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Hydrophobic cement-based
materials with micro-nano
hierarchical structures:
preparation, characterization,
and stability assessment

Xiaolei Bian, Wu Yao*, Gang Liao, Guangwei Liang, Anming She
and Yongqi Wei

Key Laboratory of Advanced Civil Engineering Materials of Ministry of Education, School of Materials
Science and Engineering, Tongji University, Shanghai, China

With the increasing demand for durable and sustainable building materials,
the development of superhydrophobic cement-based materials has gained
significant attention. In this study, superhydrophobic cement-based materials
with layered structures were fabricated. By replicating microstructures from
sandpaper and applying nanoparticles and low-surface-energy materials, we
achieved a water contact angle of 155.7°. The resulting material demonstrates
excellent waterproof performance, low adhesion forces, and high resistance to
damage, providing valuable insights for the development of durable, waterproof
building materials for sustainable construction.
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1 Introduction

Cement-basedmaterials are a kind of fundamental buildingmaterial and they have been
extensively utilized in various kinds of construction projects (Zhang W. et al., 2020;Wu et al.,
2022). They have the benefits of easy construction, good durability, material savings, and
low overall cost (Xu et al., 2022). These materials are widely employed in the construction
of various engineering structures, such as residential buildings (Meng et al., 2023), bridges
(Palacios et al., 2022) and roads (Li et al., 2022). However, due to the hydrophilic nature
and inherent porosity of cement-based materials, they are susceptible to various physical
and chemical reactions throughout their service life. These reactions ultimately lead to the
formation of cracks, corrosion, and other defects in the cementmatrix. As a result, structural
damage and reduced durability of the cement-based materials occur (Nguyen et al., 2020;
Wang et al., 2022). Generally, the durability of cementitious materials is closely related to
the amount of water molecules that enter the material through the pores (Zhao et al., 2022).
Therefore, controlling the amount of water molecules that penetrate the material is the most
effective way to improve the durability and service life of cementitious materials.

Hydrophobic modification is an essential method to control the penetration of
water molecules into materials. By changing the chemical structure, surface energy, and
morphology of the material surface, the affinity between the material and water can be
reduced, and the infiltration and adsorption of water molecules can be prevented. This
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modification method is widely used in various fields, such
as construction materials, textiles, electronic devices, etc. The
durability, corrosion resistance, and performance stability of the
material can be improved. So far, various methods that aim to
fabricate robust superhydrophobic surfaces have been developed,
such as templating (Tonon et al., 2023), etching (Lan et al.,
2023), self-assembly (Shi et al., 2023), chemical vapor deposition
(Su et al., 2023), electrospinning (Chen H. et al., 2023), and sol-
gel (Wang et al., 2023). Moreover, these methods have been applied
to create superhydrophobic surfaces on different substrates, such
as metals (Zhao et al., 2023), ceramics (Zhang et al., 2023),
polymers (Chen K. et al., 2023), and concrete (Wu Y. et al., 2023).
Nevertheless, due to the specificity of cement-based materials that
stem from their hydrophilicity and porosity, most of these methods
are not suitable for preparing robust superhydrophobic cement-
based materials. Currently, only a few methods can be used for the
preparation of superhydrophobic cement-based materials, such as
internal mixing (Wu F. et al., 2023), templating (Liu et al., 2017),
external coating (Wang F. et al., 2021; Wu Y. et al., 2023), and
so on. These methods, namely integral hydrophobic modification
and surface hydrophobic modification, mainly represent two
directions in hydrophobic modification of cement-based materials
at home and abroad (Muzenski et al., 2020; Wang W. et al.,
2020; Liang et al., 2023). Integral hydrophobic modification
involves mixing hydrophobic materials or modifiers into cement-
based materials to achieve integral modification of cement-based
structures. The resulting hydrophobic cement-based materials still
retain their internal hydrophobic properties. However, some studies
have shown that the strength of cement-based materials may be
reduced after modification with hydrophobic mixtures (She et al.,
2020; Li et al., 2021; Yu et al., 2021). And a trade-off and optimization
between hydrophobic performance and strength is required. Surface
hydrophobicmodification involves the preparation of cement-based
materials with special structures on the surface or the application
of hydrophobic suspensions, organic solutions, or emulsions
containing micro/nanoparticles on the surface of cement-based
materials to achieve surface modification. Compared to integral
modification, surfacemodification requires only treating the surface
of cement-based materials without changing the formulation and
performance of the whole material, which can effectively save costs.
The overall performance of the resulting cement-based materials is
less affected, and the mechanical properties of the original materials
can be retained (Gao et al., 2019; Wang N. et al., 2021).

The hydrophobic coating on the surface of surface-modified
cement-basedmaterials, as well as the preparedmicrostructures, are
frequently subjected to mechanical damage, including friction and
collision. This is a significant factor influencing the hydrophobic
stability of hydrophobic cement-based materials. Besides
mechanical damage, hydrophobically modified cement-based
materials must also resist acid and alkali corrosion (Sow et al., 2021).
Silane-based hydrophobic materials are susceptible to corrosion by
acids and alkalis. In alkaline environments, the majority of silane-
based materials undergo hydrolysis, resulting in the breakage of
silicon bonds and the detachment of hydrophobic groups.This leads
to a reduction in hydrophobicity (Indumathy et al., 2023).Moreover,
the stability of hydrophobic organic coatings is susceptible to
deteriorationwhen exposed to elevated temperatures and ultraviolet
(UV) radiation (Zhao et al., 2022). Elevated external temperatures

