fluoride, which obtained superamphiphobic surfaces
with excellent performance.36 However, the preparation steps
are too cumbersome.
In this study, dodecyltrimethoxysilane was used to modify

silica, which reduced the hydrophilic groups of nanosilica and
enhanced the hydrophobicity. Compared with the zeta
potential of silica dispersion (0.1 g/L, 17.45 ± 0.95 mV),
the zeta potential of modified silica dispersion (0.1 g/L, 32.8 ±
0.9 mV) was larger due to the steric hindrance of
dodecyltrimethoxysilane on the silica surface.37−39 Therefore,
the modified silica dispersion was more stable. To solve the
dispersibility of hydrophobic particles, silica dispersion was
blended with polytetrafluoroethylene (PTFE) emulsion and
modified aluminum tripolyphosphate (ATP) dispersion to
successfully prepare water-based dispersion. The water-based
dispersion was sprayed and cured at 320 °C to fabricate
superamphiphobic surfaces. It obtained excellent moisture
resistance for ethylene glycol (CAs = 154 ± 0.8°; SAs = 13 ±
0.7°) and water (CAs = 158 ± 0.7°; SAs = 4 ± 0.3°).
Furthermore, the polytetrafluoroethylene-modified aluminum
tripolyphosphate-modified silica (PTFE-ATP-SiO2) composite
coating possessed good adhesion (grade 1), thermal stability
(<425 °C), excellent antifouling, and impact resistance. More
importantly, the modified ATP improved the density of the
PTFE-ATP-SiO2 composite coating and was regarded as an
anticorrosive material to enhance corrosion resistance.40,41

After 20 days of immersion in 3.5% NaCl solution, the PTFE-
ATP-SiO2 composite coating still had 89.1% protection
efficiency. This work is expected to provide a facile idea and
method for the preparation of waterborne superamphiphobic

coatings with high temperature resistance and anticorrosion by
one-step spraying.

2. EXPERIMENTAL SECTION
2.1. Materials. Hydrochloric acid and potassium hydroxide

were purchased from Tianjin Kemio Chemical Reagent Co.,
Ltd. (China). PTFE emulsion (60 wt %, TE3893) was
provided by DuPont (USA). Tetraethyl orthosilicate was
provided by Tianjin Damao Chemical Reagent Factory
(China). Ammonia and anhydrous ethanol were purchased
from Tianjin Tianli Chemical Reagent Co., Ltd. (China).
Modified aluminum tripolyphosphate (P2O5: 48−52 wt %;
Al2O3: 11−14 wt %; ZnO: 18−22 wt %) was from Shandong
Yousuo Chemical Technology Co., Ltd. (China). Dodecyl-
trimethoxysilane was supplied by Nanjing Youpu Chemical
Co., Ltd. (China). Sodium chloride and glycerol were
purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd.
(China).

2.2. Preparation of Modified Silica Nanoparticles. The
preparation process of modified silica nanoparticles is shown in
Figure 1a. Silica was prepared by the Stöber method42 and
modified by dodecyltrimethylsilane with a low surface material
to reduce the hydroxyl groups and enhance the hydro-
phobicity. The preparation steps are as follows. A mixed
solution (250 mL) of ammonia:anhydrous ethanol:deionized
water in the ratio of 1:7:2 was added to a 500 mL three-necked
flask and stirred at 45 °C. Tetraethyl orthosilicate (45 g) was
evenly mixed with 15 mL of deionized water. Also, the
tetraethyl orthosilicate solution was slowly added into the
mixed solution. The silica sol was obtained by continuous and
uniform stirring at 45 °C for 3 h. Dodecyltrimethylsilane (20
g) was added into the silica sol and stirred evenly for 2 h to
obtain the modified silica sol. Deionized water was added to
the above sol and centrifuged by a high-speed centrifuge.

2.3. Preparation of the Composite Coating. The
surface of the tinplate was polished with 120-mesh sandpaper
in one direction for 4 min and polished vertically for 4 min to

Figure 1. Schematic illustration of the preparation procedures. (a) Schematic diagram of preparation of modified silica nanoparticles. (b)
Preparation process of the PTFE-ATP-SiO2 composite coating dispersion. (c) Film forming process of the PTFE-ATP-SiO2 composite coating.
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remove oil and rust. Then, the residue was blown away with a
blower for standby. As shown in Figure 1b, it was the
preparation process of the coating dispersion. Modified silica
particles (25 g, 90 wt %), modified ATP (50 g, 20 wt %), and
PTFE emulsion (50 g, 60 wt %) were evenly stirred for 1 h
under a high-speed stirrer to obtain the coating dispersion. As
shown in Figure 1c, it was the film-forming process. The
obtained coating dispersion was transferred to a spray can,
which evenly sprayed on the sandpaper polished tinplate at a
pressure of 4 bar, and then cured at 320 °C in a high-
temperature oven for 20 min to prepare superamphiphobic
surfaces.

