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Abstract: This study focuses on formulating a low-surface-energy, water-resistant, and anti-condensation
coating utilizing a fluorocarbon and acrylic resins composite (FAC), enhanced by six functional addi-
tives: antistatic agents, water-repellent agents, nanofillers, anti-mold and anti-algae agent, leveling
agents, and wetting and dispersing agents. An orthogonal experimental design was implemented
to systematically investigate the effects of varying concentrations of these additives on the surface
tension of the coating. The results show that the optimized combination of fluorocarbon and acrylic
resins composite (OFAC)with functional additives significantly reduces the surface tension, thereby
improving both water resistance and anti-condensation properties. This research advances the de-
velopment of more efficient surface treatment technologies, particularly for applications requiring
enhanced water resistance and anti-condensation performance.

Keywords: low surface energy; water resistance; anti-condensation; orthogonal experimental design

1. Introduction

In recent years, multifunctional coatings with both water resistance and anti-condensation
properties have become increasingly important across various industries, such as construc-
tion, electronics, and automotive sectors [1–3]. These coatings primarily serve to protect
surfaces from moisture infiltration and condensation, preventing corrosion, material degra-
dation, and potential malfunctions in sensitive equipment [4–7]. Therefore, developing
coatings that can effectively repel water and reduce surface condensation is crucial for
enhancing material durability, extending service life, and ensuring stable performance in
harsh environments.

The key to achieving these functionalities lies in reducing the surface energy of the
coating [8–10]. Low-surface-energy coatings work by preventing water droplets from
spreading across the surface, instead causing them to form spherical beads that easily roll
off, a phenomenon known as the “lotus effect” [11]. This significantly enhances water
resistance by minimizing the contact area between the water and the surface, reducing the
likelihood of water penetration [12]. Moreover, lowering the surface energy also inhibits the
condensation of water vapor into droplets, which is particularly important in environments
susceptible to temperature fluctuations or high humidity [13]. By selecting materials with
inherently low surface energy, it is possible to create coatings that not only repel water but
also prevent the formation of condensation. This dual functionality is especially valuable
in climates where large temperature variations often result in condensation buildup.

Fluorocarbon resins are renowned for their low surface tension, making them ideal for
superhydrophobic coatings [14–16]. The small size and high electronegativity of fluorine
atoms form strong carbon–fluorine bonds, effectively reducing surface tension and enabling
these resins to repel water and oil while providing resistance to chemicals, weathering, and
thermal degradation [17]. Liu et al. successfully constructed a waterproof coating using
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fluorosilicone resin as a binder and modified hydrophobic carbon nanotubes to build a
micro-nanostructure [18]. Wang et al. inhibited the surface charge accumulation of the resin
by covering 1,1,2,2-tetrahydroperfluorodecyltrimethoxysilane on the surface of alumina
and using it as a functional additive [19]. The coatings exhibited enhanced water-repellency
properties due to the special properties of perfluorooctyl chains on the microscopic scale
and the intricate morphological structure on the mesoscale. Yang et al. synthesized a
series of anhydride-based polypropylene (MPA) resins with different substituents (R) in
their side chains by free radical polymerization of (meth)acrylate, styrene, and maleic
anhydride [20]. A low surface energy MPA coating was designed by combining long-
chain alkane groups with fluorocarbon groups. The optimized coating with a molecular
ratio of 0.8:0.4 of stearyl methacrylate to 1H,1H,2H, and 2H-heptadecafluorodecyl acrylate
exhibited water resistance. However, despite their properties, pure fluorocarbon resins
may exhibit limitations in terms of adhesion, which can reduce their effectiveness in certain
applications. To address this, modifying fluorocarbon resins with acrylics [20–22] enhances
adhesion, water resistance, and durability, creating composites that perform well in both
water-resistant and anti-condensation applications. This modification ensures that coatings
can bond effectively to various surfaces while maintaining their protective properties over
time. In addition to the base resins, functional additives play a crucial role in enhancing
the performance of coatings. Commonly used additives include water-repelling reagents,
nanofillers, antistatic reagents, anti-mold and anti-algae reagents, leveling reagents, and
wetting and dispersing reagents [23–25]. These additives enhance the coating’s water
resistance, antistatic properties, mechanical strength, durability, and overall uniformity and
surface quality.

This study focuses on preparing a low surface energy, water resistant, and anti-
condensation coating using a composite matrix of fluorocarbon and acrylic resins (FAC)
optimized with the addition of six functional additives. A systematic investigation em-
ploying an orthogonal experimental design was carried out to assess the effects of varying
additive concentrations on the surface energy of the coating. The objective was to opti-
mize the additive formulation to reduce surface energy and enhance the water resistance
and anti-condensation properties of the coating. The results from this study offer signifi-
cant knowledge for the development of more efficient coatings for applications requiring
improved surface protection.

2. Materials and Methods
2.1. Experimental Materials

The experimental materials used in this study consist of two types of resins: fluorocar-
bon resin (ETERFLON 41029) from Eternal Materials Co., Ltd. (Taiwan, China) and acrylic
resin (FS-4470) from Elementis Dekian Chemical Co., Ltd. (Shanghai, China). The curing
agent employed was BAYER N3390 from Bayer AG (Leverkusen, Germany). The solvents,
including butyl acetate and propylene glycol methyl ether acetate (PMA), were supplied
by Tianjin Bodi Chemical Co., Ltd. (Tianjin, China). Additionally, six functional additives
were utilized: a water-repelling agent (4301) from Wuhan Changpu Technology Co., Ltd.
(Wuhan, China), an anti-mold and anti-algae agent (copper pyrithione) and antistatic
agent (QCS) from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China), as well as
nanofiller (titanium dioxide), leveling agent (TEGO-300), and wetting and dispersing agent
(TEGO-871) from Evonik Industries AG (Essen, Germany).

