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Abstract: Ice formation on concrete surfaces significantly challenges productivity, economic growth,
and safety in diverse industrial sectors. Superhydrophobic coatings represent an effective solution
to delay ice formation, although their functionality deteriorates under repeated freeze–thaw cycles.
To address this issue, carbon nanotubes (CNTs) are frequently employed due to their exceptional
photothermal conversion and mechanical properties, which contribute to extending the sustainability
of the superhydrophobic coatings. However, the chemical inertness of CNTs often necessitates
complex reactions to modify their functionalization. In this study, we have invented a simple
method involving the sequential growth of silica on the surface of CNTs and the hydrophobic
modification of the silica surface to enhance CNT functionality. These CNTs/SiO2 functionalized
nanoparticles were then incorporated into an epoxy resin using a simple spray technique, resulting
in a superhydrophobic and photothermal coating on concrete. To fine-tune the coating’s properties,
we explored the effects of varying the doping levels of the nanoparticles on the surface morphology,
roughness, and wettability of the CNT/SiO2-EP coatings. The optimal level of hydrophobicity was
achieved by doping the coatings with 300 mg of functionalized nanoparticles, yielding an impressive
contact angle of 159.6◦. The integration of functionalized nanoparticles into the epoxy matrix not
only enhances hydrophobicity but also improves mechanical robustness and abrasion resistance
by creating multiscale surface roughness. Additionally, the coating exhibits outstanding chemical
stability even under extreme conditions. One of the most significant advantages of these coatings
is their ability to extend the ice nucleation time significantly. This effect is primarily attributed to
the superior superhydrophobicity of the nanoparticles and the remarkable photothermal conversion
capability of the CNTs. Upon exposure to Xenon lamp radiation, the ice droplets rapidly melt,
underscoring the impressive performance of these coatings in preventing ice formation.

Keywords: superhydrophobic; photothermal; anti-icing; carbon nanotubes; concrete; silica

1. Introduction

Concrete is a fundamental material in infrastructure, from roadways and bridges to
architectural constructions [1–4]. However, its porous and hydrophilic nature can lead to
issues with water absorption and freezing in cold winter climates, which can compromise
slip resistance on concrete pavements and cause traffic accidents [5–8]. Furthermore, freeze–
thaw cycles within concrete structures can result in structural damage [9]. De-icing methods
fall into two main categories: active and passive approaches [10,11]. Active methods
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involve mechanical techniques, chemical solvent applications, and electro-thermal methods.
Unfortunately, these methods often consume significant energy and require specialized
equipment, limiting their practicality. On the other hand, passive de-icing strategies aim to
delay and inhibit ice formation. These include ice-resistant hydrogel surfaces, bio-mimetic
ice-resistant surfaces, and superhydrophobic surfaces [12–15]. Although these methods
have shown resistance to icing under certain conditions, there are still limitations.

Superhydrophobic surfaces featuring micro-nano structures effectively remove water
droplets during condensation. This capability delays ice nucleation and reduces ice accu-
mulation [16,17]. However, the limited sustainability, intricate preparation process, and
monotonous functionality of superhydrophobic coatings restrict the potential applications.
The primary factor contributing to the inadequate sustainability of superhydrophobic
coatings is that the micro-nano structure on the coating’s surface is vulnerable to damage
from friction and impact [18,19]. Various strategies have been explored to enhance the
limited sustainability of these coatings. Kwak et al. conducted composite modifications
on silicon dioxide and titanium dioxide, employing various processing methods to ap-
ply superhydrophobic coatings with multiple micro-nano structures. These coatings are
versatile and demonstrate exceptional durability on a range of substrate surfaces [20].
Lahiri et al. employed Polydimethylsiloxane (PDMS) as a binder to affix H3BO3 and SiO2
nanoparticles to the substrate surface, resulting in a highly durable superhydrophobic coat-
ing. Remarkably, even after undergoing 40 peeling experiments, it retained hydrophobic
properties [21]. However, when exposed to extended freezing conditions, the micro-nano
structure establishes a mechanical interlocking connection with ice, thereby intensifying
the adhesion between the ice and the coated surface.