2.4. Characterization. The modified silica particles were
characterized by a field emission scanning electron microscope
(Sigma 300), in situ infrared spectrometer (Bruker Tensor 27),
and synchronous thermal analyzer (LABSYS EVO). A zeta
potential analyzer (Malvern Zetasizer Nano ZS90) was used to
obtain the zeta potential and particle size distribution. The
CAs and SAs were measured by a contact angle meter
(JC2000C1, Shanghai Zhongchen Digital Technology Equip-
ment Co., Ltd.). Five microliter samples (deionized water,
ethylene glycol, glycerol, hydrochloric acid solution, and
potassium hydroxide solution) were measured. Also, each
measurement needed to test five parts of the sample surface
and take the average value.
The morphology and element composition of the composite

coating were observed by a field emission scanning electron
microscope (Sigma 300). The 3D surface morphology and
thickness of the composite coating were obtained by a 3D
profiler (KLA-Tencore, D-120). The composite coating was
analyzed by an X-ray diffractometer (Bruker D8 Advance) and

in situ infrared spectrometer (Bruker Tensor 27). According to
GB/T 6739, the composite coating was tested by a pencil
hardness tester to evaluate film hardness (QHQ type,
Dongguan Huaguo Precision Instrument Co., Ltd.). A cross-
cut tape test of the composite coating was conducted to
evaluate the adhesion according to GB/T 9286. According to
GB/T 1732, the impact resistance of the composite coating
was tested by a paint film impact instrument (QCJ-50/100,
Tianjin World Expo Weiye Chemical Glass Instrument Co.,
Ltd.). An electrochemical workstation was adopted to conduct
the electrochemical corrosion measurement in 3.5 wt % NaCl
solution (CHI760E, Shanghai Chenhua Instrument Co., Ltd.).

3. RESULTS AND DISCUSSION
3.1. Analysis of Modified Silica Nanoparticles. The

prepared modified silica nanoparticles are shown in Figure 2a.
The appearance was uniformly spherical, and the CAs of
particles were 153 ± 0.5° for deionized water. The average
particle size was 462.25 ± 4.65 nm (Figure 2b). Compared
with silica, the infrared spectra of modified silica showed
absorption peaks at 2855 cm−1 (symmetric stretching vibration
peak) and 2924 cm−1 (antisymmetric stretching vibration
peak), which belonged to methylene (CH2) and methyl
(CH3), respectively. In addition, the hydroxyl absorption peaks
at 1638 and 3420 cm−1 were weakened and hydrophilic groups
were reduced compared with silica (Figure 2c).43−45 It
indicated that silica was successfully modified by dodecyl-
trimethoxysilane. The mass percentage of silica-branched
dodecyltrimethoxysilane was measured by a synchronous
thermal analyzer. For modified silica, the additional weight

Figure 2. Characterization of modified silica nanoparticles. (a) SEM and CAs of modified silica nanoparticles. (b) Particle size distribution. (c) FT-
IR spectra. (d) Thermogravimetry of modified silica nanoparticles.
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loss rate was about 3.91% compared with unmodified silica
(Figure 2d).

3.2. Analysis of the Composite Coating Dispersion.
For water-based superamphiphobic coatings, dispersibility
decides the performance. However, the hydrophobic sub-
stances often float on the water surface, resulting in poor
dispersibility (Figure 3a,b). Therefore, we solved the
dispersibility by preparing modified silica dispersion instead
of modified silica powder and obtained water-based super-
amphiphobic dispersion (Figure 3e,f). The prepared modified
silica dispersion was milky white (Figure 3c). When the
dispersion of modified nanosilica was stored for 210 days, it
was clearly found that the dispersion was not layered (Figure
3d). As shown in Figure 3g, it was layered when the coating
dispersion was placed for 120 min, but the coating dispersion
returned to the original state after passing through the high-
speed stirrer (Figure 3h). In addition, the coating dispersion
after redispersion does not affect the coating spraying and
performance (Figure S1).
Silica dispersion has a large phase interface, so the colloidal