2.2. Preparation of Coating

Firstly, the clearcoat was prepared by mixing fluorocarbon and acrylic resins; specif-
ically, 40 g fluorocarbon resin and 4.5 g acrylic resin were added to a mixture of 30 g
PMA and 20 g butyl acetate and stirred for 30 min. The additives were added according
to an orthogonal design, and a six-factor, three-level orthogonal design was used in this
experiment, as shown in Table 1. The six factors refer to six functional additives: water-
repelling reagent, nanofiller, antistatic reagent, anti-mold and anti-algae reagent, leveling
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reagent, and wetting and dispersing reagent. Three different concentration levels were set
for each additive, i.e., low (level 1), medium (level 2), and high (level 3). The concentration
combinations of the additives were arranged according to the orthogonal experimental
scheme, as shown in Table 2, which ensured a uniform distribution of the levels of the
factors in the whole experiment, thus reducing the number of tests and optimizing the
coating formulations.

Table 1. Influencing factors and levels of orthogonal experiment.

Factor

A B C D E F

Water-Repelling
Reagent

(g)

Nanofiller
(g)

Antistatic
Reagent

(g)

Anti-Mold and
Anti-Algae

Reagent
(g)

Levelling
Reagent

(g)

Wetting and
Dispersing
Reagent (g)

1 0.3 2 1 0.3 0.3 0.3
2 0.6 4 2 0.6 0.6 0.6
3 0.9 6 3 0.9 0.9 0.9

Table 2. Orthogonal experiment scheme.

Sample No.

A B C D E F

Water-Repelling
Reagent

(g)

Nanofiller
(g)

Antistatic
Reagent

(g)

Anti-Mold and
Anti-Algae

Reagent
(g)

Levelling
Reagent

(g)

Wetting and
Dispersing
Reagent (g)

1 0.3 4 3 0.9 0.9 0.6
2 0.6 6 1 0.6 0.9 0.3
3 0.6 4 3 0.6 0.6 0.3
4 0.9 4 2 0.6 0.3 0.9
5 0.3 6 1 0.9 0.6 0.9
6 0.3 6 3 0.6 0.3 0.9
7 0.9 6 2 0.9 0.9 0.3
8 0.9 2 1 0.6 0.6 0.6
9 0.9 2 3 0.9 0.3 0.3

10 0.6 4 1 0.9 0.3 0.6
11 0.9 4 1 0.3 0.9 0.9
12 0.3 2 1 0.3 0.3 0.3
13 0.3 2 2 0.6 0.9 0.6
14 0.9 6 3 0.3 0.6 0.6
15 0.6 2 3 0.3 0.9 0.9
16 0.6 6 2 0.3 0.3 0.6
17 0.3 4 2 0.3 0.6 0.3
18 0.6 2 2 0.9 0.6 0.9

After the functional additives were thoroughly mixed with the resin solution, a 4.45 g
curing agent was added and stirred for 30 min to obtain the coating. The prepared coating
was then uniformly applied to the substrate using a spraying technique with a spray
pressure of 0.3 MPa and a distance of 15 cm between the nozzle and the substrate. The
coated samples were allowed to dry at room temperature for 10 min and then dry in an
oven at 80 ◦C for 30 min.

2.3. Testing and Characterization
2.3.1. Surface Characterization

The surface morphology of the coating was analyzed using scanning electron mi-
croscopy (SEM, S-4800, Hitachi, Tokyo, Japan). The SEM was operated at 10 kV accelerating
voltage, 20 µA beam current, and 9 mm working distance.



Materials 2024, 17, 5238 4 of 14

The surface energy of the coating was determined using the contact angle method,
which is derived from the principles of Young’s equation. This method is one of the most
widely adopted techniques for surface energy measurement. The surface energy of the
solid (γs) is related to the surface energy of the liquid (γ1) and the contact angle (θ) through
the equation:

γs = γs1 + γ1cos θ (1)

As described by Van Oss [26,27], the surface energy can be divided into two components:
the Lifshitz–van der Waals component (γLW) and the Lewis acid–base component (γAB):

γ = γLW + γAB (2)

The Lewis acid–base component (γAB) can be further split into acid (γ+) and base
(γ−) parameters, which are expressed as:

γAB = 2
(
γ+γ−)1/2 (3)

To perform the measurements, at least one nonpolar liquid and two polar liquids
were used, with known values for their surface energy components (γLW , γ+, and γ−), as
provided in Table 3.

γ1(1 + cosθ)− 2
(

γLW
S γLW

1

)1/2
= 2

(
γ+

S γ−
1
)1/2

+ 2
(
γ−

S γ+
1
)1/2 (4)

Table 3. Test liquids (mN/m).

Liquid γ γLW γ+ γ−

Water 72.8 21.8 25.5 25.5
Formamide 58.0 39.0 2.28 39.6

Diiodomethane 50.8 50.8 ≈0 ≈0

A contact angle meter (SL200B, Kono, MA, USA) was used to measure the contact
angle for evaluating the surface energy of the coating. The test involved using distilled
water, formamide, and diiodomethane as probe liquids, with each liquid representing
different polarities. For each sample, 5 µL of each liquid was dropped onto the surface, and
measurements were taken at three distinct points. The average contact angle from these
three points was recorded as the final result for each liquid. The contact angles from the
liquid pairs were used to calculate the surface energy of the coating based on the known
surface energy components.