Sunlight-induced heat can substantially elevate the surface temperature of objects,
serving as the most basic and straightforward anti-icing method. Photothermal materials,
possessing efficient photothermal conversion properties, offer a solution to the challenge
of ice adhesion without causing harm to the micro-nano structures on the surface of
superhydrophobic coatings [22–24]. Liu et al. fabricated a dual-layered photothermal
material using a spray coating process. This material comprised sparsely coated fluorinated
multi-walled carbon nanotubes (CNTs) and polyurethane. The heat generated within the
photothermal layer efficiently propagated across the coating’s surface via the conductive
layer. However, thermal transmission to the substrate was limited by a thermal protection
layer. Notably, outdoor experiments showcased the remarkable effectiveness of this coating
in preventing ice formation [25]. Inspired by the structural features of wheat blades, Zhang
et al. developed a highly efficient photothermal anti-icing/frost coating through ultrafast
pulsed laser deposition (UFPD). This coating demonstrated exceptional capabilities for self-
removal of water droplets and efficient photothermal conversion, especially in challenging
environmental conditions characterized by low temperature and high humidity. The
coating excels in self-removal of water droplets and exhibits outstanding photothermal
conversion efficiency, even in low temperatures and high humidity. Moreover, it offers
the flexibility to be applied to various substrates while maintaining robust durability and
adaptability [26].

Carbon nanotubes (CNTs) show great promise as ideal candidates for creating su-
perhydrophobic coatings owing to their versatile structure and impressive mechanical
properties [27–29]. However, the weak interfacial bonds and uneven dispersion of CNTs
within organic polymers have posed challenges in improving the mechanical strength of
these coatings. Therefore, innovative composite configurations are essential to enhance
CNT-based superhydrophobic coatings, ensuring better dispersion and mechanical durabil-
ity [30–32]. Zhang et al. prepared a CNTs-SiO2 hybrid by grafting carbon nanotubes (CNTs)
onto silica nanoparticles through complex chemical reactions and then incorporated it into
epoxy resin to construct a superhydrophobic coating through the spraying method. Upon
exposure to 808 nm laser irradiation, the surface temperature of the coating experiences a
swift increase, leading to the rapid melting of condensed ice. Liu et al. introduced a simple
surface modification technique for carbon nanotubes (CNTs). This method entails applying
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a dopamine layer onto the CNTs’ surface and linking the active and hydrophobic groups
present on the dopamine surface. This process results in the creation of CNT nanoparticles
with superhydrophobic properties [10]. While current methods can achieve hydrophobic
modification of CNTs, challenges such as complex reaction processes or high costs are
often encountered.

In this work, we present a novel and uncomplicated approach for modifying CNTs-
SiO2 nanoparticles through the sequential growth of SiO2 on the surface of CNTs. The
modifying CNTs-SiO2 nanoparticles are termed “functionalized nanoparticles”. Using a
straightforward spraying method, we produced superhydrophobic photothermal coatings
based on these functionalized nanoparticles. Our investigation focused on the influence of
the doping amount of functionalized nanoparticles on the coatings’ surface morphology,
wettability, and photothermal properties. We identified the rough micro- and nanos-
tructures on the coatings and evaluated their chemical stability under challenging pH
conditions, such as highly acidic and alkaline environments. To assess their mechanical
robustness, we conducted tape peeling and friction tests. Our findings revealed that the
introduction of functionalized nanoparticles led to the formation of micro- and nanos-
tructures at various scales on the coatings’ surface, with agglomeration and interlocking
effects between nanoparticles enhancing the coatings’ mechanical durability. Moreover,
the CNTs-SiO2/epoxy coating demonstrated efficient droplet melting under simulated
solar irradiation, thanks to the superior water repellency of the coated surface and the
photothermal conversion capabilities of the CNTs. Combining the anti-icing and de-icing
properties of CNTs-SiO2/epoxy coatings can significantly expand the practical applications
of superhydrophobic coatings.

2. Materials and Methods
2.1. Materials

Ethyl orthosilicate (TEOS), hexadecyltrimethylammonium bromide (CTAB), ammonia
water, perfluorodecyltrichlorosilane (PDTS), all of which were purchased from McLean
Biochemical Technology Co., Ltd., Shanghai, China. CNTs were purchased from Jiazhaoye
New Materials Co., Ltd. (Shenzhen, China). Anhydrous ethanol was purchased from
Longbohua Co., Ltd. (Tianjin, China). Waterborne epoxy resin and curing agent were
purchased from Runxiang Chemical Co., Ltd. (Qingdao, China) as binders.