particles are in an unstable state to be destroyed and

agglomerated.46,47 Consequently, the one-step synthesis and
hydrophobic modification have been adopted to improve
stability for fabricating the modified silica dispersion with
excellent dispersibility. During the process of one-step
synthesis of the modified silica dispersion, dodecyltrimethox-
ysilane was used to modify the surface of dispersed phase
particles (silica), reduce the surface energy, and play a role in
steric hindrance on the surface of silica.37−39 Zeta potential
(absolute value) is usually an important index to evaluate the
stability of the colloidal dispersion system.48,49 The silica
dispersion with 437.2 ± 13.1 nm average particle size and the
modified silica dispersion with 462.25 ± 4.65 nm average
particle size were synthesized, it was found that the modified
silica dispersion had a large zeta potential (0.1 g/L, 32.8 ± 0.9
mV), and its stability was better than that of the silica
dispersion by comparing with the zeta potential of the silica
dispersion (0.1 g/L, 17.45 ± 0.95 mV).
To evaluate the stability of the coating dispersion, the zeta

potential of coating dispersions with different concentrations of
silica (437.2 ± 13.1 nm) and modified silica (462.25 ± 4.65
nm) was measured (Figure 4a). It was found that with the

Figure 3. Dispersion stability. (a) Nanosilica powder suspended in water. (b) Nanosilica powder suspended in the coating dispersion. (c)
Dispersion of modified silica nanoparticles. (d) Dispersion of modified silica nanoparticles after 210 days. (e, f) PTFE-ATP-SiO2 composite coating
dispersion. (g) PTFE-ATP-SiO2 composite coating dispersion after 120 min. (h) PTFE-ATP-SiO2 composite coating dispersion after high-speed
dispersion again.

Figure 4. Zeta potential of coating dispersion. (a) Effect of concentration on zeta potential. (b) Effect of pH on zeta potential.
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increase in concentration, the zeta potential of the coating
dispersion increased, indicating that the stability increased. As
shown in Figure 5a, with the increase in particle concentration,
the average particle size of the coating dispersion prepared
with modified silica increased relatively slowly, while the
average particle size of the coating dispersion prepared with
silica increased rapidly. The maximum difference in average
particle size between the two was 70.45 nm. Therefore,
compared with the coating dispersion prepared with modified
silica, the coating dispersion prepared with silica was easier to
accumulate. Furthermore, the zeta potential of modified silica
was higher than that of silica, which indicated that the stability
of the coating dispersion prepared with modified silica was
good.
The zeta potential of coating dispersions prepared with silica

(437.2 ± 13.1 nm) and modified silica (462.25 ± 4.65 nm)
with different pH levels (2, 4, 6, 8, 10, and 12) was measured
so as to explore the influence of pH on the stability of the
coating dispersion (Figure 4b). The results showed that the
zeta potential of the coating dispersion prepared with modified
silica and silica under the alkaline condition was higher than
that under the acidic condition, and alkaline condition was
conducive to the stability of the coating dispersion. The
composite coating dispersion included PTFE emulsion (pH
9−10), modified silica dispersion (neutral), and modified ATP
dispersion (pH 6−7), of which PTFE emulsion was the main
substance (Figure 8). Therefore, the stability of the composite
coating dispersion was mainly determined by the stability of
PTFE emulsion. For the stability of PTFE emulsion, it was
determined by the synthesis process and stable environment
(acid−base properties). In this paper, PTFE emulsion
(TE3893) was an alkaline dispersion, so alkaline condition
was conducive to improving the stability of the composite
coating dispersion.
In addition, the effect of modified silica particle size on the

stability of the coating dispersion was investigated. It was
found that there was little difference in the zeta potential of the
coating dispersion prepared with 278.1 ± 2.2 nm (0.1 g/L,
22.75 ± 0.15 mV) and 462.25 ± 4.65 nm (0.1 g/L, 23.25 ±
0.15 mV) modified silica. As shown in Figure 5b, compared
with the coating dispersion with 462.25 ± 4.65 nm modified
silica, the coating dispersion with 278.1 ± 2.2 nm modified
silica had a larger particle size (352.95 ± 5.95 nm).

