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Abstract: Due to the low adhesion observed at the interface between solid and liquid, superhydropho-
bic coatings hold significant promise for various applications, such as self-cleaning, anti-corrosion,
anti-icing, and drag reduction. However, a notable challenge hindering their widespread adoption in
these domains lies in their delicate durability. In this study, we propose a straightforward method
for preparation. The fluorosilicone resin is initially discretized through a gradual introduction of
nonsolvent into its solution, followed by thorough mixing and stirring with silica nanoparticles.
The resulting mixture is then sprayed onto the substrate surface after drying, forming a self-similar,
porous, and rough structure extending from top to bottom. This process yields a coating exhibiting
excellent chemical and mechanical durability simultaneously. Using this approach, we achieved a
superhydrophobic coating with a contact angle of 156° and a roll angle of 2.2°, with water droplet
adhesion of only 10.8 & 0.4 uN. Remarkably, the coating maintained excellent superhydrophobicity
even after undergoing sandpaper abrasion (10 m), tape peeling (30 times), and prolonged water
impact (60 min), showing its robust mechanical stability. Furthermore, following exposure to acid,
alkali, and aqueous solutions (7 days), UV irradiation (10 days), and extreme temperature variations
(=20 °C to 80 °C), the coatings retained their superhydrophobic properties and exhibited good chem-
ical durability. This method offers a novel approach to enhance the durability and practicality of
superhydrophobic coatings.

Keywords: durable; discrete adhesives; superhydrophobic coatings

1. Introduction

Droplets on superhydrophobic surfaces exhibit an apparent contact angle exceeding
150° and a rolling angle below 10°, ensuring exceptionally low adhesion properties both
vertically and horizontally [1-3]. This characteristic renders such surfaces highly advanta-
geous for applications involving self-cleaning [4,5], anti-corrosion [6,7], anti-icing [8,9], and
drag reduction [10,11].

Drawing insights from the study of natural superhydrophobic entities like lotus
leaves and water striders, researchers have identified two pivotal factors: a rough surface
structure and materials with low surface energy [12-15]. Inspired by this understanding,
various methods have been proposed for fabricating superhydrophobic surfaces, including
etching [16,17], templating [18,19], spraying [20], sol-gel processes [21-23], layer-by-layer
self-assembly [24,25], electrochemical deposition [26,27], and others. Among these, the
spraying technique has garnered significant attention due to its operational simplicity,
minimal equipment and substrate requirements, and cost-effectiveness for large-scale
production [28,29].
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Although great progress has been made in the preparation of superhydrophobic coat-
ings in the laboratory, they still face many challenges in practical applications. The primary
limitation arises from the delicate microscopic rough structure of superhydrophobic coat-
ings, which can be easily damaged by external forces or environmental factors, leading to a
loss of their superhydrophobic properties. Consequently, there has been a growing focus
on developing resilient superhydrophobic coatings [30,31].

Initially, many of the early spray methods for creating superhydrophobic coatings
involved blending silicone or other resins with low surface energy modified nanoparticles
directly in a solvent, then applying the mixture onto the desired substrate surface following
agitation. Upon drying, the nanoparticles serve as a framework to establish a rough struc-
ture, which bonds to the substrate surface via the resin [32-35]. This approach is notably
straightforward, facilitating mass production, and yields coatings with favorable superhy-
drophobic characteristics. However, its principal drawback lies in its limited mechanical
durability, as even minor abrasion with sandpaper can compromise its superhydrophobic
properties. The deficiency of this direct blending method is believed to stem from the
embedding of nanoparticles within the resin, resulting in only the surface layer possessing
a rough structure composed of nanoparticles [36-38]. Consequently, upon abrasion, this
surface layer becomes exposed to the high surface energy resin, resulting in the loss of
superhydrophobicity. To enhance coating durability, researchers have explored substituting
rigid resins with flexible alternatives like PDMS [39] and ABS [40] post-drying, using the
deformability of these materials to dissipate energy and minimize microstructural damage.
While these investigations have succeeded in enhancing coating durability, prolonged abra-
sion gradually diminishes elasticity, leading to a deterioration in the mechanical resilience
of such superhydrophobic coatings.