2.2. Preparation of Functionalized Nanoparticles

Figure 1 illustrates the process for achieving hydrophobic modification of CNTs-SiO2.
The procedure commenced with the dispersion of 0.5 g of CTAB in 100 mL of deionized
water, followed by ultrasonication until the solution became clear. Subsequently, 1 g of
CNTs was introduced into the solution and subjected to 30 min of ultrasonication. Then,
1 mL of ammonia and 3 mL of TEOS solution were added dropwise into the mixture,
which was magnetically stirred at room temperature for 6 h. The resulting nanoparticles
underwent a washing and drying process, repeated twice, to yield CNTs coated with
silica. Following this, the nanoparticles underwent hydrophobic modification. Initially,
0.5 g of CNTs-SiO2 nanoparticles were dispersed in 100 mL of anhydrous ethanol. After
ultrasonic dispersion for 5 min, 3 mL of PDTS was added to the solution, which was then
magnetically stirred at 60 ◦C for 3 h. The steps of material addition are delineated as Steps
1, 2, and 3 in Figure 1. The resulting nanoparticles were subjected to repeated washing and
drying cycles with deionized water and alcohol, forming CNTs-SiO2 nanoparticles with
superhydrophobic properties, hereafter referred to as “functionalized nanoparticles”.
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Figure 1. Preparation process of functionalized particles and superhydrophobic coatings.

2.3. Preparation of Composite Coatings

In the experiment, the functionalized nanoparticles with different masses of 100 mg,
300 mg, and 500 mg were, respectively, added to acquire coatings with a resin content of
98%, 94%, and 90%, labeled as CS1-E, CS3-E, and CS5-E. These solutions were subjected to
ultrasonic dispersion for 10 min. Subsequently, a water-based epoxy resin curing agent was
introduced, and the combination was magnetically stirred at room temperature for 30 min
to create a homogeneous suspension. This uniform material suspension was then sprayed
onto the surface of cement concrete specimens using specific conditions, including 0.5 MPa
of compressed air, a spraying time of 5 s, and a distance of 15 cm between the specimen
and the spray gun. After spraying, the sample was cured in a blast drying oven at 80 ◦C for
2 h, successfully producing a coating on the concrete surface. The preparation procedure is
depicted in Figure 1.

2.4. Characterization

Transmission electron microscopy (TEM, JEM-1400, JEOL, Tokyo, Japan) was used
to examine the surface morphology of functionalized nanoparticles. Fourier infrared
spectroscopy (Nicolet is50 FT-IR) analyzed their chemical bond compositions with a
4000–500 cm−1 scanning range. Thermal stability was tested using a thermogravimet-
ric analyzer (TGA, STA449F3, NETZSCH, Selb, Germany) with a test score of N2 and a
temperature of 30–800 ◦C. After the coating preparation, the surface morphology of the coat-
ing was observed by scanning electron microscope (SEM, SIGMA-500, ZEISS, Oberkochen,
Germany), and the roughness of the coating was observed using three-dimensional confocal
microscope (CLSM, OLS3000, OLYMPUS, Tokyo, Japan).

2.5. Contact Angle Test

Droplet contact angle and roll angle measurements were carried out using the Data-
physics OCA20 contact angle tester. To determine the contact angle, a 10 µL droplet was
meticulously placed on the material’s surface, and its contact angle was measured. For
the rolling angle test, the procedure began with a 0◦ starting angle and was incrementally
raised by 1◦ until the droplet initiated rolling down the surface. This incremental increase
in angle was continued until rolling occurred. Each group conducted five parallel tests to
ensure the precision and consistency of the test results. This approach involved multiple
measurements to generate reliable and accurate data.

2.6. Mechanical Durability

The mechanical toughness of the coating was assessed via a tape peeling test. In this
test, a specific type of tape was firmly affixed to the coated surface using 30 kPa of pressure.
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Afterward, the tape was systematically removed from the surface. To evaluate the coating’s
adhesion and resistance to tape peeling, this peeling process was repeated 200 times.