2.3.2. Water Resistance Performance

To assess the water resistance of the coating, electrochemical impedance spectroscopy
(EIS) tests were performed using an electrochemical workstation (CS310, Corrtest, Wuhan,
China). The experimental setup, as shown in Figure 1, employed a traditional three-
electrode system consisting of a working electrode, a reference electrode, and a counter
electrode. The sample was prepared by spraying the coating onto a 3 cm × 2.5 cm con-
ductive glass substrate. Once coated, the sample was positioned between the working
and counter electrodes. A 3.5 wt.% NaCl solution was placed in a cylindrical container
to serve as the electrolyte. The working area of the electrode was approximately 1 cm2.
EIS measurements were carried out across a frequency range of 0.1 Hz to 105 Hz, with a
perturbation voltage of 20 mV.



Materials 2024, 17, 5238 5 of 14

Materials 2024, 17, x FOR PEER REVIEW 5 of 15 
 

 

three-electrode system consisting of a working electrode, a reference electrode, and a 
counter electrode. The sample was prepared by spraying the coating onto a 3 cm × 2.5 cm 
conductive glass substrate. Once coated, the sample was positioned between the working 
and counter electrodes. A 3.5 wt.% NaCl solution was placed in a cylindrical container to 
serve as the electrolyte. The working area of the electrode was approximately 1 cm2. EIS 
measurements were carried out across a frequency range of 0.1 Hz to 105 Hz, with a per-
turbation voltage of 20 mV. 

 
Figure 1. Schematic diagram of the three-electrode system for electrochemical impedance spectros-
copy (EIS) testing setup. 

2.3.3. Anti-Condensation Performance 
The anti-condensation performance of the coating was tested in a climate chamber. 

A Peltier cooling plate was placed vertically, with the coated sample fixed onto it. The 
sample surface temperature was set to 8 ± 1 °C, and the chamber temperature and humid-
ity were maintained at 20 °C and 85%, respectively. Sample temperatures below the sur-
rounding dew point temperature caused condensation on the sample surface. This tem-
perature difference induced condensation on the sample surface. Notably, based on the 
results of our field tests combined with data from the website of the Guangzhou Meteor-
ological Service of China, this temperature effectively simulates a moderate cooling sce-
nario during the fall and winter, allowing us to evaluate the performance of the coating in 
environments where condensation control is critical, such as in cooling systems or humid 
climates. 

The condensation process was recorded using a high-speed camera (FASTCAM Mini 
Ux50 Type 160 k-M-8 GB, Leica, Wiesler, Germany) and a metallurgical microscope 
(DM2700MH, Leica, Wiesler, Germany). The camera�s frame rate of 60 fps and the micro-
scope�s magnification of up to 200× capture the nucleation, growth, and development of 
condensate on coated surfaces. These high-resolution images allow detailed observation 
of the dynamic behavior of condensates on coatings. 

3. Results 
3.1. Wettability and Surface Morphology 

As outlined in Section 2.2, an orthogonal design was employed, using the surface 
energy of the coating as the key evaluation metric. Table 4 presents the surface energy test 
results for 18 experimental samples, each prepared with varying concentrations of addi-
tives. It was observed that changes in additive concentration directly affect the surface 
energy of the coatings, highlighting the importance of optimizing the formulation to 
achieve the desired properties. To facilitate further analysis, Table 5 provides the mean 
values and ranges for each factor level, calculated based on the results from Table 4. The 
range is defined as the difference between the maximum and minimum mean values for 
each factor. From this data, it becomes clear that the water-repelling reagent has the most 
significant influence on the final surface energy, followed by the nano-filler. Other factors, 
while important, have a comparatively smaller effect. The factors influencing the coating�s 
surface energy are ranked in the order of A > B > C > F > E > D. 

Figure 1. Schematic diagram of the three-electrode system for electrochemical impedance spec-
troscopy (EIS) testing setup.

2.3.3. Anti-Condensation Performance

The anti-condensation performance of the coating was tested in a climate chamber. A
Peltier cooling plate was placed vertically, with the coated sample fixed onto it. The sample
surface temperature was set to 8 ± 1 ◦C, and the chamber temperature and humidity were
maintained at 20 ◦C and 85%, respectively. Sample temperatures below the surrounding
dew point temperature caused condensation on the sample surface. This temperature
difference induced condensation on the sample surface. Notably, based on the results of our
field tests combined with data from the website of the Guangzhou Meteorological Service
of China, this temperature effectively simulates a moderate cooling scenario during the fall
and winter, allowing us to evaluate the performance of the coating in environments where
condensation control is critical, such as in cooling systems or humid climates.

The condensation process was recorded using a high-speed camera (FASTCAM
Mini Ux50 Type 160 k-M-8 GB, Leica, Wiesler, Germany) and a metallurgical microscope
(DM2700MH, Leica, Wiesler, Germany). The camera’s frame rate of 60 fps and the micro-
scope’s magnification of up to 200× capture the nucleation, growth, and development of
condensate on coated surfaces. These high-resolution images allow detailed observation of
the dynamic behavior of condensates on coatings.

3. Results
3.1. Wettability and Surface Morphology

As outlined in Section 2.2, an orthogonal design was employed, using the surface
energy of the coating as the key evaluation metric. Table 4 presents the surface energy test
results for 18 experimental samples, each prepared with varying concentrations of additives.
It was observed that changes in additive concentration directly affect the surface energy
of the coatings, highlighting the importance of optimizing the formulation to achieve the
desired properties. To facilitate further analysis, Table 5 provides the mean values and
ranges for each factor level, calculated based on the results from Table 4. The range is
defined as the difference between the maximum and minimum mean values for each
factor. From this data, it becomes clear that the water-repelling reagent has the most
significant influence on the final surface energy, followed by the nano-filler. Other factors,
while important, have a comparatively smaller effect. The factors influencing the coating’s
surface energy are ranked in the order of A > B > C > F > E > D.