To enhance coating durability, Lu et al. [41] suggested initially applying a layer of
adhesive onto the substrate surface, followed by spraying a nanoparticle solution onto the
adhesive-coated surface to create a superhydrophobic coating upon drying. This method
establishes a connection between the substrate and the rough structure formed by the
nanoparticles through the intermediary adhesive layer. By circumventing nanoparticle
embedding into the resin, this approach ensures that even if the surface’s rough struc-
ture is compromised, the exposed new surface remains composed of low surface energy
nanoparticles, thereby preserving better durability. However, due to the nature of this
spraying technique, the bonding strength between the resin and the rough structure is low,
making it susceptible to the detachment of the rough structure, consequently reducing the
coating’s lifespan.

Wang et al. [31] proposed the “armoring” strategy, wherein micron-sized structures
serve as protective armor for hydrophobic nanostructures, which can also be employed in
spraying methodologies. In certain investigations, micron-sized structures like triangles
and honeycombs were initially fabricated on the substrate surface, followed by the spraying
of nanoparticles within these micron structures. Nevertheless, a notable drawback of this
strategy is its reliance on costly and intricate techniques, such as photolithography for
micron structure preparation. Subsequent research endeavors have combined these two
strategies by initially applying a resin onto the substrate surface, followed by spraying
micron particles to serve as armor, and subsequently applying nanoparticles to confer
superhydrophobic properties [42]. While this combined approach has somewhat improved
coating durability, it has not effectively addressed the issue of weak bonding between the
rough structure and the resin.

This paper proposes a novel and straightforward method for fabricating superhy-
drophobic coatings to address the limitations of current preparation techniques. The process
involves the dropwise addition of an unwanted solvent into a solution of fluorosilicone
resin, which is then mixed with fluorine-modified silica nanoparticles and sprayed onto
the substrate surface. Upon drying, the resulting coating exhibits low adhesion with a
contact angle of 156° £ 0.6° and a roll angle of 2.3° = 0.3°. To assess mechanical durability,
we subjected the coating to abrasion testing using sandpaper (1000 mesh, 4.9 kPa) over
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10 m, with the contact angle and rolling angle showing minimal change, indicating good
abrasion resistance. Additionally, a water impact test (1.12 m/s flow rate, 20 cm from the
sample) demonstrated excellent superhydrophobicity retention after 60 min. The coating
also withstood tape peeling (3 M, 2.5 kPa) for 30 repetitions without failure. Chemical dura-
bility testing involved immersion in acid (pH = 1), neutral (pH = 7), and alkaline (pH = 12)
salt solutions, as well as water solutions, UV irradiation (310 nm, 6 mW/ sz) for 10 days,
and high and low-temperature stability tests (—20 °C to 80 °C) for 30 cycles, all of which
resulted in the coatings remaining undamaged and maintaining superhydrophobicity,
showing stable chemical durability. Consequently, our method offers a simple and effective
approach, presenting a novel concept for producing durable superhydrophobic coatings.

2. Experiment
2.1. Materials and Reagents

The solvents used were 99.5% pure butyl acetate and 99.5% pure ethanol, both of which
were purchased from Energy Chemical. The binder was fluorosilicone resin purchased
from Fuxin Ruifeng Fluorochemical Co., Ltd. (Fuxin, China). The nanoparticles used were
silica (20 nm particle size) purchased from Hubei Huifu Nanomaterials Co., Ltd. (Yichang,
China). The nanoparticle modifiers used were 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(97% purity, PEDTES), ammonia, and tetraethoxysilane (TEOS), which were obtained from
Shanghai Meryer Chemical Technology Co (Shanghai, China). The substrates used were
tinplate sheets (12 x 7 cm?) with the chemical compositions Sn (51.49%), Fe (47.23%), Co
(0.88%), and Al (0.41%). Before spraying, the sheets were rinsed with butyl acetate.

2.2. Silicon Dioxide Nanoparticle Modification Method

Initially, 20 g of nanoparticles were dissolved in 1 L of ethanol/ammonia solution
(with a volume ratio of 23:2). After mixing and ultrasonication for 30 min, 3 mL of PFDTES
and 3 mL of TEOS were added successively. Following a 2 h reaction at room temperature
under vigorous stirring, a homogeneous sample was formed. Subsequently, the sample was
washed with butyl acetate three times. Upon centrifugation and heat drying, fluorinated
silica nanoparticles were obtained (Figure 1a).

