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Waterborne superamphiphobic coatings with
network structure for enhancing mechanical
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Superamphiphobic coatings may significantly change the wettability of a substrate, and so are attractive for
applications in aero/marine engineering, biotechnology, and heat transfer. However, the coatings are
caught in a double bind when their durability is considered, as they are vulnerable to mechanical

abrasion.

Meanwhile, the wide use of organic solvents for preparing the coatings generates

environmental pollution. Here, we present a waterborne superamphiphobic coating through one-step
spraying that repels a wide range of liquids. By tailoring the repellence of the nano-silica to waterborne
resin, a network structure is constructed to protect the embedded nano-silica from damage. Thus, the
coatings are durable against 725 cycles of friction tester abrasion under a load of 250 g, showing

a significant improvement in the mechanical durability by 3—-25 times. Moreover, our coating also shows
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excellent comprehensive durability, including resistance to oil-flow erosion, falling sand impact, chemical

attack, thermal treatment, etc. This strategy can be introduced to various waterborne resins,
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1. Introduction

Superamphiphobic coatings with the ability to repel liquids are
of interest for fundamental research and practical applications
in anti-fouling,’* petrochemical engineering,”” corrosion
protection,®® and heat transfer.'*** Characterizing with rough
textures and low-surface-energy chemistry, these coatings
enable a liquid drop on their surface to bead up and roll off
readily.™*° Truly harnessing these preferred functions also calls
for simultaneously preserving their mechanical durability;
however, displaying such two features appears mutually exclu-
sive.>**' This is because the liquid repellence requires a mini-
mized interfacial contact area which typically takes advantage of
trapping air pockets within refined structures, but makes
a trade-off in mechanical durability, especially under abrasion
conditions.”** Meanwhile, the exposure of the underlying layer
by abrasion may change the chemistry property of the surface,
for example-the wettability, thereby leading to the adhesion of
liquids to the surface.>»*

Diverse strategies have been developed to enhance the
robustness of superamphiphobic surfaces. For example,
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demonstrating its universality, and may offer a new insight to design sustainable superamphiphobic
coatings for long-term practical applications.

adhesives, such as organic polymer or aluminum dihydrogen
phosphate, can be introduced to improve the adhesion between
the functionalized nanoparticle coating and the substrate.”*>*
However, the coatings lose their performance once the upper
layer is abraded off, thereby leading to a moderate enhancement
in durability. Alternatively, the strategy of the self-similar struc-
ture can achieve durability by sacrificing the upper layers,>™*
which in turn compromises the lipophobicity. Currently, con-
structing a rigid armour can bear the mechanical load,***** but
poses a strict requirement on the specific substrate and advanced
microfabrication technologies, which are low-throughput, time-
consuming, and cost-ineffective. Besides, the preparation of
most superamphiphobic surfaces depends on organic solvents to
dissolve low-surface-energy substances,**** which leads to envi-
ronmental pollution. Although water is a green and safe choice as
the solvent,* the incompatibility between the water and low-
surface-energy substances impedes the preparation of water-
borne superamphiphobic coatings. Consequently, most efforts
have been focused on the preparation of the waterborne super-
amphiphobic coatings,*~** but rarely on the breakthrough in the
durability. To date, it remains challenging to fabricate coatings
while achieving both superamphiphobicity and durability by
simple fabrication processes, especially for waterborne
coatings.*

Here, water and waterborne resins are selected to prepare the
superamphiphobic coatings. Although the repellence of the
fluorinated nano-silica to waterborne resin was regarded as the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of network coating formation.

barrier to preparing waterborne superamphiphobic coatings, we
utilize and control this property to the optimized one to promote
the shrinkage of waterborne resin (Fig. 1). Then, the frame unit
forms with cavities. After layer-by-layer spraying, the network
structure is constructed with the embedment of fluorinated
nano-silica. On the one hand, the embedded fluorinated nano-
silica provides superamphiphobicity. On the other hand, the
network structure can bear the external load to protect the
embedded nano-silica, which promises the mechanical and
environmental durability of superamphiphobic coatings. The
new design principle for waterborne superamphiphobic coatings
features the following advantages: (1) the coatings can be
prepared by various waterborne resins in a facile and sustainable
manner. (2) The coatings repel various liquids. (3) The coatings
show a significant improvement in mechanical durability by
3-25 times and can withstand comprehensive harsh conditions.