Based on the experimental results, the optimal formulation for the low surface energy
coating is identified as A3B3C3D3E2F3, which corresponds to the following composition:
0.9 g of water-repellent agents, 6 g of nanofillers, 3 g of antistatic agents, 0.9 g of anti-mold
and anti-algae agents, 0.6 g of leveling agents, and 0.9 g of wetting and dispersing agents.
The coating prepared using this optimized formula of fluorocarbon and acrylic resins
composite with six additives is referred to as OFAC.
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Table 4. Contact angle and surface energy.

Sample
Contact Angle (◦) Surface Energy

(γ/mJ·m−2)Water Formamide Diiodomethane

1 110 94 67 26.40
2 121 87 73 22.88
3 117 90 73 21.36
4 122 93 77 19.51
5 105 84 69 23.59
6 101 82 68 24.24
7 124 97 78 18.59
8 118 90 70 22.88
9 118 90 74 20.98
10 112 88 70 22.87
11 100 85 70 23.33
12 95 80 65 26.10
13 102 93 71 26.01
14 125 97 79 19.83
15 114 91 72 21.78
16 116 91 72 21.78
17 105 94 70 26.12
18 108 95 73 23.23

Table 5. Range analysis results of the surface energy in the orthogonal experiment.

Horizontal
Mean

A B C D E F

Water-Repelling
Reagent

(g)

Nanofiller
(g)

Antistatic
Reagent

(g)

Anti-Mold and
Anti-Algae

Reagent

Levelling
Reagent

Wetting and
Dispersing

Reagent

Mean 1 25.41036 23.49698 23.60835 23.1578 22.57994 22.67107
Mean 2 22.31752 23.26494 22.54105 22.81377 22.83516 23.29596
Mean 3 20.85295 21.81891 22.43144 22.60926 23.16573 22.61379
Range 4.557 1.678 1.177 0.549 0.586 0.682

As shown in Figure 2, increasing the concentration of the water-repelling reagent and
nano-filler TiO2 led to a significant improvement in hydrophobicity, with the water contact
angle increasing from 96 ± 3◦ to 135 ± 3◦. Correspondingly, the apparent surface energies
of coatings No. 12, 10, 14, and OFAC were measured at 26.01, 22.87, and 15.86 mJ/m2,
respectively, as is shown in Table 6.
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Table 6. OFAC surface wettability test.

/
Contact Angle (◦)

γLW γ+ γ− Surface Energy
(γ/mJ·m−2)Water Formamide Diiodomethane

OFAC 136 102 85 15.01 0.06 3.22 15.86

The superior liquid repellency observed on the surface of OFAC can be attributed pri-
marily to its low surface energy and the presence of a micro-nano structure [28]. The surface
morphologies of Samples 12, 10, 14, and OFAC are illustrated in Figure 3. When a water-
repelling reagent (fluorosilane) and TiO2 nanoparticles are added to the original acrylic
coating, the nanoparticles tend to aggregate, forming bumps, as depicted in Figure 3a.
These protrusions increase surface roughness, resulting in a hybrid Wenzel-Cassie wetting
state, which is consistent with previous findings [29,30]. As the weight percentage of water-
repelling reagent (fluorosilane) and TiO2 nanoparticles increases, the coating becomes
denser, with uniformly dispersed microcavities and nanopores (Figure 3d). These features
serve as air-trapping sites, which enhance the coating’s hydrophobic properties.

Materials 2024, 17, x FOR PEER REVIEW 7 of 15 
 

 

Table 6. OFAC surface wettability test. 

/ 
Contact Angle (°) 𝛾𝑳𝑾 𝛾ା 𝛾ି Surface Energy 

(γ/mJ·m−2) Water 
Forma-
mide 

Diiodo-
methane 

OFAC 136 102 85 15.01 0.06 3.22 15.86 

The superior liquid repellency observed on the surface of OFAC can be attributed 
primarily to its low surface energy and the presence of a micro-nano structure [28]. The 
surface morphologies of Samples 12, 10, 14, and OFAC are illustrated in Figure 3. When a 
water-repelling reagent (fluorosilane) and TiO2 nanoparticles are added to the original 
acrylic coating, the nanoparticles tend to aggregate, forming bumps, as depicted in Figure 
3a. These protrusions increase surface roughness, resulting in a hybrid Wenzel-Cassie 
wetting state, which is consistent with previous findings [29,30]. As the weight percentage 
of water-repelling reagent (fluorosilane) and TiO2 nanoparticles increases, the coating be-
comes denser, with uniformly dispersed microcavities and nanopores (Figure 3d). These 
features serve as air-trapping sites, which enhance the coating�s hydrophobic properties. 

 
Figure 2. Water contact angles and apparent surface energies of coatings of Sample 12, Sample 10, 
Sample 14, and OFAC coatings, the insets are profiles of water droplets on the coating surfaces. 

 
Figure 3. SEM images of as-prepared coatings with different additives of Sample 12 (a), Sample 10 
(b), Sample 14 (c), and OFAC (d). 

Figure 3. SEM images of as-prepared coatings with different additives of Sample 12 (a), Sample 10 (b),
Sample 14 (c), and OFAC (d).