increase molecular thermal motion, causing degradation and
cross-linking of certain polymers (Szafarska et al., 2023). When
temperatures exceed a critical point, the coating material may
undergo a phase transition. This can result in the loss of its
hydrophobic properties or the breakdown of its rough structures.
Therefore, investigating the stability of hydrophobic surfaces is
essential. Mechanical damage is typically demonstrated through
sandpaper abrasion, knife scratching, tape peeling, simulated rain
impact, and wind-sand abrasion tests. Han et al. (2024) found that
their superhydrophobic coating maintained a contact angle greater
than 140° even after multiple peeling and abrasion cycles, retaining
its hydrophobicity. Acid and alkali corrosion damage is mainly
tested through acid and alkali immersion. Ni et al. (2021) immersed
their eco-friendly, intelligent self-healing coating samples in salt
solution, strong acid solution, and strong alkali solution. The effects
of high temperature and UV radiation on hydrophobic organic
coatings are mainly verified through temperature cycling tests and
UV exposure. Cao et al. (2024) evaluated the outdoor durability of
superhydrophobic coatings through simulated rain tests, wind-sand
abrasion tests, and UV exposure tests. Jiang et al. (2023) conducted
temperature cycling tests on negative carbon superhydrophobic
self-cleaning concrete coatings.

At present, A lot of work has focused on preparing hydrophobic
cement-based materials by simply replicating structures with
hydrophobic properties, such as lotus leaf surfaces (Liu et al.,
2017). However, the exploration of control parameters for surface
roughness structure is not clear. In this study, a templating method
was used to replicate the working surface of sandpaper and
prepare cement-based materials with a micrometer structure. Then,
polydimethylsiloxane (PDMS) and hydrophobic nano-silica (nano-
SiO2) were mechanically mixed and sprayed onto the surface of
cement-based materials with micrometer structure to fabricate
hydrophobic cement-based materials with micro-nano hierarchical
structure. By varying the mesh size of sandpaper and the amount
of nano-SiO2, different micro-nano hierarchical structures can be
fabricated. These structures can regulate the hydrophobicity and
capillary water absorption of hydrophobic cement-based materials.
At the same time, based on the fractal theory, the surface structure
was reconstructed in three dimensions. The key control parameters
of surface roughness were proposed, and the relationship between
the surface structure and wettability of cement-based materials
was quantitatively evaluated. Meanwhile, the performance of the
prepared hydrophobic cement-based materials was also evaluated.

2 Experimental procedure

2.1 Materials

The Portland cement (P.O 42.5) employed in the present
study was obtained from the China Tianrui Group Cement
Co. Ltd. The nano-SiO2 (particle size 7–40 nm, specific surface
area 115 m2/g) was supplied by Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). The PDMS (DOWSIL 184) and the
curing agent (SYLGARD 184) were sourced from Dow Corning
Corporation, United States.The chemical composition of the curing
agent was determined to be octamethylcyclotetrasiloxane. PDMS
was observed to have a high viscosity and to be difficult to
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process, and thus a non-polar organic solvent, n-hexane, was added
to dilute the PDMS. The n-hexane was sourced from Shanghai
Titan Technology Co., Ltd. All chemical reagents were utilized in
their original form, with no subsequent purification. Sandpaper
(120–2000 grit) was purchased from Guangdong Ruite Technology
Co., Ltd. All experiments were carried out using deionized water.

2.2 The fabrication of micron-structured
surfaces

Using sandpaper as a template, cement-based materials with
micron-structured surfaces were prepared by silicone rubber
moldingmethod. In brief, silicone rubbermolds (35 × 35 × 35 mm3)
were prepared by using sandpaper with different grit numbers as
templates and mixing silicone rubber and curing agent at a ratio of
1:1. Ordinary Portland cement and deionized water were mixed at
a water-to-cement ratio of 0.35 to prepare cement paste, which was
stirred for 5 min to ensure sufficient mixing. Then the cement paste
was cast and vibrated in the molds. After 24 h, the samples were de-
molded to obtain cement-based materials with micron-structured
surfaces. Next, PDMS, curing agent, and n-hexane were mixed at a
mass ratio of 1:0.1:5 and stirred thoroughly. And then sprayed on the
surface of cement-based materials to reduce their surface energy.

2.3 The fabrication of nanostructured
surfaces

PDMS, curing agent, and n-hexane were mixed at a mass ratio
of 1:0.1:5 and stirred thoroughly, and then a certain amount of
hydrophobic nano-SiO2 was added and stirred continuously for
5 min. The prepared composite was sprayed on the surface of
cement-based materials with micron-structured surfaces using an
electric spray gun. The sprayed cement-based materials were cured
in an oven at 40°C for 24 h to obtain cement-based materials with
hierarchical micro-nano structures. However, it is worth noting that
in practical applications, the curing temperature is lower than 50°C,
so the curing process will take longer. And the curing temperature
only affects the curing time, not the performance.Themass ratios of
nano-SiO2 to PDMSwere 0.02, 0.04, 0.06, 0.08, and 0.1, respectively.
As a control sample, a pure PDMS coating was prepared.

2.4 Characterization

The surface morphology and microstructure of hydrophobic
cement-based materials were observed by optical microscope (GP-
680, GAOPIN, China). The functional groups of hydrophobic
cement-based materials were characterized by Fourier transform
infrared spectrometer (EQUINOX 55, Bruker, Germany) using
the attenuated total reflection (ATR) method, and the Fourier
transform infrared spectra (FTIR) were drawn. We calculated the
three-dimensional surface fractal dimension of the hydrophobic
surface based on the optical microscope images. The specific
calculation process included the following steps: (1) Determine
the region of interest of the optical image, and convert the
target image into a grayscale image, extracting the grayscale

values of each pixel; (2) Reconstruct the three-dimensional
surface profile using the grayscale values as height values; (3)
Apply the Minkowski–Bouligand dimension method to calculate
the fractal dimension from the grayscale image, as shown in
Equation 1 (Liao et al., 2023b):

D = lim
n→∞

ln Nn(A)
ln 2n

(1)

whereD is the surface fractal dimension. A is the target area. 1/2n is
the length of the cubic box. And Nn(A) is the minimum number of
cubic boxes required to cover the target area. By performing linear
regression analysis on ln 2n and ln Nn(A), the regression coefficient
obtained is the fractal dimension. The wettability of hydrophobic
cement-based materials was characterized by water contact angle
(WCA), which was measured by a contact angle meter (DSA25,
Kruss, Germany). The test liquid was 2 μL deionized water. The
WCA was tested at five different positions on the sample surface,
and the average value of each position was used for WCA analysis.