2. Experimental section
2.1 Materials

Deionized water, nano-silica (average size: 13 nm), and
commercial waterborne resins, including fluorocarbon resin
(FEVE), epoxy, polyurethane, and acrylic resin, were all
purchased from Wangqing Co. Ltd (China). Ammonia hydroxide
(28 wt%) and 1H,1H,2H,2H-perfluoro-decyltrichlorosilane
(FDTS) were supplied by Aladdin Co. Ltd (China). Fluoro-
carbon surfactant (Capstone FS-61) was purchased from DuPont

Co. Ltd (USA).

2.2 Fabrication of network coating

The superamphiphobic nano-silica was prepared based on our
previous work.*' To prepare the waterborne coating, the ethanol
solvent was replaced by water. 0.36 g of nano-silica was
dispersed in the solution containing 90 mL of deionized water,
0.5 g of fluorocarbon surfactant, and 4 mL of ammonia
hydroxide. Followed by mechanical stirring for 5 min, 0.35 mL
of FDTS was added into the suspension drop by drop. After
reaction for 12 h, the superamphiphobic nano-silica suspension
was obtained. Then, the dry nano-silica was obtained by freeze-
drying. After heat treatment at different temperatures for
10 min, 2 g of the fluorinated nano-silica was mixed with 5 g of
the waterborne FEVE resin in 15 mL of deionized water. Finally,
the waterborne network coating could be prepared through one-
step spraying after heat treatment at different temperatures
(i.e., 180 °C, 200 °C, and 220 °C) for an hour. It is worth noting
that the heat treatment of network coatings is the final treat-
ment in the coating preparation, which is distinct from the heat
treatment of the fluorinated nano-silica for tailoring its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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wettability. For fabrication of the film and bulk, the aforemen-
tioned coating suspension was poured into a mould. After being
fully cured for 48 h at room temperature and heat treatment at
180 °C for an hour, the film and bulk were obtained followed by
demoulding.

For comparison, the layered coating was prepared by two-
step spraying as reported in the conventional strategy.>® The
waterborne resin was first coated on the substrate as the
adhesive. Then, the superamphiphobic nano-silica suspension
was sprayed onto the semi-curing waterborne resin. Finally, the
layered superamphiphobic coating was obtained by heating at
180 °C for an hour.

2.3 Characterization

Scanning electron microscopy (SEM, Nova Nano SEM450, FEI,
USA) with an energy dispersive spectrometer (EDS), trans-
mission electron microscopy (TEM, Talos F200X, Thermo Fisher
Scientific, USA), and atomic force microscopy (AFM, Dimension
ICON, Bruker, Germany) were used to observe the morphologies
and structures of samples. The chemical composition was
analyzed by X-ray photoelectron spectroscopy (XPS, Nexsa,
Thermo Fisher Scientific, USA) and Fourier transform infrared
spectra (FTIR, Nicolet IS-10, Nicolet, USA). Thermogravimetric
(TG) measurement was conducted via a STA449-F3 Setsys
Evolution (Netzsch, Germany) using a dynamic heating rate of
10 °C min~'. The thickness and surface roughness of the
coatings were measured by a surface profiler (D-100, KLA-
Tencor, USA). The pore distributions and porosity were
measured via a fully automatic surface area and porosity
analyzer (ASAP 2460, Micromeritics, USA) by the Brunauer-
Emmett-Teller (BET) method and mercury intrusion porosim-
etry (MIP, AutoPore Iv 9510, Micromeritics, USA). The static
contact angles of liquids with 5 puL and roll-off angles of liquids
with 10 uL were measured by a contact angle meter (OCA 15Pro,
Dataphysics, Germany). Each sample was measured at five
different positions.