3.2. Water Repellent Performance

Electrochemical impedance spectroscopy (EIS) is employed to assess the water-repellent
properties of organic coatings. The variation in impedance modulus over-soaking time,
along with changes in the shape of the Nyquist and Bode plots, provides insight into the
system’s performance and the kinetics of water diffusion within the coating. Figure 4
presents the electrochemical impedance spectra of the clearcoat at different immersion
times. Throughout the soaking period, the impedance magnitude remains relatively stable,
consistently maintaining a value of 105 Ω·cm2 at 0.1 Hz. This stability indicates minimal
diffusion of water molecules into the sample, suggesting that the resin forms a dense,
cross-linked structure during curing, effectively preventing the penetration of water. As a
result, the composite resin system demonstrates notable water resistance.
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various times. (a) the impedance magnitude curves, (b) the phase angle curves.

Figure 5 presents the electrochemical impedance spectra of samples 12 and 10 im-
mersed in a 3.5 wt.% NaCl solution over varying periods. Initially, both samples exhibit an
impedance magnitude of approximately 106 Ω·cm2 at 0.1 Hz. As immersion time increases,
the impedance magnitude (|Z|) decreases, and the phase angle curves shift downward,
indicating gradual solution infiltration and a corresponding reduction in the coating’s
impedance. In the phase angle–frequency curves, within the first 0.5 h of testing, the
phase angle approaches −45◦, suggesting that the diffusion process follows Fick behavior,
indicating a loss of water resistance. Furthermore, the frequency corresponding to the mini-
mum phase angle increases progressively with immersion time, highlighting noticeable
delamination of the coating after just 0.5 h of exposure to the solution.
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Figure 6 presents the electrochemical impedance spectra of samples 14 and OFAC as a
function of immersion time in a 3.5 wt.% NaCl solution. Initially, as shown in Figure 6a,
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sample 14 exhibits an impedance magnitude of approximately 107 Ω·cm2, indicating
excellent water resistance. However, after 2 h of immersion, the impedance magnitude
decreases by an order of magnitude to 106 Ω·cm2, suggesting that the electrolyte solution
has begun to permeate the coating through its pores.
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Figure 6b demonstrates that during the early stages of immersion, the |Z| curve
of the OFAC gradually shifts toward the low-frequency region. After 20 h of immer-
sion, the impedance magnitude |Z| stabilizes, and even after 24 h, no second-time con-
stant is observed, indicating that the coating maintains good water resistance despite
extended exposure.

Analysis of the equivalent circuit diagrams (Figure 7) reveals that as immersion
time increases, the capacitance of the sample rises while its resistance declines. This
trend suggests a progressive infiltration of the electrolyte solution into the sample, which
enhances charge transfer between the electrode and the electrolyte. Despite this general
pattern, a significant discrepancy is observed between OFAC and Sample 14 at the same
immersion time, particularly after 20 h. The capacitance and resistance values of sample 14
differ by an order of magnitude from those of OFAC, indicating that electrolyte penetration
is less pronounced in OFAC. These differences imply that OFAC possesses a higher surface
density, a more uniform surface structure, and fewer defects, all of which contribute
to its superior water resistance. Specifically, the coating’s water repellency is primarily
affected by surface roughness and surface energy. The introduction of nano-scale particles
(additive B) creates a micro-nano structure on the surface, increasing roughness and thereby
enhancing hydrophobicity. This structure reduces the contact area between water droplets
and the coating surface, allowing the droplets to roll off more easily [31]. Additionally,
the incorporation of water-repelling reagents (additive A) significantly lowers the surface
energy of the coating, further improving its water-repellent properties. The reduction in
surface energy decreases the adhesive force between water and the coating surface [32]. To
sum up, in this section, we test the EIS of coatings. Through the EIS results, we verified
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the superior water-repellent performance of OFAC. Samples 12 and 10 initially have high
impedance, but this decreases over time, indicating water infiltration and reduced water
resistance. Sample 14 starts at an excellent resistance, but its impedance drops after 2 h,
suggesting electrolyte penetration. The equivalent circuit diagrams reveal that capacitance
increases and resistance decreases with longer immersion, indicating electrolyte infiltration.
OFAC shows significantly lower permeability than sample 14, suggesting superior water
resistance due to a higher surface density and fewer defects.
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3.3. Condensation Performance

The condensation performance of the coatings was investigated by recording the
condensation process in a custom-built environmental chamber. The effectiveness of
the anti-condensation coating was further evaluated by comparing it with a commercial
fluorocarbon coating. Figure 8 depicts the condensation behavior of the coatings at a
sub-cooled temperature of 9.4 ◦C. Figure 8a shows time-lapse images of the commercial
fluorocarbon paint on the Peltier cooling plate surface. Water droplets were observed
almost immediately, indicating a high number of nucleation sites on the surface. As the
test progressed, after 15 min, surface reflectivity increased significantly as small droplets
formed randomly and gradually coalesced into larger ones. By 45 min, a continuous water
film had developed, leading to stronger reflectivity. Shortly afterward, new droplets formed
between the existing water film, merging to create an even larger film. In contrast, the
coating of OFAC (Figure 8b), developed in this study, displayed a different condensation
behavior. After 15 min, densely packed circular droplets formed on the surface. Image
analysis revealed that most of these droplets had diameters ranging from 100 to 300 µm.
As condensation continued, the droplets grew to approximately 600 µm, merging with
neighboring droplets to form larger ones. The fusion of droplets left dry areas on the surface
near the larger droplets, providing nucleation sites for new droplets, which initiated another
growth cycle. This process occurred over a longer period compared to the commercial
coating, with slower droplet growth and smaller overall droplet sizes. After merging, the
smaller droplets retracted to a stable position, maintaining a large static contact angle.