2.5 Water absorption measurement

The water absorption performance of hydrophobic cement-
based materials was evaluated with reference to the German
standard DIN 52617–1987.Three cubic samples (35 × 35 × 35 mm3)
were used for the water absorption measurement. Before the
measurement, the sample was dried at 60°C for 48 h until constant
weight. Then, the side faces of each cubic sample were sealed
with paraffin wax. The samples were placed in water, with the
hydrophobic surface horizontally immersed 2–3 mm below the
water level. The bottom of the sample was supported by a ϕ 10
steel bar to ensure the water absorption area of the sample. The
water absorption rate of the sample was determined by measuring
the weight of the sample after different immersion times. Then, the
capillary water absorption coefficient of the sample was calculated
by the following Equations 2, 3:

A = δ/√t (2)

δ = (wt −w0)/S (3)

whereA is the water absorption coefficient, δ is the water absorption
per unit area of the specimen (kg/m2), t is the immersion time (min),
wt is the weight of the specimen at time t (kg), w0 is the weight of
the specimen before the experiment (kg), and S is the area of the
hydrophobic surface of the specimen (m2).

3 Results and discussion

3.1 Analysis of surface microstructure

It is widely acknowledged that the microstructure and chemical
composition of a solid surface are pivotal in determining its
wettability (Wang et al., 2020a; Wu Y. et al., 2023; Heo et al., 2024;
Tao et al., 2024). Therefore, the microstructures of the hydrophobic
surfaces of all samples prepared using sandpaper with grit sizes
of 120, 220, 400, 800, 1,200, and 2000, respectively were tested,
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and the results are shown in Figure 1. As shown in the figure,
the surfaces of all samples are rough and similar to the sandpaper
structure, indicating that the microstructure of the sandpaper was
successfully transferred to the cement-based material surface. In
addition, a multitude of pores can be observed when the grit size
is below 800, with the pore size being directly proportional to the
sandpaper’s grit. It is evident from the figures that, before a grit
size of 800, the size of the surface protrusions and pores decreases
as the sandpaper’s grit increases. The complexity of the sample
surface, facilitated by the synergy between the surface protrusions
and pores, continuously escalates. Consequently, it is distinctly
noticeable that during the transition from 120 to 400 grit, the
surface roughness of the sample progressively increases. After the
grit size exceeded 800, the shape and size of the surface particles
became similar, and the comparison of the surface roughness was
no longer clear. Considering that the hydrophobic performance is
closely related to the surface roughness of the material, generally
speaking, the higher the hydrophobic surface roughness, the better
the hydrophobic performance (Mao et al., 2020). According to the
Wenzel model and the Cassie–Baxter model, when the contact angle
of the ideal smooth surface is greater than 90°, the increase of
the surface roughness factor and the liquid-solid contact area ratio
will increase the apparent contact angle, that is, the hydrophobic
performance is enhanced (Wenzel, 1936; Cassie and Baxter, 1944).
This phenomenon occurs because as surface roughness increases,
the actual surface area of the material also expands. However, at
the same time, water droplets remain suspended on the protrusions
of the rough surface, resulting in a reduced actual contact area
between the water droplets and the material surface. Since the
surface roughness of the hydrophobic surface of the sample affects
the effect of solid-liquid contact, the accurate measurement of the
surface roughness of the sample is of great significance for the
prediction of the hydrophobic performance. The roughness is the
ratio of the actual solid face to the projected solid face. It is difficult
to quantify the actual solid face, so only some qualitative measures
are available to describe the roughness (Lange et al., 1993; Packham,
2003). To solve this problem, we propose a new definition of surface
roughness, as shown in Equation 4 (Liao et al., 2023a):

r = Dr/D (4)

where r is the surface roughness, Dr is the fractal dimension of the
sample surface, andD is the fractal dimension of the smooth surface,
which is 2. This equation allows for the straightforward calculation
of the surface roughness of various samples. The calculations
demonstrate that the surface roughness increases markedly with
particle size between 120 and 400, reaching a high level of 1.2372
at 400 grits and rapidly approaching the theoretical maximum
roughness value of 1.5. This result is consistent with our previous
analysis. Beyond a grit size of 800, the roughness remains relatively
unchanged, stabilizing around 1.2372. This phenomenon may be
attributed to the fact that, compared to small grits, the larger grit
sandpaper producesmore protrusions on the sample surface, but the
integrity of these protrusions is compromised, resulting in a lower
longitudinal height than those prepared with finer grit sandpaper.
Additionally, the larger grit sandpaper results in fewer surface pores,
diminishing the synergistic effect of the pores and affecting the
overall complexity of the surface. Given that the roughness at 400

grits has reached a considerably high level and further increases in
grit size do not result in significant changes in roughness, it can be
inferred that at 400 grits, the microscale contribution to roughness
has achieved a relatively high level.