Consequently, small particle size was not conducive to the
stability of dispersion and led to easier accumulation. To sum
up, the modification, concentration, particle size, and pH have
a great impact on the stability of the coating dispersion.

3.3. Analysis of Wettability of the Composite Coat-
ing. Since the coating dispersion was composed of PTFE,
modified silica nanoparticles, and modified ATP, weight
percentages of modified silica nanoparticles and modified
ATP were changed to explore the influence on the wettability
of coating. Under the condition of 50 g of PTFE emulsion (60
wt %) and 50 g of modified ATP (20 wt %), the amount of
modified silica was changed (five kinds of formulations). It was
obvious that the waterproof ability of the coating can be
improved by adding modified silica nanoparticles (Figure
6a,b). When the weight percentage of modified silica
nanoparticles was 36 wt % (25 g), the maximum CA of
water reached 158.7°, and the CAs of ethylene glycol were 151
± 0.6°. When the weight percentage of modified silica
nanoparticles was 40.3 wt % (30 g), the composite coating
had the maximum CA (154.8°) for ethylene glycol, the CAs of
water were 155 ± 1° (Figure 6a). When the weight percentage
of modified silica nanoparticles changed from 18.37 wt % (10
g) to 47.37 wt % (40 g), the SAs of water were transformed
from 9 ± 0.2° to 3 ± 0.1°, and the SAs were changed from
17.9 ± 0.6° to 13 ± 0.5° for ethylene glycol. With the amount
of filled modified silica increasing, the composite coating
surface easily formed an inhomogeneous rough structure and
had high apparent contact angle. It conformed to the Cassie−
Baxter model.50 In the Cassie−Baxter model, it was assumed
that the droplet only contacts with the solid tip (inhomoge-
neous surface) and intercepts air in an inhomogeneous rough
structure under the droplet so that the inhomogeneous surface
is not wetted. The apparent contact angle increased with the
decrease in the contact between the droplet and the solid tip,
which was basically consistent with our experimental results
(Figure S2). Therefore, under the quantitative condition of
PTFE (50 g) and modified ATP (50 g), the composite coating
with 36 wt % (25 g) modified silica nanoparticles obtained
high CAs. Then, the amount of modified ATP was optimized,
which was changed under the dosage of 50 g of PTFE
emulsion (60 wt %) and 25 g of modified silica (90 wt %). Five
kinds of formulations were evaluated (Figure 6c,d). When the
weight percentage of modified ATP was changed from 10.26

Figure 5. Particle size distribution. (a) Effect of concentration on the average particle size. (b) Particle size distribution of dispersion.
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wt % (30 g) to 21.05 wt % (70 g), the CAs of water altered
from 151 ± 0.9° to 156 ± 0.7°, and the SAs of water decreased
to less than 4°. However, when the weight percentage of
modified ATP exceeded 14.63 wt % (45 g), the SAs of ethylene
glycol were increased, and the CAs of ethylene glycol were
decreased. Because when the weight percentage of modified
ATP exceeded 14.63 wt % (45 g) in the coating system, the
hydrophilicity and lipophilicity of modified ATP gradually
appeared. Ten kinds of formulations were comprehensively
considered, and the composite coating with 25 g of modified
silica (90 wt %), 50 g of modified ATP (20 wt %), and 50 g of
PTFE (60 wt %) obtained the best superamphiphobicity.
Therefore, we chose the composite coating as the follow-up
study and named it the PTFE-ATP-SiO2 composite coating.
When the modified ATP was 50 g and PTFE was 50 g, the
coating was named the PTFE-ATP composite coating.

The PTFE-ATP-SiO2 composite coating had high CAs and
low SAs from pH 1 to 14 solution, proving that the PTFE-
ATP-SiO2 composite coating possessed good repulsion for
corrosive droplets and prevented corrosive liquid from wetting
the composite coating surface (Figure 6e,f). As a result, the
PTFE-ATP-SiO2 composite coating has a promising applica-
tion in a corrosive environment.