A further investigation into the condensation process during the first 15 min was con-
ducted using a metallographic microscope with 200× magnification, as shown in Figure 9.
The development of the condensation process revealed that droplets on the surface of
the commercial fluorocarbon coating were irregular during the nucleation stage, forming
various shapes (Figure 9a). Over time, these irregular droplets gradually merged into a
large water film, indicating that condensation on the commercial coating followed a film
condensation pattern rather than droplet condensation. This behavior is attributed to the
coating’s hydrophilicity. Higher surface energy increases hydrophilicity, promoting film
condensation. The water film, once formed, adheres strongly to the surface, making it diffi-
cult to remove. As condensation progresses, this film grows and eventually compromises
the insulation and waterproof properties of the coating. Generally, condensation is a dy-
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namic cyclic process involving nucleation, growth, coalescence, and eventual detachment.
Droplet separation marks the end of one cycle but is immediately followed by a new cycle,
where droplets grow close to the nucleation site. As droplets grow beyond a certain size,
they merge with adjacent droplets until they exceed the critical surface energy. After 15 min
of cooling, the combined large water droplets have covered most of the surface area of the
coated surface and gradually appear like a film.
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Figure 9. Condensation behavior of the two coatings observed under 200× magnification during the
first 15 min: (a) commercial fluorocarbon paint; (b) OFAC.

In contrast, OFAC exhibited a delayed onset of droplet formation. On the commercial
coating, condensation droplets appeared within 8 s, whereas in OFAC, sporadic droplets
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formed only after 15 s (Figure 9b). These droplets were small and scattered randomly
across the coating surface, with a relatively slow growth rate. The droplet coalescence
process typically occurred after 15 min. The wetting state is closely linked to the surface
free energy [33]. On a hydrophobic surface with a high static contact angle, the droplet
penetration is shallow, generally remaining in a Cassie-wetting state [34,35]. Additionally,
droplets on the hydrophobic surface exhibit a pronounced “auto-shrink” behavior, which
helps them maintain a stable radius. However, the heat transfer rate of individual droplets
is minimal, which further delays droplet growth [36]. As a result, more time is required
for the droplet to reach a critical size that disrupts the balance between internal forces and
surface energy. Once this threshold is crossed, the droplets detach from the surface and roll
away, exhibiting a self-cleaning or “self-drying” effect [37], which creates new nucleation
sites for further condensation.

4. Conclusions

A hydrophobic coating was successfully developed using an orthogonal design ap-
proach combined with a simple spray method. The goal of this approach was to create
an anti-condensation coating with a micro-nano structure, providing enhanced water re-
sistance. Optical microscopy observations of condensation nucleation and growth on the
coating’s surface revealed a delayed onset of droplet formation and smaller droplet sizes
compared to non-coated surfaces. These findings demonstrate that the micro-nano struc-
tured coating with low surface energy effectively suppresses and delays the condensation
process, reducing the risk of damage from moisture accumulation following the conden-
sation mechanism. Consequently, the anti-condensation surface developed in this study
offers a novel strategy for designing low-surface energy coatings while also broadening
their potential for industrial applications.

Author Contributions: Conceptualization, C.H.; methodology, S.P., Y.O., Y.Z. and Q.W.; data curation,
S.P. and Y.O.; writing original draft preparation, Y.O. and Y.Z.; writing—review and editing, S.P.
and Q.W.; supervision, Y.Q. and C.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the Technology Project of China Southern Power-
Grid Co., Ltd. (No. GDKJXM20200368).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that this study received funding from Guangdong Power
Grid Co., Ltd. The funder had the following involvement with the study: Optimization of a Low
Surface Energy Coating for Enhanced Water Resistance and Condensation Suppression.

References
1. Wu, X.; Wang, K.; Zhang, J.; Jie, X.; Chen, Z.; Lai, Y. A polyester-silica anti-condensation surface with anti-fouling property. Chem.

Eng. J. 2022, 440, 135934. [CrossRef]
2. Son, S.M.; Kim, M.; Yoo, J.J.; Kim, M.S.; Kim, B.-S.; Seong, D.G. Fabrication of carbon fiber/polyamide 6 composites with water

resistance and anti-icing performance using a superhydrophobic fluorinated-polydopamine coating. Compos. Sci. Technol. 2023,
238, 110048. [CrossRef]

3. Wu, X.; Pan, Y.; Han, Z.; Shen, Y. Does Anti-Condensation coatings guarantee Anti-Icing Properties? Appl. Surf. Sci. 2024,
649, 159101. [CrossRef]

4. Zhou, Q.; Li, J. Research and application of anti-condensation control system for substation intelligent terminal box. Guangdong
Electr. Power 2013, 026, 73–77.

5. Zhou, J.; Wang, L.; Lin, T.; Liao, Y.; Han, F.; Du, Z.; Zhao, Y. Design and test of moisture proof scheme of prefacricated cabin
substation based on thermoelectric refrigeration technology. Guangdong Electr. Power 2022, 35, 122–129.