3.2 Wettability

To investigate the influence of different grit sizes of sandpaper
used as templates on hydrophobic properties, Figures 2A–F shows
the WCAs of the cement-based materials prepared with various
grits of sandpaper and coated with PDMS. The corresponding
WCAmeasurements are shown in Figure 3.The result indicates that
the WCAs of the hydrophobic surfaces of cementitious materials
prepared with 120, 220, and 400 grits of sandpaper gradually
increase, stabilizing after 400 grits. The prepared samples exhibit
WCAs ranging between 136.6° and 146.0°. On these surfaces,
water droplets transition from ellipsoidal to perfectly spherical
shapes. Additionally, the WCAs correlate highly with the surface
roughness analyzed earlier. Before 400 grit, as the roughness rapidly
increases, so does the WCA. Beyond 400 grit, the roughness values
maintain around 1.2372, and the WCAs remain approximately
constant near 145.5°. Based on thewetting behavior ofwater droplets
on the samples, the wetting model of the hydrophobic cement-
based materials prepared using sandpaper aligns more closely with
the Wenzel model. According to the Wenzel model, as shown in
Equation 5 (Wenzel, 1936):

cos θγ = γ(γSG − γSL)/γLG = γ cos θ (5)

where θγ is the apparent contact angle in the Wenzel model, θ is
the intrinsic contact angle, and γ is the roughness factor of the
solid surface, which is the ratio of the actual solid-liquid interface
contact area to the projected contact area. In the Wenzel model,
an increase in the roughness of the solid surface results in a
corresponding increase in the degree of wetting (Chen Z. et al.,
2023). This implies that a rougher hydrophilic surface will
demonstrate increased hydrophilia, whereas a rougher hydrophobic
surface will display enhanced hydrophobic properties. Before 400
grit, as the grit size of the sandpaper increases, the surface roughness
of the prepared cementitious material also increases, enhancing
the complexity of the material’s surface with raised features and
pores. Due to material consistency, the surface free energy of
the material reaches its lowest after 400 grit. The higher the
surface free energy, the weaker the hydrophobicity; the lower
the surface free energy, the stronger the hydrophobicity. The
enhancement of the material’s hydrophobic properties is evident,
hence the hydrophobic cementitious materials prepared with 400-
grit sandpaper demonstrate superior hydrophobic performance
compared to those prepared with 120-grit and 220-grit sandpaper.
When the particle size reaches beyond 800, there is a negligible
change in roughness and the WCA, due to the surface complexity
being relatively stable. This stability is influenced by an increase
in the number of surface protrusions, a reduction in surface
completeness, and a decrease in surface porosity. At this stage, it
is challenging to further increase the roughness of the micro-scale
structures. The microstructures on the surface cause droplets to
assume a nearly spherical shape, causing the WCA to approach a
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FIGURE 1
Optical images and surface fractal dimensions of hydrophobic surfaces prepared with different sandpapers for hydrophobic cement-based materials.
(A) Optical images: (a-f): 120-grit, 220-grit, 400-grit, 800-grit, 1200-grit, 2000-grit; (B) Three-dimensional reconstruction maps: (a-f): 120-grit,
220-grit, 400-grit, 800-grit, 1200-grit, 2000-grit; (C) Fractal dimensional fitting maps: (a-f): 120-grit, 220-grit, 400-grit, 800-grit, 1200-grit, 2000-grit.
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FIGURE 2
Wetting states of hydrophobic cement-based materials prepared with different sandpaper grit sizes in contact with water droplets: (A) 120-grit; (B)
220-grit; (C) 400-grit; (D) 800-grit; (E) 1200-grit; (F) 2000-grit.

FIGURE 3
Effect of different sandpaper grit sizes on the hydrophobicity of the
sample surface.

maximum value, consistent with the Wenzel model. Consequently,
with higher grit sandpapers, the impact of increased micro-
roughness on WCA tends to saturate, maintaining the WCA at
a stable level. Meanwhile, 400 grit sandpaper provides moderate
micro-pores and protrusions, which contribute to the formation of
a stable hydrophobic layer due to the uniformity of the structure. At
higher grit sandpaper, the microstructure becomes finer, resulting
in a non-significant increase in the overall structural complexity of
the surface and thus little change inWCA. As described, the surface
roughness parameter significantly reveals the hydrophobicmysteries
of various sample surfaces.This key parameter is an essential tool for
the conceptualization and design of sample surfaces, aiding in the
precise design of surface roughness to meet specific hydrophobicity
standards.

To investigate the effect of different doping amounts of
nanoparticles on the hydrophobic performance, the additional
amount of nano-SiO2 was varied. The surface hydrophobic

performance is shown in Figure 4, and the measurement values are
shown in Figure 5. As can be seen from the figure, the WCA of
the pure PDMShydrophobic cement-basedmaterial surface without
adding nanoparticles is 145.9°. This is due to the low intrinsic
surface energy of PDMS (Tang et al., 2023) and the significant
contribution of the 400-grit sandpaper structure to the micron-
scale structure. However, there is a limit to the enhancement of
the surface contact angle by constructing only the micron-scale
structure. When the sandpaper particle size reaches 400 grit, the
improvement of the hydrophobic performance by the micron-
scale structure has reached the limit. According to the binary
synergistic theory of Jiang (2003), the nanostructure plays an
important role in the construction of superhydrophobic surfaces
with high contact angles. At this time, smaller nanoparticles are
needed to composite with the micron-scale structure to form a
micro-nano hierarchical structure. After doping with nanoparticles,
nano-SiO2, and micron-scale protrusions together form a multi-
scale micro-nano gas-solid composite surface structure, which is
in good agreement with the contact angle model of the composite
surface proposed by Cassie–Baxter.