2.3. Coating Preparation

Fluorosilicone resin (7 g) was dissolved in an appropriate amount of butyl acetate
solution, ultrasonicated for 10 min, and stirred magnetically for 30 min. Under stirring
conditions, the ethanol solvent was slowly added. The volume ratio of added butyl acetate
to ethanol solvent was 1:3.5. Because the fluorosilicone resin was soluble in butyl acetate but
insoluble in ethanol, phase separation occurred during the dropwise addition. Then, 2.6 g
of fluorinated nanoparticles was added to the mixed solution and stirred magnetically for
2 h. The prepared mixed solution was poured into a spray gun, the pressure was adjusted
to approximately 0.5 MPa, and the spray gun was placed perpendicular to the tinplate at
90° at a distance of approximately 20 cm and sprayed on the surface of the cleaned tinplate.
The samples were placed in an oven at 120 °C for 2 h to obtain the superhydrophobic
coating. A schematic diagram of the preparation process is shown in Figure 1b.
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Figure 1. (a) Schematic diagram of the silicon dioxide nanoparticle modification method; (b) schematic
diagram of the superhydrophobic coating preparation method; SEM images of the surface morphol-
ogy of the prepared samples: (c) top view and (d) side view; (e) droplet adhesion test on the sample
surface; (f) droplet bounce test on the sample surface.

2.4. Characterization of Coating Properties

Apparent contact angle and roll angle measurements: These were measured using a
contact angle meter (DSA 255, 5 uL deionized water drop) (KRUSS, Hamburg, Germany),
and their sizes were averaged from five different locations on the same sample. The
abrasion resistance test utilized 1000 grit sandpaper, with a 200 g weight applied on the
sandpaper as it moved at a constant speed across the sample surface. For the tape peeling
test, 3 M tape (#600, width 25.4 mm, thickness 50 um) was pressed onto the coating at a
pressure of 2.5 kPa and then peeled off. The contact angle and roll angle were measured
after a specific number of cycles. In the falling water impact test, the sample was positioned
20 cm directly beneath a water tap with a flow rate of 1.12 m/s. Measurements of the
contact angle and rolling angle at the impact site were taken after a designated period.
During the acid and alkali salt immersion tests, as well as water immersion, the sample was
submerged in solutions with pH values of 1, 7, and 12, respectively. Following immersion,
measurements of the contact angle and rolling angle were conducted. UV aging was



Coatings 2024, 14, 463

50f11

performed by placing the coatings in an accelerated aging chamber equipped with a UVB
bulb emitting light at 310 nm with an intensity of 6 mW/cm?. Each cycle consisted of 4 h of
UV irradiation at 60 °C followed by 4 h of condensation at 50 °C. UV irradiation was then
followed by condensation at 50 °C for an additional 4 h. After a certain number of cycles,
the contact and sliding angles were measured. High- and low-temperature stability tests:
First, the sample was placed in a constant-temperature oven at —20 °C for 10 min and then
immediately put into a constant-temperature oven at 80 °C for 10 min for one cycle after
removal. After a certain cycle, the contact angle and rolling angle were measured. Delayed
icing test: A 150 uL droplet was placed in a test chamber at a temperature of —18 °C and a
humidity of 5%. The icing time of the droplets on both the coated and uncoated samples
was observed.

3. Results and Discussion
3.1. Low Adhesion of Coatings

Figure 1c depicts the surface morphology of the coated sample, revealing numerous
irregular micro- and nanoscale protrusions dispersed randomly across the surface. The
valleys between these protrusions can entrap air, creating a liquid—air interface and resulting
in the surface’s superhydrophobic nature. An SEM image of the sample’s cross-section in
Figure 1d illustrates a top—down porous self-similar structure. This structure’s advantage
lies in maintaining a rough surface even if the outer layer is damaged. The coated samples
demonstrate outstanding superhydrophobic properties, exhibiting a contact angle of up
to 156° & 0.6° and a rolling angle of 2.3° &+ 0.3°. A water droplet adhesion experiment
was conducted to evaluate the coatings” adhesion properties, as illustrated in Figure le. A
dropper with a 5 uL. water droplet suspended at one end was lowered until the droplet
adhered to the surface, and then the dropper was used to detach the droplet from the
surface. The droplets were effortlessly separated from the surface, indicating low adhesion.
Subsequently, the bouncing behavior of droplets on the coated surface was examined,
as depicted in Figure 1f. A high-speed video camera recorded a 5 uL droplet bouncing
three times from a distance of 5 cm on the horizontally positioned coating. The droplet’s
bouncing height gradually decreased, ultimately reaching a stable superhydrophobic state.
Thanks to the micro-nano hierarchical structure and low surface energy molecules, the
prepared coatings exhibit exceptional superhydrophobicity and low adhesion properties.
The adhesion force of microdroplets on the coating surface was quantitatively assessed
using a high-sensitivity microelectromechanical equilibrium system, yielding an adhesion
force value of 10.8 4= 0.4 uN.