2.4 Durability tests

The abrasion tests were respectively carried out using a friction
tester (Biuged Laboratory Instruments Co. Ltd., China) and
a Taber abrasion tester (TABER® INDUSTRIES, USA) according
to ASTM D4060 standard. For friction tester abrasion (inset in
Fig. 4b), the coatings on the glass substrates (the following
samples were the same otherwise specially noted) were repeat-
edly abraded by a rubber under a 250 g load. Each back and
forth movement of the rubber was counted as one abrasion
cycle. The olive-oil stirring test was performed to evaluate the
resistance to the erosion of oil flow. For this test, the sample was
fixed in a beaker with the coating surface immersed in olive oil.
The oil was stirred by a mechanical agitator at a speed of
2000 rpm (i.e., ~15 m s~ * of linear speed). Sandy water stirring
was performed for mimicking ship movement in the water with
sand particles. The test was similar to the olive oil, except
replacing olive oil with sandy water (sand content: 4 g L™ '). The
resistance to mechanical impact was evaluated by the sand
impact test. During the test, the sand fell at a rate of 40 g min~*
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from a height of 30 cm and impacted the coating surface which
was tilted at 45°. The chemical stability was tested by directly
immersing the coatings into chemical solutions, including
3.5 wt% NacCl solution, HCI solution (pH: 1-5), and NaOH
solution (pH: 9-13). The thermal stability was tested by placing
the coating in the liquid nitrogen (—196 °C), refrigerator (—30 to
0 °C), and oven (100-350 °C), respectively. For long-term
thermal stability, we kept the sample on a heating stage at
a temperature of 250 °C.

3 Results and discussion
3.1 Design of network coatings

We first tailored the wettability of fluorinated nano-silica to
obtain the optimized repellence to waterborne resin (Fig. 2a).
The fluorinated nano-silica turned hydrophilic due to the fluo-
rocarbon surfactant (determined by the hydrophilic carboxyl
groups), which was used to help water dissolve low-surface-
energy substances (Fig. S1at). This altered surface chemistry,
which has been widely regarded as the failure in super-
amphiphobicity, was investigated and then utilized to tailor the
wettability of fluorinated nano-silica by controlling the
decomposition of fluorocarbon surfactant (Fig. S1b¥). Thus, the
fluorinated nano-silica showed totally different wettability after
heat treatment at different temperatures (Fig. Sict).

The fluorinated nano-silica with a water contact angle of
~125° (i.e., treated at 160 °C) repelled the waterborne FEVE
resin and promoted its shrinkage, which is therefore the
reasonable choice (Fig. 2b). The shrunken waterborne resin
served as the skeleton to surround the fluorinated nano-silica
and gradually constructed the network structure by layer-by-
layer crosslinking, which was evidenced by the increasing
roughness (Fig. S2t). Finally, the network structure formed with
a stable roughness after heat treatment at 180 °C (Fig. 2c).
Amounts of cavities with a diameter of 1-15 pm were uniformly
distributed on the coating, and several small cavities were
contained within the large cavities, showing an interconnected
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Fig. 2 Design of network coatings. (a) Wettability control of the
fluorinated nano-silica by heat treatment at different temperatures. (b)
TEM image showing the shrinkage of the waterborne resin driven by
the fluorinated nano-silica. (c) Surface morphology of the network
coating. The inset of the SEM image shows the embedment of fluo-
rinated nano-silica in the network structure. (d) Element maps of F and
Si of the network coating. (e) The contact angles and roll-off angles of
liquids with various surface tensions. The inset of the optical photo-
graph shows the repellence of the network coating to various liquids.
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frame, which seemed like a network. Note that, the continuous
interconnected frame would be broken if further increasing the
coating treatment temperature, thereby leading to the crack
formation on the network structure (Fig. S31). Moreover, it can
be observed that the fluorinated nano-silica was embedded in
the network structure. Due to the repellence, the fluorinated
nano-silica avoided the excessive package by waterborne resin,
thereby contributing to the roughness. However, it was impos-
sible for constructing such a structure by using the fluorinated
nano-silica with either insufficient or extreme repellence
(Fig. S4t). For example, the fluorinated nano-silica treated at
100 °C possessed a water contact angle of ~58°, showing an
affinity to waterborne resin. The resultant coating showed
a smooth structure with a few cavities. Conversely, the fluori-
nated nano-silica treated at 180 °C achieved super-
amphiphobicity, meaning the excessive repellence to
waterborne resin. The incompatibility led to the difficulty in
mixing them. Thus, the coating showed a loose structure
without the continuously interconnected bridges (i.e., network
structure). For comparison, the layered coating was prepared
according to the conventional strategy (Fig. S5at). The layered
coating exhibited a relatively smooth structure (Fig. S5b¥). Such
a difference is evidenced by the porosity analyses, that the
network coating possessed much more cavities than the layered
coating, especially the micro-scale ones (Fig. S5c and dt). Note
that, the cavities below 10 nm were formed by the stack of nano-
silica.