6. Wu, X.; Yang, F.; Lu, G.; Zhao, X.; Chen, Z.; Qian, S. A breathable and environmentally friendly superhydrophobic coating for
anti-condensation applications. Chem. Eng. J. 2021, 412, 128725. [CrossRef]

https://doi.org/10.1016/j.cej.2022.135934
https://doi.org/10.1016/j.compscitech.2023.110048
https://doi.org/10.1016/j.apsusc.2023.159101
https://doi.org/10.1016/j.cej.2021.128725


Materials 2024, 17, 5238 13 of 14

7. Meng, Y.; Xing, S.; Weng, Z.; Wang, S.; Yi, X.; Wu, N. Nonporous water-proof coatings with resistance to harsh water environments
and spontaneous dewetting. Chem. Eng. J. 2023, 476, 146384. [CrossRef]

8. Cheng, Y.-H.; Wu, C.-T.; Hu, L.-H. Dual functional low surface energy coating of anti-corrosion / fouling via crosslinking
polysilazane preceramic precursor incorporated with fluorine. Prog. Org. Coat. 2023, 177, 107409. [CrossRef]

9. Cui, X.; Yan, Y.; Huang, J.; Qiu, X.; Zhang, P.; Chen, Y.; Hu, Z.; Liang, X. A substrate-independent isocyanate-modified
polydimethylsiloxane coating harvesting mechanical durability, self-healing ability and low surface energy with anti-
corrosion/biofouling potential. Appl. Surf. Sci. 2022, 579, 152186. [CrossRef]

10. Macdonald, B.; Wang, F.-W.; Tobelmann, B.; Wang, J.; Landini, J.; Gunaratne, N.; Kovac, J.; Miller, T.; Mosurkal, R.; Tuteja, A.
Design of Abrasion-Resistant, Long-Lasting Antifog Coatings. ACS Appl. Mater. Interfaces 2024, 16, 13018–13028. [CrossRef]

11. Li, Q.; Yan, Y.; Yu, M.; Song, B.; Shi, S.; Gong, Y. Synthesis of polymeric fluorinated sol–gel precursor for fabrication of
superhydrophobic coating. Appl. Surf. Sci. 2016, 367, 101–108. [CrossRef]

12. Singh, A.K.; Singh, J.K. Fabrication of durable super-repellent surfaces on cotton fabric with liquids of varying surface tension:
Low surface energy and high roughness. Appl. Surf. Sci. 2017, 416, 639–648. [CrossRef]

13. Fazle Rabbi, K.; Ho, J.Y.; Yan, X.; Ma, J.; Hoque, M.J.; Sett, S.; Miljkovic, N. Polydimethylsiloxane-Silane Synergy enables Dropwise
Condensation of Low Surface Tension Liquids. Adv. Funct. Mater. 2022, 32, 2112837. [CrossRef]

14. Peng, H. Synthesis and Application of Fluorine-Containing Polymers with Low Surface Energy. Polym. Rev. 2019, 59, 739–757.
[CrossRef]

15. Zhu, C.; Yang, H.; Liang, H.; Wang, Z.; Dong, J.; Xiong, L.; Zhou, J.; Ke, J.; Xu, X.; Xi, W. A Novel Synthetic UV-Curable Fluorinated
Siloxane Resin for Low Surface Energy Coating. Polymers 2018, 10, 979. [CrossRef]

16. Tan, Y.; Tang, J.; Zhao, N.; Qi, F.; Ouyang, X. Effect of Fluorocarbon Polymers on Hydrophobicity, Wear Resistance and Corrosion
Resistance of Epoxy Resins. Coatings 2023, 13, 685. [CrossRef]

17. Wang, Y.; Wu, M.; Wang, J.; Huang, J.; Yang, K.; Miao, X.; Zhang, L. The addition of SiO2-GO hybrid material enhanced the
tribological properties of fluorocarbon resin in marine corrosive environments. Mater. Today Commun. 2024, 39, 108676. [CrossRef]

18. Liu, Y.; Shao, Y.; Wang, Y.; Wang, J. An abrasion-resistant, photothermal, superhydrophobic anti-icing coating prepared by
polysiloxane-modified carbon nanotubes and fluorine-silicone resin. Colloids Surf. A Physicochem. Eng. Asp. 2022, 648, 129335.
[CrossRef]

19. Wang, C.; Li, W.-D.; Jiang, Z.-H.; Yang, X.; Sun, G.-Y.; Zhang, G.-J. UV-cured nanocomposite coating for surface charging mitigation
and breakdown strength enhancement: Exploring the combination of surface topographical structure and perfluorooctyl chain.
RSC Adv. 2020, 10, 16422–16430. [CrossRef]

20. Yang, B.; Li, X.; Lu, P.; Jiao, L.; An, Q. Design and synthesis of low surface energy anhydride-based polyacrylic resin. Prog. Org.
Coat. 2023, 175, 107353. [CrossRef]

21. Yao, M.; Gao, P.; Zhao, H.; Nie, J.; He, Y. Photo-patternable F-containing acrylic copolymers as passivation materials. Mater. Chem.
Phys. 2020, 253, 123404. [CrossRef]

22. Yuan, Y.; Zhang, C.; Jiang, B.; Lei, Y.; Li, Z.; Sun, K.; Zhang, Y. A robust photothermal superhydrophobic anti/de-icing composite
coating fabricated from BP/SiO2 on a modified fluorocarbon coating base. Prog. Org. Coat. 2024, 196, 108725. [CrossRef]

23. Hossain, M.S.; Panov, V.; Choi, S.; Kim, J.B.; Yun, K.K. Durability performance of cement mortar incorporating water-repellent
admixtures. Constr. Build. Mater. 2024, 440, 137262. [CrossRef]

24. Kalmoni, J.J.; Blackman, C.S.; Carmalt, C.J. Tuneable Wetting of Fluorine-Free Superhydrophobic Films via Titania Modification
to Enhance Durability and Photocatalytic Activity. Adv. Mater. Interfaces 2024, 2400519. [CrossRef]

25. Deschamps, C.; Simpson, N.; Dornbusch, M. Antistatic properties of clearcoats by the use of special additives. J. Coat. Technol. Res.
2020, 17, 693–710. [CrossRef]