3.2. Mechanical Durability Testing of Coatings

The mechanical durability of superhydrophobic coatings significantly influences their
potential practical applications. This durability was assessed through sandpaper rubbing,
falling water impact, and tape peeling experiments. Abrasion resistance is a primary con-
cern for superhydrophobic coatings. Figure 2a demonstrates the superhydrophobicity of
the coating after enduring a 10 m wear distance. The contact angle remains approximately
155°, with a roll angle of about 2.4°, showing minimal change compared to pre-wear condi-
tions and continuing to exhibit excellent wetting resistance. As shown in Figure 2b,c, many
rough micro- and nanoscale structures still exist on the rubbed surface. The excellent me-
chanical durability of the coatings is mainly due to their low surface energy, and the newly
exposed areas still have micro/nanorough structures for superhydrophobicity (Figure 2d).
In comparison to other single-step spraying methods, the wear resistance is notably im-
proved. Zhang et al. [36] utilized the single-step method for fabricating superhydrophobic
coatings, which exhibited a loss of their superhydrophobic characteristics upon abrasion
with 240-grit sandpaper over a distance of 0.6 m under a load of 1.6 kPa. The coating
prepared by Zhi et al. [37], using the single-step method, demonstrated a gradual decrease
in contact angle as friction distance increased when subjected to 300 g weights and sanded
with 600-grit sandpaper. The superhydrophobic coating developed by Wei et al. [38] also
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experienced a loss of its superhydrophobic properties after undergoing 20 cycles of abrasion
(Taber abrasion test, 250 g load, ASTM D4060 [43]). They postulated that once the rough
surface structure was damaged by the sandpaper, the inner layer transformed into a flat
surface primarily composed of resin due to embedded nanoparticles within the adhesive.
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Figure 2. (a) Effect of the sandpaper abrasion distance on the contact and roll angles; SEM images of
coatings after 10 m of abrasion; (b) top view and (c) side view; (d) schematic diagram of the coating
abrasion process; (e) effect of the water impingement time on the contact and roll angles; and (f) effect
of the number of tape stripping cycles on the contact and roll angles.

The vulnerability of the air layer within the microstructure of superhydrophobic
coatings to external water flow impact can lead to a transition from the Cassie state to the
Wenzel state. The stability of this air layer can be assessed by measuring the contact angle
and rolling angle of the sample surface following water flow impact. Experimental findings
reveal that even after 60 min of water flow impact, the contact angle and rolling angle of
the coating remained virtually unchanged, with a contact angle of approximately 155° and
a rolling angle of about 3°, indicating sustained good superhydrophobicity (Figure 2e).

Tape peeling assesses the adhesion of rough structures to a substrate. The relationship
between the number of tape peeling cycles and the contact angle and roll angle of the
surface enables evaluation of the surface’s anti-peeling properties. Results from the tape
peeling test indicate that following 30 cycles, the contact angle and roll angle of the coating
measured 154.2° and 4.1°, respectively (Figure 2f), demonstrating continued excellent
superhydrophobicity.