The effect of nano-SiO2 content on theWCA of the hydrophobic
surface is shown in Figures 6, 7. The results demonstrate a tendency
for the hydrophobicity of hydrophobic cement-based materials
to increase and subsequently decline as the concentration of
nanoparticles rises. When the nano-SiO2 content is less than 4wt%,
the WCA increases rapidly from 145.9° to the maximum value of
155.7°, indicating the enhancement of the hydrophobicity of the
hydrophobic cement-based materials. When the nano-SiO2 content
is further increased, the WCA slightly decreases, but remains
above 150°, maintaining superhydrophobic performance. When the
nano-SiO2 content is increased to 10wt%, the WCA drops rapidly
below 150°. The change in the WCA is mainly attributed to the
surface microstructure of the hydrophobic cement-based materials.
According to the Cassie–Baxter model, as shown in Equation 6
(Cassie and Baxter, 1944):

cos θγ = f1 cos θ1 + f2 cos θ2 (6)

where θγ is the apparent contact angle in the Cassie–Baxter model,
θ1 is the intrinsic contact angle of the liquid on the solid-liquid
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FIGURE 4
Wetting states of hydrophobic cement-based materials prepared by spraying PDMS with different nano-SiO2 contents: (A) 0 wt.%; (B) 2 wt.%; (C) 4
wt.%; (D) 6 wt.%; (E) 8 wt.%; (F) 10 wt.%.

FIGURE 5
Effect of PDMS with different nano-SiO2 contents on the surface
hydrophobicity of samples.

interface, θ2 is the intrinsic contact angle of the liquid on the liquid-
gas interface, f1 is the fraction of the solid-liquid contact area on
the rough surface, f2 is the fraction of the liquid-gas contact area
on the rough surface, and f1 + f2 = 1. The rough surface has two
types of contact areas: solid-liquid and liquid-gas. The volume of
air trapped between the solid surface and the droplet depends on
the fraction of these contact areas. If the fraction of the solid-
liquid contact area is reduced or the fraction of the liquid-gas
contact area is increased, the trapped air volume will increase.
This will form larger air pockets that support the droplet on the
rough surface (Wang et al., 2015). As a result, the WCA will also
increase. The nano-SiO2 content significantly influences the surface
structure of hydrophobic cement-based materials. At lower nano-
SiO2 contents (below 4 wt%), nano-SiO2 particles preferentially
fill the grooves of the replicated sandpaper structure, resulting in
an insufficient number of nanoparticles adhering to the surface
protrusions (Xia and Brueck, 2008). In this scenario, most nano-
SiO2 particles are concealed beneath the PDMS layer, with only a
few exposed on the surface (Yu et al., 2022). The surface structure

exhibits a combination of large-scale smoothness and small-scale
roughness, primarily reflecting the inherent characteristics of PDMS
and the micrometer-scale structure formed by 400-grit sandpaper.
Consequently, a minor nano-SiO2 content does not significantly
enhance the hydrophobicity of the cement-based materials, with
the surface contact angle being comparable to that of the 400-grit
hydrophobic cement-based material solely coated with PDMS. As
the nano-SiO2 content increases, more particles are exposed on the
PDMS surface. At a 4 wt% nano-SiO2 content, nano-SiO2 can be
evenly distributed on the sample surface, forming a micro-nano
hierarchical structure consistent with the Cassie–Baxter model,
therebymarkedly enhancing the geometric morphology and surface
roughness complexity of the hydrophobic cement-based materials.
At this content, the nanostructures formed by nano-silica create
additional air pockets between themselves and the micrometer
structures formed by 400-grit sandpaper, preventing direct contact
between droplets and the micrometer-scale structures. This reduces
the solid-liquid contact area on the rough surface, resulting in a
larger WCA of 155.7°. It is noteworthy that at higher nano-SiO2
contents, the sample surface exhibits a multitude of unevenly sized
particles. These larger particles may form due to the aggregation
of nano-SiO2 in the PDMS solution (Ammar et al., 2017). With
an increase in nano-SiO2 content, the presence of large-scale
particles on the sample surface gradually increases due to the
heightened likelihood of aggregation. These clusters may mask
or fill the microscopic rough structure, thus affecting the micro-
and nano-hierarchical structure of the surface and leading to a
decrease in the water contact angle (Zhang X.-F. et al., 2020).
These effects are detrimental to the control of the micro-nano
hierarchical structures discussed in this paper. When the nano-
SiO2 content exceeds 10 wt%, there is a noticeable decline in the
WCA. This is likely due to the 30-micrometer diameter of the
spray gun nozzle used in this study. At a nano-SiO2 content of
10 wt%, the nanoparticles tend to aggregate into larger particles,
leading to the clogging of the nozzle. This aggregation makes it
difficult for the nanoparticles to be uniformly distributed with
PDMS on the sample surface. Additionally, when the particle size
reaches the nozzle diameter, it implies that the nanoparticles have
reached themicrometer scale, making it challenging to contribute to
the nanostructure.
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FIGURE 6
Surface contact angle of samples with different spraying substances
and different substrates.

Figure 6 shows the surface wetting states of 400-grit cement-
based material sprayed with PDMS, 400-grit cement-based material
sprayed with PDMS containing 4 wt% nano-SiO2, and glass sprayed
with PDMS containing 4 wt% nano-SiO2, respectively. As shown in
the figure, the contact angle of the material prepared by coating
PDMS with 4 wt% nano-SiO2 on glass is only 106.9°, while the
contact angle of the material prepared by coating PDMS with 4 wt%
nano-SiO2 on 400-mesh cement-based materials can be increased
to 155.7°. This indicates that the micron structure prepared in
this paper by replicating the surface structure of sandpaper has
a promising enhancement effect in the contact angle range of
100°–145° interval. Comparedwith thematerial prepared by coating
PDMSwith 4 wt% nano-SiO2 on 400-mesh cement-basedmaterials,
the contact angle of the material prepared by only coating PDMS
on 400-mesh cement-based materials is 145.9°. This suggests that
micron structures prepared by simply replicating the surface of
sandpaper have an upper limit on the enhancement of the contact
angle of the material. Before reaching the upper limit, the micron
structure can have a greater impact on the wetting property of the
material surface. After reaching the upper limit, the improvement
of the contact angle needs the help of a new nanostructure. The
nanostructure prepared by this paper can continue to increase the
contact angle of the material after the micron structure reaches the
upper limit (Zhu and Duan, 2024). So that it reaches a contact angle
of 150° or more, which is what superhydrophobic materials have.