2.7. Anti-Icing and De-Icing Experiments

To assess the photothermal conversion capabilities of the coating when exposed to
light, a 1 kW/m2 Xenon lamp was utilized. An infrared thermographer was employed to
monitor and record changes in the surface temperatures of the coatings. These experiments
were conducted in a controlled environment within a cold box, which allowed for precise
temperature regulation to manipulate environmental factors. The cold box was adjusted to
−10 ◦C, creating a rigorously cold testing environment. Furthermore, relative humidity
was carefully controlled, maintaining it at 35 ± 5% with a humidifier. Throughout the
testing process, the distance between the light source spot and the coating surface was con-
sistently maintained at 15 cm. This carefully controlled experimental setup was designed
to simulate and evaluate the photothermal performance of the coatings under specific
environmental conditions.

3. Results and Discussion
3.1. Characterization of Functionalized Nanoparticles

The surface modification of CNTs commenced with CTAB, a compound possessing
both hydrophilic and hydrophobic groups. These groups were strategically oriented
with the hydrophilic segments facing the solution, while the hydrophobic sections were
directed inward, forming a template structure through self-assembly. Subsequently, when
TEOS, the repellent agent, was introduced into the solution under alkaline conditions,
it underwent hydrolysis, generating silicate ions that electrostatically interacted with
the CTAB micelles. These silicate ions were deposited along the CTAB, forming a silica
layer that enveloped the surface of the CNTs, ultimately creating a composite structure.
This process effectively counteracted van der Waals forces between the CNTs, improving
their dispersion within the matrix. Moreover, the abundance of -OH groups on the silica’s
surface significantly increased the opportunities for functionalizing CNTs, overcoming their
inherent surface inertness. Subsequently, hydrophobic modification of the functionalized
nanoparticles was achieved through the hydrolysis of PDTs, enabling grafting modifications
on the numerous hydroxyl groups on the silica’s surface. Figure 2 provides a transmission
electron microscope (TEM) image of the functionalized nanoparticles, vividly illustrating
the successful and uniform coating of silica onto the CNTs. The silica grew uniformly
along the CNTs, forming a distinct core–shell structure with excellent bonding. Initially,
the diameter of the CNTs measured 15–20 nm, whereas the diameter of the functionalized
nanoparticles expanded to 35–40 nm after the silica coating process.
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The chemical structures of the CNTs were analyzed using FT-IR, and Figure 3 presents
the infrared spectra of CNTs, SiO2, and the functionalized nanoparticles. Within these
spectra, several significant absorption peaks are noteworthy. At 955 cm−1, absorption
peaks indicate the expansion and contraction vibrations of the Si-O-Si bond, consistent
with pure silica characteristics. Furthermore, at 1625 cm−1, there is an absorption peak
corresponding to the stretching vibrations of the C=C bond, a distinctive feature of CNTs.
The presence of -OH stretching vibrations at 3390 cm−1 suggests a substantial number
of -OH groups on the SiO2 surface [33]. In addition to these peaks, the absorption peaks
at 2866 cm−1, 2613 cm−1, and 1430 cm−1 are associated with the presence of PDTs and
CTAB in the sample. Smaller absorption peaks at 561 cm−1, 632 cm−1, and 681 cm−1 can be
attributed to the bending vibrations of the C-N bond in CTAB. A notable peak at 563 cm−1

is linked to the vibration of the C-Br bond [34]. Interestingly, a new distinctive peak at
1375 cm−1 has emerged, which is attributed to the vibration of the F-C bond [35]. These
FT-IR results offer valuable insights into the chemical composition and bonding within the
functionalized nanoparticles, affirming the successful modification and the coexistence of
various functional groups within the composite material.

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 15 
 

The chemical structures of the CNTs were analyzed using FT-IR, and Figure 3 
presents the infrared spectra of CNTs, SiO2, and the functionalized nanoparticles. Within 
these spectra, several significant absorption peaks are noteworthy. At 955 cm⁻1, absorption 
peaks indicate the expansion and contraction vibrations of the Si-O-Si bond, consistent 
with pure silica characteristics. Furthermore, at 1625 cm⁻1, there is an absorption peak 
corresponding to the stretching vibrations of the C=C bond, a distinctive feature of CNTs. 
The presence of -OH stretching vibrations at 3390 cm⁻1 suggests a substantial number of -
OH groups on the SiO2 surface [33]. In addition to these peaks, the absorption peaks at 
2866 cm⁻1, 2613 cm⁻1, and 1430 cm⁻1 are associated with the presence of PDTs and CTAB 
in the sample. Smaller absorption peaks at 561 cm⁻1, 632 cm⁻1, and 681 cm⁻1 can be 
attributed to the bending vibrations of the C-N bond in CTAB. A notable peak at 563 cm⁻1 
is linked to the vibration of the C-Br bond [34]. Interestingly, a new distinctive peak at 
1375 cm⁻1 has emerged, which is attributed to the vibration of the F-C bond [35]. These FT-
IR results offer valuable insights into the chemical composition and bonding within the 
functionalized nanoparticles, affirming the successful modification and the coexistence of 
various functional groups within the composite material. 