Fig. 2d and S6at show the surface chemistry of the network
coating. The corresponding distributions of F and Si elements
demonstrated the successful graft of FDTS on nano-silica,
which provides low surface energy. Besides, the black regions
in the maps referring to the cavities can also be observed. The
FTIR spectra further verified the successful graft, that the peak
intensity of -OH groups became weaker and a new peak of
-CF,- groups emerged after nano-silica fluorination (Fig. S6b¥).
In addition, the peak of C=O groups (corresponding to the
hydrophilic carboxyl groups as evidenced in Fig. Siat) dis-
appeared on the fluorinated silica after heat treatment at
180 °C, thereby removing the influence of the fluorocarbon
surfactant on the superamphiphobicity. The entire coating was
covered by —CF, groups with low surface energy.

Under the synergistic contribution of rough texture and low
surface energy, the network coating, which was thicker than 45
um, was super-repellent (i.e., contact angle >150° and roll-off
angle <10°) to a wide range of liquids, even the decane with
alow surface tension of 23.8 mN m ™" (Fig. 2e, S7 and Table S17).
These drops of water, olive oil, hexadecane, ethanol solution
(60 wt%), and decane sitting on the network coating were nearly
spherical (inset in Fig. 2e). Moreover, our coating not only
realized the superamphiphobicity in air, which allowed the
falling decane droplet to bounce off the surface without adhe-
sion, but also repelled the water in oil (Fig. S81). Note that, due
to the sufficient temperature of 180 °C to totally remove the
fluorocarbon surfactant, the network coatings treated at higher
temperatures showed a similar superamphiphobicity to that
treated at 180 °C, despite crack formation on their network
structure (Fig. S91). Significantly, the reported strategies of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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self-similar structure were achieved by mixing super-
amphiphobic particles and adhesive/matrix. It leads to the
excessive package of superamphiphobic particles by adhesive/
matrix, which sacrifices the oleophobicity. However, our
coating utilizes the controlled repellence of fluorinated nano-
silica to waterborne resin, thereby mitigating the challenge
and exhibiting a similar superamphiphobicity to the layered
coating, whose fluorinated nano-silica was sprayed separately
from the adhesive.

The new design concept of tailoring the repellence of fluo-
rinated nano-silica also endowed our coating with universality.
Our strategy could be introduced to various waterborne resins,
whether oleophilic or oleophobic, and flexible or rigid (Fig. 3a
and Table S21). For example, the network coating achieved
superamphiphobicity even using the waterborne epoxy resin
with a water contact angle of ~34.7° and an olive-oil contact
angle of ~15.8°. As shown in Fig. 3b, the spherical droplets of
ethanol solution (60 wt%) stood on various network coatings.
However, most reported durable superamphiphobic coatings
were prepared by the specific or optimized matrix/adhesive after
amounts of experiments.””***' From an engineering perspec-
tive, our coating could be applied to the propeller with
a complex shape and a size of 0.55 m, demonstrating the simple
and large-scale fabrication (Fig. 3c). The coated propeller was
endowed with the self-cleaning property. The dust on the
coating surface was removed by the ethanol solution flow and
left a clean surface as described in Fig. S10.f Moreover, the
versatility was demonstrated by preparing the network coating
onto various substrates, such as rigid, flexible, smooth, and
porous substrates, proposing the potential in various applica-
tions (Fig. S111). We also fabricated the network bulk and film
for friendly use, which could be attached to the substrates when
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Fig. 3 Universality of network coatings. (a) The contact angles of olive
oil on various waterborne resins and the corresponding network
coatings. The network coating achieves superamphiphobicity even
using the waterborne resin with an olive-oil contact angle of ~16°. (b)
Optical photographs of network coatings prepared by various water-
borne resins, including fluorocarbon, epoxy, polyurethane, and acrylic
resin. (c) Optical photograph of the network coating on the propeller
with the complex shape. (d) Optical photograph of the network film
with excellent flexibility.
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Fig. 4 Comprehensive durability of network coatings. (a and b) Water
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tester. (c) Comparison of the abrasion resistance of the network
coating with that of the existing reports. (d) Olive-oil repellence of
different coatings after oil stirring. (e) Comprehensive durability of the
network coating. (f) The repairable property of the network coating.