3.3 Adhesion to water

Figure 7 shows the bouncing behavior of the samples with
2 wt%, 4 wt%, and 6 wt% of nano-SiO2. No bouncing behavior
of water droplet on the sample surface occurred on the sample
surface when the nano-SiO2 content was 2 wt% and 6 wt%, while
the water droplet bounced twice on the sample surface when the
nano-SiO2 content was 4 wt%.This demonstrates the high adhesion
force on the surface of the sample block at 2 wt% nano-SiO2,
although hydrophobicity was achieved (Schutzius et al., 2015). This

is because the nano-SiO2 content was low at this point, and the
nano-SiO2 particles were sparsely distributed on the micrometer
structure surface. These nano-SiO2 particles were too dispersed to
support the water droplet. The water droplet completely entered
the groove structure of the solid rough surface and contacted the
solid surface closely, which was consistent with the Wenzel model
(Shen et al., 2021; Yu et al., 2022). Therefore, it can be considered
that the sample was in the Wenzel state at this point. At 4 wt%, the
number of nanoparticles was optimal. These nanoparticles could
be distributed uniformly on the sample surface, forming a micro-
nano hierarchical structure with the micron structure obtained by
replicating the working surface of the sandpaper (He et al., 2024).
At this point, the uneven solid surface did not wet completely when
contacting the liquid. The droplet only approached the solid surface
infinitely but never touched the groove surface.The gas in the rough
surface layer replaced part of the solid and liquid contact, which
was consistent with the Cassie–Baxter model. Therefore, it can be
considered that the sample was in the Cassie state at this point.
At 6 wt%, the amount of nano-SiO2 was large, and aggregation
occurred on the sample surface. Some nanostructures were covered,
and the remaining nanostructures increased the contact angle of the
sample surface but did not have a significant effect on the bouncing
behavior (Ammar et al., 2017; Zhang X. F. et al., 2020). Similar to
the 2 wt% content, no bouncing of water droplets occurred on the
sample surface. However, considering that the contact angle was
increased at this point, it can be considered that the sample was in
the Wenzel-Cassie state at this point.

3.4 Capillary water absorption analysis

Figure 8 illustrates the relationship between the capillary
water absorption rate of hydrophobic modified cement-based
materials prepared with different sandpaper grit sizes and time,
with 0 representing the untreated cement block as the control
group. The graph indicates that the materials prepared with 400
grit sandpaper exhibit the lowest capillary water absorption at
saturation, followed by 1,200 grit and 2000, then 800 grit, while
those prepared with 120 and 220 grit show higher capillary
water absorption. This is consistent with the previously observed
wetting behavior. At this point, the microstructure construction has
reduced the capillary water absorption by 90.63% compared to the
control group.

Moreover, the hydrophobic surface delays the onset of the rapid
water absorption region. This is attributed to the Wenzel state of
the hydrophobic surface, where repulsive forces exist between the
hydrophobic groups on the sample surface and water molecules.
Water must overcome these surface forces to be absorbed by the
sample’s capillaries, and at this point, the rate of capillary water
absorption is controlled by the strength of the sample’s surface
hydrophobicity. From the previous analysis, it is evident that from
400 grit onwards, a high level of roughness can be achieved in
the hydrophobic cement-based materials, as shown in Figure 1. The
wettability results indicate minimal differences in surface wetting
properties for samples prepared with grits above 400. According
to our new definition of surface roughness, the roughness values
are 1.2372 for 400 grit, 1.2376 for 800 grit, 1.2380 for 1,200
grit, and 1.2374 for 2000 grit samples. The original definition of
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FIGURE 7
Bouncing behavior of the sample surface at 2 wt%, 4 wt%, and 6 wt% of nano-SiO2.

FIGURE 8
Capillary water absorption of hydrophobically modified cement-based
materials prepared with different grits of sandpaper.

roughness is the ratio of the actual surface area to the projected
surface area. The projected area of all samples is 35 × 35 mm2,
and calculations reveal that the actual surface area of the 400 grit
sample is relatively low. The hydrophobic performance of the 800
grit sample is weaker compared to the 400, 1,200, and 2000 grit
samples, resulting in higher water absorption.The 1,200 grit sample
has a larger actual surface area, providing more sites for water
penetration, thus absorbing more water compared to the 400 and
2000 grit samples. The smaller surface area of the 400 grit sample
causes it to reach the rapid water absorption region more quickly.
During the rapid water absorption phase, the similarity in the slope
of the curves indicates a negligible difference in the rate of water
absorption.This suggests that the micro-nano hierarchical structure

of the prepared hydrophobic cementitious material merely impedes
the entry of water but does not hinder the water’s rapid transmission
within the material’s interior.