3.4. Analysis of Morphology and Composition. As
shown in Figure 7a, the surface of coating was prepared by
spraying pure PTFE emulsion. Due to many voids, it was not
conducive to anticorrosion of coating. Pure PTFE emulsion
was mixed with modified ATP dispersion (20 wt %) to prepare
the coating, which improved the compactness of coating and
formed a continuous surface (Figure 7b). SEM images of the
prepared PTFE-ATP-SiO2 composite coating are shown in
Figure 7c,d. It was obvious that the surface of the PTFE-ATP-

Figure 6. Wettability of the composite coating. (a, b) Effect of modified silica content on the wettability of the composite coating for water and
ethylene glycol. (c, d) Effect of modified ATP content on the wettability of the composite coating for water and ethylene glycol. (e, f) CAs and SAs
of the PTFE-ATP-SiO2 composite coating to different pH solutions.
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SiO2 composite coating owned many hierarchical micro/
nanostructures similar to the surface of lotus leaves. This
structure intercepts air to form a stable gas film and enables the
composite coating to show excellent water repellency.51

According to the surface scanning energy spectrum of the
composite coating, it was composed of carbon, oxygen,
fluorine, zinc, aluminum, silicon, and phosphorus (Figure
8a). The content of fluorine was the highest to reach 57.7 wt
%, which provided low surface energy for the composite
coating. The micro/nanostructures were also composed of
these seven elements, and the content was basically the same as
that of the composite coating surface (Figure 8c). From the
element distribution (Figure 8b,d), it was clear that the
elements were distributed uniformly in the composite coating
surface, and the dispersibility of the prepared composite
coating was excellent. As shown in Figure 9c, the PTFE-ATP-
SiO2 composite coating with 20 μm thickness was obtained
after high-temperature curing (320 °C). The thickness of the
film was obtained by measuring the height of the step at the
junction of the substrate leak and the film (Figure 9b). The 3D
surface morphology of the composite coating is shown in
Figure 9a, and the arithmetic mean deviation of the profile
(Ra) was 1.648 μm.
Compared with the infrared spectra and XRD phase analysis

for modified ATP at normal atmospheric temperature, it was
found that some changes have taken place in the infrared

spectra and XRD phase when modified ATP was kept at 320
°C (Figures S3 and S4). The corresponding diffraction peaks
of AlPO4 were found after high-temperature curing, but the
corresponding diffraction peaks of H2AlP3O10·H2O and
Zn3(PO4)2·4H2O were not found (Figures S5 and S6). It
was also consistent with the infrared spectrum result; the peak
at 424 cm−1 (Zn−O) disappears (Figure S3 and Table S1).
Moreover, the infrared spectra of PTFE were changed, but the
XRD spectra were not changed at a high temperature of 320
°C for 20 min (Figures S3 and S4). These results affect the
infrared spectra and XRD phase analysis of the PTFE-ATP-
SiO2 composite coating after high-temperature curing (Figures
S3, S4, and S7).

3.5. Analysis of Self-Cleaning and Antipollution. A 10
min continuous rolling test (water and glycerol) and slurry
dumping (45 wt %) test were executed to evaluate the
antifouling performance of the PTFE-ATP-SiO2 composite
coating. The test results showed that the PTFE-ATP-SiO2
composite coating had an excellent antipollution ability
(Figure 10a−c). During the test (10 min), deionized water
and glycerol were nearly spherical and quickly dripped (Movies
S1 and S2). It still possessed high CAs for water after the 10
min continuous rolling test. It was worth mentioning that the
slurry (45 wt %) was tested continuously for 10 min without
any sediment invading the composite coating (Figure 10d and
Movie S3). The CAs were 145 ± 0.5° for slurry, which showed

Figure 7. SEM of the composite coating. (a) SEM of pure PTFE coating. (b) SEM of the PTFE-ATP composite coating. (c, d) SEM of the PTFE-
ATP-SiO2 composite coating.
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that the stability of the PTFE-ATP-SiO2 composite coating
was good. The self-cleaning performance of the PTFE-ATP-

SiO2 composite coating needs to be observed. Silica and sand
were placed on the coating surface, and then water drops fell

Figure 8. Element distribution of the composite coating. (a, b) Element content and element distribution of the PTFE-ATP-SiO2 composite
coating. (c, d) Element content and element distribution of emulsion protrusion.

Figure 9. Morphology of the PTFE-ATP-SiO2 composite coating. (a) 3D surface morphology of the composite coating. (b, c) Profile of the
composite coating.
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on the polluted area, which took away pollutants and formed a
clean surface (Figure 10e−h). The PTFE-ATP-SiO2 composite
coating showed good self-cleaning performance. Therefore, the
composite coating has good stability and self-cleaning
performance, which are conducive to practical application.