required (Fig. 3d and S12t). The spherical droplets of ethanol
solution stood on the upper and inner surface of the bulk,
showing the all-dimensional superamphiphobicity. Besides, the
network bulk and film with excellent flexibility could tolerate
more than 100 cycles of bending without deformation.

3.2 Comprehensive durability

The durability of superamphiphobic coatings is crucial to
practical applications. For example, repeated abrasion is
common in daily life. Here, we first performed the friction tester
abrasion under a load of 250 g. Consistent with our prediction,
the network coating using both 180 °C heat treatment and
fluorinated nano-silica treated at 160 °C showed the best abra-
sion resistance, which was used to examine the durability
(Fig. S131). As shown in Fig. 4a and b, our coating with
a thickness of ~80 pm exhibited a stable superamphiphobicity
during the abrasion. The contact angles and roll-off angles of
water and olive oil were still greater than 150° and less than 10°,
respectively, even after 600 cycles of abrasion. Further
increasing abrasion to 1000 cycles, water droplets can still easily
roll off. In sharp contrast, the layered coating with the thickness
of ~100 um showed a much faster deterioration of super-
amphiphobicity than the network coating and effortlessly lost
the superamphiphobicity within 100 cycles of abrasion, thereby
leading to the liquid adhesion. It is well known that coating
durability relates to the coating thickness. We then determined
the critical abrasion cycles—that is, the maximum number of
abrasion cycles that the coating could withstand without a loss
of performance, and showed the index of the network coatings
with different thicknesses (Fig. S14}). The anti-abrasion
capacity was enhanced with the thickness increment. From an
engineering perspective, the relatively thin coating with
a thickness of ~80 um was a reasonable choice, which achieved
both satisfactory superamphiphobicity and durability. There-
fore, we compared this index with various reported durable
coatings,?**”***>4 whose minimum thickness was ~100 pum
(Fig. 4c). The critical abrasion cycles of our coating reached 725,
which was 3-25 times higher than that of the reported coatings,

RSC Adv, 2022, 12, 16510-16516 | 16513
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demonstrating a significant improvement in mechanical dura-
bility. Note that, such an improvement effect was also appli-
cable to other kinds of waterborne resins, meaning that the
universality of our strategy covered both superamphiphobicity
and mechanical stability (Fig. S151).

We also performed oil stirring tests to demonstrate the dura-
bility of our coatings against soft mechanical damage. As shown
in Fig. 4d, the network coating could tolerate the erosion of olive-
oil flow for 96 h, which was 8 times longer than the layered
coating. More comprehensive durability tests were conducted to
simulate various environments in practical applications,
including Taber abrasion for mechanical abrasion (400 cycles
under a 250 g load), the sand impact for mechanical impact (40
g min~" for 60 min), the sandy water stirring for flow erosion
(15 m s~ for 120 h), the chemical attack (immersion in 3.5 wt%
NaCl solution for 14 days) and the heat treatment (250 °C for 7
days) (Fig. 4e).In addition, we also carried out the chemical attack
tests induced by various corrosive solutions (pH value of 1-13 for
48 h) and the thermal stability tests at temperatures ranging from
—196 to 350 °C for 2 h (Fig. S16t). Our coatings could withstand
all these extremely harsh conditions, maintaining the roll-off
angles of olive oil less than 10°. Significantly, the excellent
durability of the network coatings could be realized not only on
the glass substrate but also on the steel substrate (Fig. S177). Note
that, coating adhesion is also an important factor for durability.
The cross-hatch test was performed on the coating followed by
tape peeling (ASTM D3359-17 standard). Almost no removal of
coating can be observed, demonstrating the strong adhesion of
the network coating (Fig. S18+).