Figure 9 presents the functional relationship between the
capillary water absorption rate of hydrophobic modified cement-
based materials prepared with varying dosages of nano-SiO2 and
time, with 0 representing the untreated cement block as the
control group. The circles in Figure 9 represent the onset of the
rapid water absorption region for each sample. The data indicates
that the samples prepared with 4 wt% nano-SiO2 exhibited the
lowest capillary water uptake, while those with 6 wt% and 8 wt%
showed negligible differences. Samples without nano-SiO2 and
those with 2 wt% had higher capillary water absorption, with the
nanostructure construction achieving amaximum reduction in total
capillary water absorption of 94.37% compared to the control group.
Similarly, the hydrophobic surface delayed the onset of the rapid
water absorption region, as indicated by the circles in Figure 9.
The rapid water absorption onset times, from fastest to slowest, are
as follows: 0 wt%, 2 wt%, 6 wt%, 8 wt%, and 4 wt%. This delay is
likely due to theWenzel-Cassie and Cassie states of the hydrophobic
surface. In these states, water does not fully contact the rough surface
but is separated by trapped air between the liquid and solid. Before
the liquid can contact the rough surface, it must displace the air, with
the controlling factor for the rate of capillary water absorption being
the air pressure retained by the hydrophobic surface (Yang et al.,
2021). This results in no significant change in mass during the
early stages of capillary water absorption. For hydrophobic cement-
basedmaterials with a pronounced delay in water absorption, higher
contact angle values imply a more positive effect on delaying water
absorption. The performance of hydrophobic modified cement-
based materials prepared with different dosages of nano-SiO2 in the
rapid water absorption region was similar in terms of the rate of
capillarywater absorption, yet therewere differences in the final total
capillary absorption.
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FIGURE 9
Capillary water absorption of hydrophobic cement-based materials
prepared by spraying PDMS with different nano-SiO2 contents. Circles:
the onset of the rapid water absorption region.

3.5 Stability of hydrophobic properties

Cement-based materials are prone to damage. Their
hydrophobic performance is limited by the surface structure.
Therefore, the mechanical strength of the hydrophobic structure is
an important factor (Wang et al., 2020b). It affects its application in
practical engineering. Currently, there is an absence of an adequate
apparatus or methodology to assess the mechanical stability of
superhydrophobic materials. The stability of superhydrophobic
materials can be assessed through manual means. The stability of
superhydrophobic materials is evaluated through the measurement
of alterations in their WCA and SA following the application
of diverse mechanical damages, including sandpaper polishing,
double-sided tape bonding and peeling, gravel impact, and knife
cutting. Of the aforementioned methods, sandpaper polishing is the
most frequently employed approach for assessing the mechanical
stability of superhydrophobic surfaces in the scientific literature.
This is because certain crucial experimental parameters, including
pressure, sandpaper roughness, and the polishing distance (or
number of times), can be readily regulated. In this study, the
mechanical stability of hydrophobic cement-based materials was
evaluated through the use of sandpaper polishing and knife-cutting
techniques.

The abrasion resistance characterizationmethod of hydrophobic
cement-based materials is shown in Figure 10. By the established
characterization methodology, the abrasion resistance of
hydrophobic cement-based materials was evaluated. First, the
superhydrophobic surface of the hydrophobic cement-based
material, which has been loaded with a 100 g weight, is brought into
contact with a working surface of 800 grit sandpaper. Subsequently,
the sample was displaced horizontally by 100 mm. It was then
rotated by 90° and displaced horizontally once more by 100 mm.
Following the abrasion test, the contact angle of the hydrophobic
surface was gauged. Each 200 mm displacement is regarded as a
cycle. The aforementioned cycle was repeated 50 times.

Figure 11 shows that the hydrophobic cement-based
material with a surface contact angle of 151.5° still maintained
superhydrophobic performance after 10 polishing cycles under a
100 g weight. In the early stage of abrasion, the surface contact
angle slightly increased. This might be because the micro-nano
hierarchical structure of the hydrophobic surface was not seriously
damaged, and the abrasion increased the surface roughness.
According to the Wenzel model, the wetting characteristics of
the material surface are enhanced with the increase in roughness.
The hydrophobic surface exhibits an increase in hydrophobicity,
while the hydrophilic surface displays a corresponding increase
in hydrophilicity. This results in an elevated surface contact angle
for the sample. With the increase of polishing cycles, the contact
angle of the cement-based material surface rapidly decreased,
and the hydrophobic cement-based material surface lost its
superhydrophobicity. In the 10–20 cycles, the surface contact angle
was in a rapid decline stage, decreasing from 151.5° to 134.3°. In
the 20–50 cycles, the surface contact angle of the sample slightly
decreased, decreasing from 134.3° to 124.3°. This was because the
nanostructure of the sample surface was continuously broken with
the increase of abrasion cycles, and the micro-nano hierarchical
structure gradually disappeared. Combined with Figure 8, it can
be seen that the nanostructure was almost destroyed at about the
19th cycle. At this time, the micron structure and the low surface
energymaterial PDMS synergized, making the surface contact angle
change relatively stable. When the abrasion times reached 50, the
hydrophobic surface showed obvious abrasion. However, even in the
50 abrasion cycles, it could maintain a surface contact angle above
120°, keeping the hydrophobic characteristics. This indicates that
the hydrophobic cement-based material prepared in this paper has
good mechanical stability.

To test the durability of the hydrophobic surface, we performed
a knife-cutting experiment, which simulated the damage caused by
sharp objects (Jiang et al., 2023). The coated surface was scraped
repeatedly with a metal knife along orthogonal directions. After
scraping the surface with a metal knife, we dropped water droplets
on it and measured the contact angle. As shown in Figure 12A.
The results are shown in Figure 12B. Despite the severe damage
caused to the original hydrophobic surface by scraping, the surface
did not peel off. Moreover, the water droplets remained spherical
on the surface, and the WCA decreased slightly, but retained a
value of approximately 150°, suggesting that the hydrophobic surface
exhibited high mechanical stability. Figure 12C shows the water
droplet sliding experiment. It can be seen that the surface was
severely damaged by the metal knife, but the rolling of the water
droplets was not significantly affected. The water droplets could
easily roll off the sample surface.

According to previous studies, UV can induce a crosslinking
reaction of PDMS, increasing its hardness and strength (Yu et al.,
2023). However, UV can cause oxidation and cracking of PDMS,
destroying the C-H and C-O bonds on the PDMS surface.
This introduces hydrophilic groups, such as -OH, -COOH, etc.
The surface properties of PDMS are changed, making it from
hydrophobic to hydrophilic, increasing its surface energy and
adhesion (Efimenko et al., 2002). Meanwhile, UV can also promote
the formation of a glass-like SiOx thin layer on the PDMS
surface, preventing the hydrophobicity of the PDMS surface from
recovering over time. Considering that cement-based materials will
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FIGURE 10
Abrasion test on hydrophobic cementitious materials.