3.6. Analysis of Mechanical Properties. The PTFE-
ATP-SiO2 composite coating was tested with a cross-cut tape
test according to GB/T 9286 (Figure S8). The PTFE-ATP-
SiO2 composite coating was cut to a 1 mm × 1 mm grid by
exposing the surface with a wallpaper knife and then pressed,
and the 3M test tape was pulled until it was removed from the
scored surface within 5 min, which was repeated three times.
The peeling of scratch intersection after removal by the 3M
test tape was neglected, and it was recognized as grade 1
adhesion (Figure 11a,b). After the cross-cut tape test, the
composite coating still had high repellency for glycerol,
ethylene glycol, and water (Figure 11d,e). Moreover, the
composite coating surface still had an anti-adhesion ability

(Figure 11c). The impact resistance tester is shown in Figure
11g, and it evaluated the impact resistance of the PTFE-ATP-
SiO2 composite coating when a heavy hammer (1 kg) was
dropped at different heights. The impact resistance of the
composite coating was evaluated according to GB/T 1732-
1993. The impact resistance was judged by observing the crack
and peeling of the delamination ring on the surface of the
composite coating. There was no crack on the surface of the
PTFE-ATP-SiO2 composite coating (Figure 11f) because of
the high content of PTFE in the film-forming material and
certain toughness after film formation. PTFE played a leading
role in the PTFE-ATP-SiO2 composite coating showing
excellent impact resistance and good adhesion.
High-roughness sandpaper (120 mesh) was adhered on

weights of different masses with double-sided adhesive, which
was placed on the composite coating surface and pulled at
constant speed. Then, it was pulled to the other side and
returned to the original position again to record it once (Figure

Figure 10. Self-cleaning and antipollution test. (a) PTFE-ATP-SiO2 composite coating surface. (b) Deionized water test. (c) Glycerol test. (d) 45
wt % slurry test. (e, f) Self-cleaning test of silica. (g, h) Self-cleaning test of silt.

Figure 11. Mechanical property test. (a, b, e) Surface of the PTFE-ATP-SiO2 composite coating before and after the cross-cut tape test. (c)
Deionized water pull test. (d) Ethylene glycol rolling test. (f) The surface of the PTFE-ATP-SiO2 composite coating was impacted by a heavy
hammer at different heights. (g) The heavy hammer is a 1 kg coating impact instrument.
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Figure 12. Abrasion resistance test. (a) Process of PTFE-ATP-SiO2 composite coating wear resistance test. (b) Effect of different loads on the CAs.

Figure 13. SEM of the PTFE-ATP-SiO2 composite coating after the wear resistance test. (a, b) SEM of the composite coating after 35 cycles under
50 g loads. (c, d) SEM of the composite coating after 35 cycles under 100 g loads. (e, f) SEM of the composite coating after 35 cycles under 200 g
loads.
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12a). The CAs and SAs of the PTFE-ATP-SiO2 composite
coating were recorded every five times. The surface
morphology of the PTFE-ATP-SiO2 composite coating under
50 g loads is shown in Figure 13a,b; it was slightly damaged,
the micro/nanostructures were also worn, and the CAs of
deionized water were less than 150° after 35 cycles of wear.
After 35 times of abrasion of the PTFE-ATP-SiO2 composite
coating under 100 g loads, it was found that the micro/
nanostructures on the coating surface were ground flat, the
modified silica in the composite coating was exposed (Figure
13c,d), and the CAs were reduced to 145 ± 1.1° for water. It
was observed that the high-roughness surface of the PTFE-
ATP-SiO2 composite coating was completely polished after 35
times of wear under 200 g loads (Figure 13e), there were no
micro/nanostructures (Figure 13f), and the CAs of water were
reduced to 136 ± 0.7°. After 35 cycles of wear, compared with
50 g loads, the wear of the composite coating was intensified
under 200 g loads. The micro/nanostructures disappeared and
the rough surface was lost, which affected the surface
wettability of the PTFE-ATP-SiO2 composite coating. As
shown in Figure 12b, the CAs of the PTFE-ATP-SiO2
composite coating were decreased under three different
loads, which intuitively proved the influence of micro/
nanostructures and rough surface on hydrophobicity.52,53

Furthermore, the hardness of the PTFE-ATP-SiO2 composite
coating was grade 2B (Figure S9).

3.7. Analysis of Thermal Stability. For the sake of testing
the thermal stability, coating annealing tests were carried out.