 
Figure 3. FTIR spectra of different materials. 

As illustrated in Figure 4, the curves representing CNTs and SiO2 show relatively 
shallow and minor peaks. In the temperature range from 100 to 600 °C, CNTs experience 
a mass loss of approximately 5.1%, while SiO2 undergoes a slightly higher mass loss of 
about 7.2%. This initial mass loss can mainly be attributed to trace impurities in the 
materials and water molecules adsorbed within the testing chamber. Regarding the 
functionalized nanoparticles, the mass loss in the temperature range from 100 to 200 °C is 
relatively modest and primarily results from the evaporation of impurities and adsorbed 
water molecules. However, as the temperature rose, a significant mass reduction was 
observed from 200 °C to 400 °C. Beyond this temperature range, the mass stabilizes, 
resulting in an overall mass loss of 18.5%. Notably, this 11.3% difference in mass reduction 
compared to SiO2 can be ascribed to the decomposition and polymerization of the CTAB 
and PDTS groups in the hybrids. These observations yield valuable insights into the 
hybrid material’s thermal behavior and decomposition patterns, shedding light on the 
presence of specific functional groups and their reactions under varying temperature 
conditions. 

4000 3500 3000 2500 2000 1500 1000 500

Tr
an

sim
ist

an
ce

Wavenumber /cm

 CNTs  Functionalized nanoparticles    SiO2

95516253390 2866
2613

1375 632

Figure 3. FTIR spectra of different materials.

As illustrated in Figure 4, the curves representing CNTs and SiO2 show relatively
shallow and minor peaks. In the temperature range from 100 to 600 ◦C, CNTs experience a
mass loss of approximately 5.1%, while SiO2 undergoes a slightly higher mass loss of about
7.2%. This initial mass loss can mainly be attributed to trace impurities in the materials
and water molecules adsorbed within the testing chamber. Regarding the functionalized
nanoparticles, the mass loss in the temperature range from 100 to 200 ◦C is relatively modest
and primarily results from the evaporation of impurities and adsorbed water molecules.
However, as the temperature rose, a significant mass reduction was observed from 200 ◦C
to 400 ◦C. Beyond this temperature range, the mass stabilizes, resulting in an overall mass
loss of 18.5%. Notably, this 11.3% difference in mass reduction compared to SiO2 can be
ascribed to the decomposition and polymerization of the CTAB and PDTS groups in the
hybrids. These observations yield valuable insights into the hybrid material’s thermal
behavior and decomposition patterns, shedding light on the presence of specific functional
groups and their reactions under varying temperature conditions.
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3.2. Surface Properties of Coatings