3.3. Coating Chemical Durability Test

The stability of superhydrophobic coatings not only relies on their micro- and nano-
rough structures but also necessitates the preservation of low-surface-energy properties.
Therefore, maintaining the low surface energy state is crucial for the durability of these
coatings. The failure of low surface energy substances can occur due to reactions with
corrosive media and natural aging. The first damage mechanism, involving reactions with
corrosive media, was evaluated by immersing the superhydrophobic coating samples in
different pH solutions and aqueous solutions for varying durations. The results depicted
in Figure 3a—d illustrate that the samples retained their superhydrophobicity even after
7 days of immersion in strong acid (pH = 1), strong alkali (pH = 12), 3.5wt% NaCl solution
(pH =7), and water. This resilience can be attributed to the chemical stability of the resins
and additives, as well as the long-term effect of the air layer on the coating surface.
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Figure 3. Effect of sample immersion time in (a) pH =1, (b) pH =7, (¢) pH = 12, and (d) aqueous
solutions on contact and roll angles; (e) effect of high and low-temperature testing on contact and roll
angles; and (f) effect of UV irradiation on contact and roll angles.

The second damage mechanism, natural aging, was simulated by subjecting the coat-
ings to alternating high and low temperatures and UV irradiation. Figure 3e demonstrates
the minimal effect on superhydrophobicity even after 30 cycles of high and low-temperature
cycling tests. Similarly, Figure 3f displays the marginal changes in contact angle and roll
angle after UV aging. Following 30 aging cycles (totaling 240 h), the water contact angle
and rolling angle remained approximately 152.6° and 4.8°, respectively. This resilience is
attributed to the excellent chemical inertness of both the nanofillers and the organic resin.

3.4. Self-Cleaning and Delayed Icing Effects of the Coatings

The prepared coatings were covered with quartz sand, and the self-cleaning behavior
of the water droplets (dyed blue) was recorded. As shown in Figure 4a, the quartz sand on
the superhydrophobic surface was easily removed by a large number of water droplets to
form a clean surface. We also conducted static anti-icing experiments. The icing process of
water droplets on a sample with an initial surface temperature of —20 °C was examined.
This is shown in Figure 4b. The water droplets on the surface inevitably freeze after a
period of time, regardless of whether the sample is superhydrophobic. The freezing process
starts at the solid-liquid interface and the water droplets gradually blur from the bottom to
the top and finally condense into ice particles. The freezing time of the uncoated sample
is only approximately one-third of that of the coated sample, which may be due to the
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microstructure of the coated surface that traps air to retard the heat transfer between the
water droplets and the frozen surface.

Self-cleaning

L

|

40s
No-coating
- oo——
0s 60s 120s 180s 240s
Coating

Figure 4. (a) Self-cleaning effect of coatings; (b) delayed icing effect of coatings.

3.5. The Economic Viability and Scalability

Large-scale industrial production involves two key issues. Firstly, it is important
to determine whether the ratios between the raw materials in scaled-up productions
are consistent with those used in the laboratory to prepare small quantities of samples.
According to the experimental methodology outlined in Section 2.3, the synthesis process
does not entail complex steps or chemical reactions but only simple dropwise addition
and physical stirring. Therefore, it is feasible to scale up the amount of raw material
precisely according to the original ratio. Secondly, it is essential to assess whether industrial
equipment is available to meet production conditions. The laboratory preparation of small
amounts of paint can be accomplished using a dropper and a magnetic stirrer. However,
when scaling up the quantity, peristaltic pumps and mixing kettles may be necessary. It is
estimated that the cost of raw materials for producing one kilogram of superhydrophobic
paint is approximately RMB 200 yuan.

4. Conclusions

This paper presents the preparation of a superhydrophobic coating with remarkable
durability using a spraying method. The coating exhibits excellent low adhesion, offering a
contact angle of 156°, a rolling angle of 2.2°, and a minimal adhesion force to water droplets
of only 10.8 £ 0.4 uN. Moreover, the coating demonstrates robust durability, maintaining its
superhydrophobic properties following various tests, including sandpaper abrasion, water
impact, tape peeling, immersion in acid, alkali, salt, and aqueous solutions, ultraviolet
irradiation aging, as well as high and low-temperature aging. The combination of micro-
spheres formed through undesirable solvent phase separation of the resin and fluorinated
5i0; nanoparticles results in a top—down self-similar porous structure, contributing to the
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coating’s durability. This method is straightforward and suitable for large-scale preparation,
offering a novel approach for the practical applications of superhydrophobic coatings in
areas such as anti/de-icing, self-cleaning, anti-corrosion, and drag reduction. Moving
forward, we will persist in optimizing both the preparation methods and the materials
employed to achieve superhydrophobic coatings with enhanced durability.
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