The wettability of the PTFE-ATP-SiO2 composite coating after
annealing for 1.5 h at different temperatures is shown in Figure
14. The CAs of the PTFE-ATP-SiO2 composite coating
decreased slightly with the increase in heat treatment
temperature (within 425 °C) for water (CAs = 152 ± 0.8°;
SAs = 7 ± 0.6°) and ethylene glycol (CAs = 150 ± 0.2°; SAs =
26 ± 1°). However, when the temperature exceeded 435 °C,
the PTFE-ATP-SiO2 composite coating lost superamphipho-
bicity. The results showed that the composite coating can
maintain excellent thermal stability in a wide high-temperature
range.

3.8. Analysis of Corrosion Resistance. The PTFE-ATP-
SiO2 composite coating was soaked in acid−base solution to
evaluate the hydrophobicity and chemical stability. As shown
in Figure 15, the change trend of the CAs and SAs was shown
after soaking for different times in the environment of pH 1
and pH 14, respectively. The chemical stability of the
composite coating was excellent for the hydrochloric acid
solution with pH 1 (within 96 h). There was no significant
change in the CAs and SAs of the composite coating before
and after soaking, and the composite coating surface was not
damaged (Figure 16a,b). Compared with hydrochloric acid
solution with pH 1, the repellency of the composite coating
was worse in KOH solution with pH 14. After soaking for 96 h,
the CAs dropped to 145 ± 0.9°, and SAs increased to 10 ±
0.7°. It may be that with the increase in immersion time, the
PTFE-ATP-SiO2 composite coating contained acid-modified
ATP that causes a chemical reaction with alkaline KOH,

Figure 14. High temperature resistance test of the PTFE-ATP-SiO2 composite coating. (a) Effect of heat treatment on CAs and SAs of water. (b)
Effect of heat treatment on CAs and SAs of ethylene glycol.

Figure 15. Acid−base immersion test. (a) CAs of the composite coating soaked in acid−base solution for different times. (b) SAs of the composite
coating soaked in acid−base solution for different times.
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leading to the weakening of surface hydrophobicity. However,
the morphology of the PTFE-ATP-SiO2 composite coating had
not changed significantly, and the micro/nanostructures had
not been damaged (Figure 16c,d). Therefore, the composite
coating possessed excellent chemical stability.
To explore the corrosion resistance of the PTFE-ATP-SiO2

composite coating, it was soaked in 3.5 wt % NaCl solution to
obtain Tafel plots and electrochemical impedance spectra
(Figure 17). The relevant electrochemical parameters were
obtained according to the polarization curve (Table 1). As
shown in Figure 17a, compared with pure tinplate and PTFE
coating, the PTFE-ATP coating had an Ecorr positive shift,
lower corrosion rate (−0.603 V), and higher protection
efficiency (96.367%). It was attributed to the anticorrosive
substance (modified ATP) and reduction of coating surface
defects (Figure 7b). The corrosion resistance of the PTFE-
ATP-SiO2 composite coating was better than that of the
PTFE-ATP coating due to the physical barrier in the
composite coating (modified silica).
The corrosion rate (CR) and protection efficiency (PE) of

the coating were obtained by corrosion current (Icorr)
according to formulas 1 and 2.54,55

I
V d

CR 3270
Mcorr= ×

·
· (1)

I
I

PE (1 corr
c

corr
0=

(2)

) × 100where 3270 = 0.01 × [1 year (in s)/96,497.8] and
96,497.8 = 1 F in Coulombs. Furthermore, V, M, and d
represent the valence (+2), atomic mass (55.845), and density
(7.85 g/cm3) of the tinplate substrate, respectively. Icorr0 and
Icorrc belong to the corrosion current of the bare tinplate
substrate and the corrosion current of the coated tinplate
substrate (determined by the intersection of the linear portions
of the anodic and cathodic curves), respectively.
For the sake of exploring the long-term protection efficiency

of the PTFE-ATP-SiO2 composite coating, the polarization
curves and electrochemical impedance spectra of the PTFE-
ATP-SiO2 composite coating at different times were obtained
(Figure 17b).
As shown in Table 1, the PTFE-ATP-SiO2 composite