FIGURE 11
Surface contact angle after sandpaper abrasion.

constantly face light exposure during use, to evaluate the anti-
ultraviolet aging performance of PDMS, the hydrophobic cement-
based materials were subjected to an ultraviolet light exposure
experiment. The FTIR spectra before and after UV irradiation
of the hydrophobic cement-based material, the cement matrix
and the PDMS are shown in Figure 13. The analysis of the
infrared absorption spectrum of PDMS reveals that the absorption
peak observed at approximately 2,963.09 cm-1 is attributed to
the asymmetric C-H stretching vibration of the CH3 group. The
observed peak at 1,259.74 cm⁻1 is indicative of a symmetric
deformation vibration of the Si-CH3 group. The absorption peak
observed at approximately 1,010.86 cm⁻1 can be attributed to the
asymmetrical stretch vibration of the Si-O-Si bond present within
the PDMS molecule. The absorption peak located at 794.76 cm⁻1

has been identified as resulting from the vibrational motion of the
Si-(CH3)2 group. These absorption peaks are typical characteristic
peaks of PDMS (Tang et al., 2023). In addition, in contrast to the
typical spectral features of PDMS, an evident absorption peak was

discerned at 1,402 and 870 cm-1 for hydrophobic cement-based
materials. This correlates with the chemical absorption peak of the
C-S-H gel. The hydrophobic samples and PDMS have absorption
peaks near 794, 1,010, 1,259, and 2,963 cm-1, indicating that
PDMS was successfully introduced into the hydrophobic cement-
based materials. Compared with PDMS, the Si-O-Si bond in the
hydrophobic cement-based materials moved from 1,010.86 cm-1

to 1,014.37 cm-1, which means an increase in Si-O. This also
indicates that the PDMS molecule chemically bonded with the
surface of the cement hydration product (C-S-H). According to
Stewart (Stewart et al., 2013), the incorporation of PDMS has been
observed to enhance the bridging oxygen levels within the C-
S-H structure. Furthermore, research by Zhu and colleagues has
indicated that PDMS can establish covalent linkages with C-S-H,
thereby serving a pivotal bridging function (Zhu et al., 2021). After
24 h of ultraviolet irradiation, the hydrophobic performance of the
sample surface slightly decreased, and the surface WCA decreased
from 151.5° to 151°. Subsequently, the surface WCA had a slight
recovery after 24 h of avoiding light, as shown in Figure 14. After
24 h of ultraviolet irradiation, the characteristic absorption peaks
of PDMS were still strong, and the wetting property of the sample
surface hardly changed, indicating that the hydrophobic surface had
high photothermal stability.

In the study of the hydrophobic durability of cement-based
materials, simulating rainwater impact is a crucial experimental
step. In this experiment, the cementitious material was inclined at
28° to mimic the flow of rainwater on a slope. Tap water fell from
a height of 10 cm at a rate of 8 drops per second, continuously
impacting the material’s surface for 30 min. After the impact, the
surface water was absorbed using blotting paper. Subsequently, the
hydrophobicity of the material surface was assessed by measuring
the WCA. The experiment also included a thermal treatment step,
where the material was dried in an oven at 40°C for 30 min to
simulate the natural drying process. From the start of the water
impact to the end of the thermal treatment constituted a complete
cycle, and this study conducted ten such cycles.

The experimental results, as shown in Figure 15, showed that
after the water impact, the WCA decreased from the initial
154.6°–152.9°, indicating a reduction in surface hydrophobicity.
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FIGURE 12
(A) Schematic diagram of knife scratching experiment; (B) Wettability of hydrophobic surfaces of samples before and after scratching; (C) Experiment
of water droplet slipping after knife scratching.

However, after thermal treatment, the WCA recovered to 154.3°,
close to its original state. This recovery phenomenon was also
observed in subsequent cycles, with the WCA stabilizing around
145° from the fifth cycle onwards. The decrease in WCA was

mainly attributed to microstructural damage caused by the water
impact and the loss of low-surface-energy substances, manifested
as the shedding of surface nanoparticles and partial peeling of
the PDMS layer. The recovery of the WCA was due to the
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FIGURE 13
FTIR spectra of the hydrophobic surface of the sample before and after UV irradiation.

FIGURE 14
Effect of UV irradiation and darkness on the surface wettability
of samples.

thermal treatment promoting the migration of PDMS molecules
from the interior to the surface of the material, replenishing the
surface PDMS, thereby compensating for the lost low-surface-
energy substances (Long et al., 2017). The gradual decrease in
WCA after recovery could be attributed to the irreversible shedding
of nanoparticles. As the number of impact cycles increased,
the continuous reduction of nanoparticles led to the gradual
disappearance of the micro-nanostructure on the sample surface.
This process increased the adhesion of water droplets on the sample
surface, further reducing the WCA.

FIGURE 15
Effect of the water impact on WCA of the hydrophobic surface of
the sample.

4 Conclusion

Our study demonstrates the feasibility and potential of cement-
based materials with hierarchical structures and superhydrophobic
properties for practical applications. By precisely controlling the
surface roughness, we achieved superhydrophobicity with a WCA
of 155.7° and reduced water absorption by 94.37%. The materials
exhibited remarkable hydrophobic performance, maintaining a
WCA above 120° even after mechanical damage, thermal erosion,
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and water impact tests. These findings underscore the material’s
capability to enhance the durability and waterproofing of building
structures, contributing to the development of sustainable and
impermeable constructionmaterials.They provide valuable insights
into the advancement of durable hydrophobic materials in the
construction industry.
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