The versatility of these coatings is further amplified by blending functionalized
nanoparticles with epoxy resin to create CNTs/SiO2/EP coatings using a straightforward
spray application technique. The surface morphology of epoxy coatings derived from
CS1-E, CS3-E, and CS5-E was evaluated via scanning electron microscopy (SEM), leading
to the following insights. As depicted in Figure 5, all coating surfaces were covered with
micro- and nanoscale aggregates. However, there were slight variations in morphology
depending on the ratio of functionalized nanoparticles to epoxy resin. In the case of CS1-E,
the coating surface exhibited fewer aggregates, and some of the micro- and nanoparticles
were encapsulated within the epoxy resin. Conversely, the CS3-E coating displayed a more
pronounced presence of micro- and nanostructures, along with higher levels of aggregation.
The CS5-E coating exhibited even larger aggregates on its surface. It is worth noting that the
amount of functionalized nanoparticles in the mixture can influence the hydrophobicity and
mechanical characteristics of these composite coatings. Confocal laser scanning microscopy
(CLSM) images of the coatings are presented in Figure 5d–f to provide a more detailed
perspective. In Figure 5d, the CS1-E coating featured randomly distributed micro- and
nanostructured microscale protrusions, resulting in a surface roughness of approximately
87 µm. Conversely, the CS5-E coating exhibited a higher density of protrusions, which
increased the surface roughness to around 135 µm. This increase can be attributed to the
higher doping ratio of functionalized nanoparticles in the epoxy resin. Consequently, more
hybrids became exposed on the coating surface, and these hybrids tended to aggregate
within the coating. With a further increase in the doping of hybrids in the CS5-E coatings,
the tightly packed excess SiO2 particles produced a more uniformly arranged set of protru-
sions. This led to a slight reduction in surface roughness to approximately 102 µm. These
findings indicate that the surface morphology and roughness of coatings can be tailored by
adjusting the proportion of functionalized nanoparticles to epoxy resin, which can, in turn,
impact the coatings’ properties and performance.



Sustainability 2023, 15, 15865 8 of 15
Sustainability 2023, 15, x FOR PEER REVIEW 8 of 15

Figure 5. SEM images of (a) CS1-E, (b) CS3-E, and (c) CS5-E; CLSM images of (d) CS1-E, (e) CS3-E, 
and (f) CS5-E. 

3.3. Superhydrophobicity of the Coatings 
The Cassie–Baxter model emphasizes that micro- and nanostructures at various 

scales and the materials’ low surface energy are pivotal factors for crafting 
superhydrophobic coatings. This model underscores the importance of micro- and 
nanostructures and low surface energy in superhydrophobic coating construction. Figure 
6 shows the contact angles of superhydrophobic coatings with varying amounts of
functionalized nanoparticle doping. The contact angles at all three doping levels exceeded 
150°, demonstrating superhydrophobic solid properties. The maximum contact angle 
reached 159.6° when the yield was 300 mg. Additionally, Figure 6 provides a schematic 
representation of the mechanism behind the differences in contact angle size on various 
coatings. These coatings’ micro- and nanostructures, coupled with their low surface 
energy attributes, promote the formation of air cushions, significantly reducing the 
contact area between droplets and the coating surface. Notably, the CS3-E coating 
featured micro- and nanostructures of an optimal size, owing to nanoparticle 
agglomeration and bulging, which enhanced overall roughness and ensured optimal 
hydrophobicity. In contrast, the CS1-E and CS5-E coatings exhibited either insufficient or 
excessive nanoparticle additions, resulting in altered micro- and nanostructures. This, in
turn, diminished the coating’s roughness and its ability to form an air cushion, 
consequently reducing the contact area between droplets and the surface [36,37]. As a 
result, the CS3-E coating was selected for further evaluation in subsequent studies. 

Figure 5. SEM images of (a) CS1-E, (b) CS3-E, and (c) CS5-E; CLSM images of (d) CS1-E, (e) CS3-E,
and (f) CS5-E.

3.3. Superhydrophobicity of the Coatings

The Cassie–Baxter model emphasizes that micro- and nanostructures at various scales
and the materials’ low surface energy are pivotal factors for crafting superhydrophobic
coatings. This model underscores the importance of micro- and nanostructures and low
surface energy in superhydrophobic coating construction. Figure 6 shows the contact
angles of superhydrophobic coatings with varying amounts of functionalized nanoparticle
doping. The contact angles at all three doping levels exceeded 150◦, demonstrating super-
hydrophobic solid properties. The maximum contact angle reached 159.6◦ when the yield
was 300 mg. Additionally, Figure 6 provides a schematic representation of the mechanism
behind the differences in contact angle size on various coatings. These coatings’ micro- and
nanostructures, coupled with their low surface energy attributes, promote the formation
of air cushions, significantly reducing the contact area between droplets and the coating
surface. Notably, the CS3-E coating featured micro- and nanostructures of an optimal size,
owing to nanoparticle agglomeration and bulging, which enhanced overall roughness
and ensured optimal hydrophobicity. In contrast, the CS1-E and CS5-E coatings exhibited
either insufficient or excessive nanoparticle additions, resulting in altered micro- and nanos-
tructures. This, in turn, diminished the coating’s roughness and its ability to form an air
cushion, consequently reducing the contact area between droplets and the surface [36,37].
As a result, the CS3-E coating was selected for further evaluation in subsequent studies.
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3.4. Stability of Coatings