coating had the largest positive displacement, low corrosion
rate, and high protection efficiency after soaking for 6 h.
However, after soaking for 5 days, the polarization curve of the
PTFE-ATP-SiO2 composite coating had a slight negative shift
compared with that of the coating soaking for 6 h. With the
increase in immersion time, the degree of negative shift of the
PTFE-ATP-SiO2 composite coating polarization curve in-
creased. After 20 days of immersion, the degree of negative
shift (−0.605 V) was higher than that of the PTFE-ATP-SiO2
composite coating soaked for 6 h, and the protection efficiency
decreased to 89.1%. Electrochemical impedance spectroscopy
was in good agreement with the polarization curve, which also
proved that the corrosion resistance of the PTFE-ATP-SiO2
composite coating was reduced (Figure 17c). With the increase
in immersion time, the semicircle diameter of EIS decreased,

Figure 16. SEM of the PTFE-ATP-SiO2 composite coating after the acid−base immersion test. (a, b) SEM of the composite coating after soaking
in pH 1 solution for 96 h. (c, d) SEM of the composite coating after soaking in pH 14 solution for 96 h.
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and the protection efficiency decreased. The PTFE-ATP-SiO2
composite coating had a long-term protection efficiency of 20
days, because the modified silica in the composite coating
prolonged the time to reach the tinplate surface for corrosive
substances. In addition, the air was intercepted by the rough
structure of the composite coating to improve the corrosion
resistance. Therefore, the PTFE-ATP-SiO2 composite coating
can be used in a corrosive environment.

4. CONCLUSIONS
In summary, modified silica dispersion was blended with PTFE
emulsion and modified ATP dispersion to prepare an aqueous
coating without introducing an external surfactant. The
composite coating possessed good adhesion (grade 1), thermal
stability (<425 °C), excellent antifouling, and impact
resistance. More importantly, the superamphiphobic surfaces
had obtained strong repulsion to ethylene glycol (CAs = 154 ±
0.8°; SAs = 13 ± 0.7°) and water (CAs = 158 ± 0.7°; SAs = 4
± 0.3°). Under different loads (50, 100, and 200 g), the
coating still possessed hydrophobicity after 35 cycles of wear of
high-roughness sandpaper (120 mesh). Moreover, the

composite coating had long-term chemical stability to HCl
solution (pH 1) and KOH (pH 14) solution for 96 h. The
polarization curve and electrochemical impedance analysis
showed that the PTFE-ATP-SiO2 composite coating exhibited
long-term corrosion resistance (20 days), which was mainly
due to the superhydrophobicity of the composite coating and
physical barrier effect. It is believed that the PTFE-ATP-SiO2
composite coating has promising potential in the corrosion
protection.
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Antipollution test for glycerol (Movie S1) (MP4)
Antipollution test for water (Movie S2) (MP4)
Antipollution test for slurry (Movie S3) (MP4)
Surface of the composite coating after redispersion
(Figure S1); solid−liquid contact area fraction of the
composite coating (Figure S2); FT-IR spectra (Figure
S3); XRD spectra (Figure S4); XRD spectra of modified

Figure 17. Corrosion resistance test. (a) Polarization curve test. (b) Polarization curve of the PTFE-ATP-SiO2 composite coating for different
times. (c) EIS of the PTFE-ATP-SiO2 composite coating for different times.

Table 1. Polarization Values for Uncoated and Coated Tinplate Substrates

sample immersion time Ecorr (V) Icorr (A/cm2) CR (μm/year) PE (%)

tinplate 6 h −0.767 3.457 × 10−4 4021
PTFE 6 h −0.621 2.620 × 10−5 305 92.421
PTFE-ATP 6 h −0.603 1.256 × 10−5 146 96.367
PTFE-ATP-SiO2 6 h −0.142 1.850 × 10−6 21 99.465
PTFE-ATP-SiO2 5 days −0.181 3.484 × 10−6 40 98.992
PTFE-ATP-SiO2 10 days −0.423 1.071 × 10−5 125 96.902
PTFE-ATP-SiO2 20 days −0.605 3.768 × 10−5 438 89.100
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ATP (Figure S5); XRD spectra of modified ATP held at
a high temperature of 320 °C for 20 min (Figure S6);
XRD spectra of the PTFE-ATP-SiO2 composite coating
(Figure S7); functional group details of the FT-IR
spectra (Table S1); GB/T 9286 (Figure S8); SEM of
the PTFE-ATP-SiO2 composite coating after the hard-
ness test (Figure S9) (PDF)
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