Moreover, our coating was endowed with the repairable
property, which further improved the reliability for practical
applications. As shown in Fig. 4f, the network coating turned
oleophilic after oxygen plasma treatment. Then the super-
amphiphobicity was regenerated by sandpaper abrasion. The
procedure of oxygen plasma treatment and abrasion was
counted as one cycle. Our coating could be repaired over 10
cycles, without deterioration of superamphiphobicity.

3.3 Mechanical stability mechanism

The superior durability of our coating is attributed to the
network structure. As shown in Fig. 5a, during abrasion, the
network structure tolerates the external force and prevents the
embedded nano-silica from removal. Such protection could be
evidenced by the surface morphology of the abraded network
coating (Fig. 5b). Several cavities (5-75 pm) could be observed,
which are much smaller than the abradants. Although the
skeletons (superficial structure) underwent the severe damage,
the nano-silica remained intact within the cavities to provide
superamphiphobicity. The AFM image also shows the rough
structure within the cavities, further demonstrating the
protection (Fig. 5c). However, the adhesive of the layered
coating only plays a role in binding the nano-silica. Without the
structure for protection, the nano-silica is vulnerable to
mechanical abrasion (Fig. 5d). Therefore, the layered coating
turned smooth after abrasion, and the nano-silica was almost
completely removed, leading to the absence of roughness and
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Fig. 5 Mechanical stability mechanism. (a) Schematic illustration
showing the protection of the network structure for embedded nano-
silica. (b and c) SEM and 3D-view AFM images of the network coating
after abrasion. (d) Schematic illustration of the easy removal of fluo-
rinated nano-silica on the layered coating. (e and f) SEM and 3D-view
AFM images of the layered coating after abrasion. (g) Wide-scan XPS
spectra of the surface elements of the network coating and layered
coating before and after abrasion. (h) The change in coating roughness
along with abrasion. All coatings were abraded by 600 cycles of fric-
tion tester abrasion.

low-surface-energy chemistry (Fig. 5e and f). We also used
a micro-scratching test to visualize the behavior of the coating
surface under scratching (Fig. S19at). With a tip size of 5 um,
the indenter applied a 400 MPa load to the coating surface,
which is much more severe than daily abrasion. Even so, the
network structure tolerated the major stress and kept the nano-
silica on the surface (Fig. S19b¥). In contrast, the upper layer of
the layered coating was entirely scratched off, leaving the
adhesive layer alone (Fig. S19c7).

Such differences can be demonstrated from both aspects of
chemical component and roughness. For the network coating,
the reduction of Si content, which represents fluorinated nano-
silica, was only 3% even after 600 cycles of abrasion (Fig. 5g).
This is a negligible contribution to the degradation of super-
amphiphobicity. However, the loss of nano-silica on the layered
coating reached 33%, indicating 11 times higher than that on
the network coating. Meanwhile, the roughness change of the
network coating was also much slower than that of the layered
coating (Fig. 5h). After 600 cycles of abrasion, the network
coating still kept its roughness larger than 100 nm, indicating
strong structural stability. The result posed a sharp contrast to
that of the layered coating, whose roughness was rapidly
reduced to only ~30 nm within 200 cycles of abrasion. Together,
these microscopic results demonstrate the notable resistance of
network structure that significantly enhances mechanical
durability.

4 Conclusions

In summary, we demonstrate a facile, scalable, and sustainable
approach to creating waterborne superamphiphobic coatings.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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By controlling the repellence of fluorinated nano-silica to
waterborne resin, the coatings consist of the network structure
for resisting damage and the embedded fluorinated nano-silica
for repelling a wide range of liquids. Under the protection of
network structure, the coatings preserve their super-
amphiphobicity after 725 cycles of friction tester abrasion under
a load of 250 g, boosting mechanical durability by 3-25 times,
compared to those conventional coatings. Meanwhile, the
coating demonstrates superior mechanical stability and long-
term durability towards comprehensive tests under various
harsh environments. Moreover, this strategy can be applied to
various waterborne resins to improve the universality of
superamphiphobic coatings. The findings provide a new design
to strengthen the mechanical stability of waterborne super-
amphiphobic coatings and show the wide application prospects
in fuel transportation, anti-fouling, architecture, and other
fields, especially for those that require durability under harsh
conditions.
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