To ensure the practical applicability of superhydrophobic coatings in diverse envi-
ronments, it is imperative that these coatings demonstrate robust stability. In this study,
we subjected the coatings to various pH solutions, simulating extreme conditions and
evaluating their chemical stability. Solutions spanning from pH 1 to pH 13 were prepared
by adjusting the pH using HCl and NaOH. Subsequently, droplets were deposited onto the
coating surfaces, and contact angles were measured. As illustrated in Figure 7a, the contact
angles consistently exceeded 150◦ across the entire pH range, from 1 to 13. Furthermore, the
rolling angle remained below 10◦, confirming the superhydrophobic nature of the coatings.
These results underscore the coatings’ exceptional resistance to both acidic and alkaline
environments. In further tests designed to replicate extreme conditions, the coated panels
were fully immersed in solutions with varying pH levels, including HCl (pH = 1), deionized
water (pH = 7), and NaOH (pH = 13). Hydrophobic angles of the coatings were measured at
regular intervals (every 3 h). As depicted in Figure 7b, even after 24 h of immersion in these
extreme environments, the hydrophobic angles of the coatings consistently remained above
150◦. This robust performance conclusively establishes the remarkable chemical stability
of the coatings. These experiments demonstrate that the CS3-E coating is exceptionally
well-suited for deployment in extreme environments characterized by strong acids and
alkalis, further underscoring its potential versatility and practicality.
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The durability of coatings with different levels of functionalized nanoparticle doping
was evaluated through a tape-stripping test, with the CS3-E coating as the reference. As
shown in Figure 8, the contact angle of the coatings decreased as the number of tape
peeling cycles increased. In particular, the contact angle for the CS1-E and CS5-E coatings
fell below 150◦ after 120 and 170 rounds of tape peeling, respectively. In stark contrast,
the CS3-E coating maintained its superhydrophobic properties even after undergoing
300 cycles of tape peeling. This remarkable durability of the CS3-E coating can be attributed
to several key factors: First, the precise ratio of functionalized nanoparticles to epoxy
resin contributes to its resilience. Additionally, the strong bond between the nanoparticles
and the epoxy matrix, as well as the interlocking of nanoparticles, enhances the overall
mechanical stability of the coating. This results in the effective retention of micro- and
nanostructures on the surface even after repeated tape peeling. Compared to typical micro-
and nanostructured superhydrophobic coatings, the CS3-E coating displayed significantly
improved mechanical durability [38–40]. Figure 8b offers a comparison of the mechanical
durability of various superhydrophobic surfaces, as reported in recent studies and tested
similarly. Notably, among these coatings, the CS3-E, developed in this study, exhibited the
highest superhydrophobicity, even after undergoing maximum abrasion cycles [41–52]. This
enhanced durability positions it as a promising choice for various applications, including
the incorporation of CNTs in carbon nanotube/epoxy composites.
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Figure 8. (a) The change of coating contact angle with peeling times; (b) abrasion cycles and WCAs 
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Several vital variables contribute significantly to the enhanced endurance of CS3-EP
coatings. First and foremost, the remarkable mechanical strength of carbon nanotubes
(CNTs) plays a pivotal role in bolstering the coating’s overall robustness and longevity.
This inherent strength makes the coating less susceptible to external forces and less prone
to deterioration. Furthermore, introducing SiO2 imparts an additional layer of protection
to the CNTs. This protective layer serves as a shield, safeguarding the CNTs from direct
exposure to external forces, such as abrasion and impact. Consequently, it helps to preserve
the structural integrity of the CNTs over extended periods. Additionally, the nanoparticles
within the coating create an intricate, interlocking structure. This interlocking effect is par-
ticularly effective in preventing the functionalized nanoparticle aggregates from detaching
or peeling off from the coating’s surface when subjected to external forces [25].