26. Oss, C.J.v.; Good, R.J.; Busscher, R.J. Estimation of the polar surface tension parameters of glycerol and formamide, for use in
contact angle measurements on polar solids. J. Dispers. Sci. Technol. 1990, 11, 75–81. [CrossRef]

27. Van Oss, C.J.; Chaudhury, M.K.; Good, R.J. The Mechanism of Partition in Aqueous Media. Sep. Sci. Technol. 1987, 22, 1515–1526.
[CrossRef]

28. Wang, W.; Chang, J.; Chen, L.; Weng, D.; Yu, Y.; Hou, Y.; Yu, G.; Wang, J.; Wang, X. A laser-processed micro/nanostructures
surface and its photothermal de-icing and self-cleaning performance. J. Colloid Interface Sci. 2024, 655, 307–318. [CrossRef]

29. Giacomello, A.; Meloni, S.; Chinappi, M.; Casciola, C.M. Cassie–Baxter and Wenzel States on a Nanostructured Surface: Phase
Diagram, Metastabilities, and Transition Mechanism by Atomistic Free Energy Calculations. Langmuir 2012, 28, 10764–10772.
[CrossRef]

30. Wu, X.; Fu, Q.; Kumar, D.; Ho, J.W.C.; Kanhere, P.; Zhou, H.; Chen, Z. Mechanically robust superhydrophobic and superoleophobic
coatings derived by sol–gel method. Mater. Des. 2016, 89, 1302–1309. [CrossRef]

31. Wu, Y.; Wu, X.; Yang, F.; Ye, J. Preparation and Characterization of Waterborne UV Lacquer Product Modified by Zinc Oxide with
Flower Shape. Polymers 2020, 12, 668. [CrossRef]

32. Liu, C.; Luo, J.; Li, Q.; Gao, S.; Jin, Z.; Li, S.; Zhang, P.; Chen, S. Water-resistance properties of high-belite sulphoaluminate
cement-based ultra-light foamed concrete treated with different water repellents. Constr. Build. Mater. 2019, 228, 116798.
[CrossRef]

33. Aktaev, N.E.; Fedorets, A.A.; Bormashenko, E.Y.; Nosonovsky, M. Langevin Approach to Modeling of Small Levitating Ordered
Droplet Clusters. J. Phys. Chem. Lett. 2018, 9, 3834–3838. [CrossRef]

https://doi.org/10.1016/j.cej.2023.146384
https://doi.org/10.1016/j.porgcoat.2023.107409
https://doi.org/10.1016/j.apsusc.2021.152186
https://doi.org/10.1021/acsami.3c17117
https://doi.org/10.1016/j.apsusc.2016.01.155
https://doi.org/10.1016/j.apsusc.2017.04.148
https://doi.org/10.1002/adfm.202112837
https://doi.org/10.1080/15583724.2019.1636390
https://doi.org/10.3390/polym10090979
https://doi.org/10.3390/coatings13040685
https://doi.org/10.1016/j.mtcomm.2024.108676
https://doi.org/10.1016/j.colsurfa.2022.129335
https://doi.org/10.1039/D0RA01344G
https://doi.org/10.1016/j.porgcoat.2022.107353
https://doi.org/10.1016/j.matchemphys.2020.123404
https://doi.org/10.1016/j.porgcoat.2024.108725
https://doi.org/10.1016/j.conbuildmat.2024.137262
https://doi.org/10.1002/admi.202400519
https://doi.org/10.1007/s11998-019-00283-6
https://doi.org/10.1080/01932699008943237
https://doi.org/10.1080/01496398708058415
https://doi.org/10.1016/j.jcis.2023.10.158
https://doi.org/10.1021/la3018453
https://doi.org/10.1016/j.matdes.2015.10.053
https://doi.org/10.3390/polym12030668
https://doi.org/10.1016/j.conbuildmat.2019.116798
https://doi.org/10.1021/acs.jpclett.8b01693


Materials 2024, 17, 5238 14 of 14

34. Wang, Y.; Sun, Y.; Xue, Y.; Sui, X.; Wang, F.; Liang, W.; Dong, Q. Multifunctional electro-thermal superhydrophobic shape memory
film with in situ reversible wettability and anti-icing/deicing properties. Colloids Surf. A Physicochem. Eng. Asp. 2022, 654, 129960.
[CrossRef]

35. Shao, Y.; Zhao, J.; Fan, Y.; Wan, Z.; Lu, L.; Zhang, Z.; Ming, W.; Ren, L. Shape memory superhydrophobic surface with switchable
transition between “Lotus Effect” to “Rose Petal Effect”. Chem. Eng. J. 2020, 382, 122989. [CrossRef]

36. Fevre, E.J.L.; Rose, J.W. A theory of heat transfer by dropwise condensation. In Proceedings of the International Heat Transfer
Conference 3, Chicago, IL, USA, 7–12 August 1966.

37. Xing, L.; Guan, S.; Jiang, M.; Zhao, L.; Li, X. Dynamic Behavior of Impacting Droplet on the Edges of Different Wettability Surface.
Langmuir 2024, 40, 20995–21009. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.colsurfa.2022.129960
https://doi.org/10.1016/j.cej.2019.122989
https://doi.org/10.1021/acs.langmuir.4c02253

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Preparation of Coating 
	Testing and Characterization 
	Surface Characterization 
	Water Resistance Performance 
	Anti-Condensation Performance 


	Results 
	Wettability and Surface Morphology 
	Water Repellent Performance 
	Condensation Performance 

	Conclusions 
	References