3.5. Photothermal and De-Icing Properties

It is widely recognized that thin films containing CNTs exhibit exceptional photother-
mal characteristics, efficiently converting light energy into heat [53]. To assess the pho-
tothermal performance of coatings with varying levels of functionalized nanoparticle
doping, we subjected them to simulated solar irradiation, monitoring the temperature
near the irradiation spot. The summarized results are presented in Figure 9. The surface
temperature of the epoxy coating remained relatively stable, with minimal changes, even
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after 100 s of irradiation, settling at approximately 44.3 ◦C. In contrast, coatings containing
functionalized nanoparticles demonstrated a rapid increase in surface temperature during
irradiation, reaching a steady level within the same timeframe. The plateau temperatures
for the CS1-E, CS3-E, and CS5-E coatings were particularly noteworthy, measuring 80.5 ◦C,
78.6 ◦C, and 68.7 ◦C, respectively. Importantly, the photothermal efficiency exhibited an
upward trend with an increasing content of CNTs in the coatings. Given the similarity
in surface temperatures between the CS3-E and CS5-E coatings, they emerge as strong
candidates for photothermal conversion applications.
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Functionalized nanoparticle coatings offer significant potential for anti-icing and de-
icing applications owing to their exceptional photothermal efficiency and superhydrophobic
properties. To assess their anti-icing effectiveness, we conducted a test in which 10 µL
water droplets were placed on the coated surfaces at a temperature of 20 ◦C. Figure 10a,c
depict the freezing process of these droplets on the CS3-E coating and the uncoated epoxy
surface, respectively. On the epoxy surface, the water droplets assumed a semicircular
shape and quickly froze, taking only 22 s. In stark contrast, the freezing time on the CS3-E
coating was substantially extended to 352 s. Here, the droplets retained their spherical
shape, demonstrating outstanding superhydrophobic characteristics. This delay in freezing
can be attributed to the significant reduction in the contact area between the water and the
superhydrophobic surface, resulting in decreased heat transfer efficiency [54,55]. The 330 s
freezing period on the CS3-E coating far exceeded what is typically observed on surfaces
lacking superhydrophobic attributes. The apparent micro- and nano-graded structure of the
CS3-E surface plays a pivotal role in enhancing its anti-icing performance. To evaluate the
de-icing capability of these coatings with photothermal conversion, we employed Xenon
light to simulate sunlight irradiation on the surface. Figure 10b illustrates the performance
of the CS3-E coating. The ice droplet initiated melting after 417 s and was completely melted
within 535 s, thanks to the remarkable photothermal conversion capacity of the carbon
nanotubes (CNTs). This exceptional de-icing performance underscores the effectiveness of
photothermal conversion in swiftly and efficiently eliminating ice layers from the CS3-E
coating. Notably, the droplet did not melt in response to Xenon light alone, emphasizing
the specific role played by the photothermal properties of the CNTs in this de-icing process.
In summary, these findings underscore the potential of these coatings for anti-icing and
de-icing applications. They offer extended anti-icing capabilities and efficient de-icing
performance via photothermal conversion.
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4. Conclusions

In this study, we have successfully engineered a multifunctional superhydrophobic
coating, distinguished by its exceptional chemical stability, mechanical robustness, and
efficient photothermal conversion capabilities. This innovative coating was formulated
using an epoxy matrix combined with functionalized nanoparticles, and it was applied
to concrete surfaces using a straightforward and scalable spray-coating method. Notably,
the surface morphology and roughness of the CS3-E coatings can be customized by ad-
justing the ratio of functionalized nanoparticles to epoxy. The CS3-E coating exhibited
remarkable hydrophobic characteristics, boasting an impressive water contact angle (WCA)
of 159.6◦. This coating features a robust micro-nano hierarchical structure, retaining its
superhydrophobicity even after enduring extensive tape-peeling damages, thanks to the
interwoven structure of functionalized nanoparticles. This durability is a critical asset for
practical, real-world applications. Furthermore, our superhydrophobic coating demon-
strated excellent photothermal conversion capabilities. It significantly delayed the freezing
of water compared to an untreated epoxy coating, showcasing a sixteen-fold improvement
in anti-icing performance. Additionally, it efficiently removed ice when subjected to simu-
lated sunlight irradiation. Overall, this research contributes to adopting an inexpensive
and simplified surface modification process for CNTs and extends the sustainability of
superhydrophobic coatings. While initially designed for cement concrete surfaces, the
multifunctional superhydrophobic coatings developed in this study can potentially extend
their utility to various industrial applications, particularly in the domains of anti-icing
and anti-fogging.
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