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Abstract: Superhydrophobic surfaces are fragile and are prone to failure in harsh outdoor
environments. The preparation of robust superhydrophobic surfaces with stable performance and
excellent properties can extend their application. In this paper, we report a simple and cost-effective
method to prepare a superhydrophobic block using superhydrophobic zinc oxide powder and die
pressing. The prepared sample has a contact angle of 163◦ and a sliding angle of 7◦. Tests show that
the superhydrophobic block can resist the impact of water flow, maintain its superhydrophobicity
after friction or knife scraping, and quickly repair the destroyed surface by sandpaper abrasion.
The sample exhibited excellent self-cleaning effect, robust mechanical property, and rapid repairability.
This preparation method is also environmental-friendly and easy to operate. It will have a wide
application prospect in many important fields.
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1. Introduction

Inspired by many natural materials such as lotus leaves, roses, and water striders, scientists have
developed water-repellent superhydrophobic surfaces that have a wide range of applications
in different fields including self-cleaning [1,2] oil–water separation [3,4] drag reduction [5–7],
corrosion resistance [8,9] water non-destructive transportation [10], and anti-icing [11–13]. With the
deepening of research, the application of superhydrophobic surfaces has also been extended to the field of
biopharmaceuticals [14,15]. Superhydrophobic surfaces will have great research and industrial value with
the potential for large-scale industrial production. The general construction path of a superhydrophobic
surface is to construct a rough structure on the surface of the substrate, and then use a low surface energy
substance to modify the rough surface. Therefore, the chemical composition and surface structure are
important factors that affect the surface wettability. In recent decades, common methods for preparing
microstructures on surfaces include chemical etching [16,17], mechanical processing [18,19], chemical vapor
deposition [20,21], femtosecond laser [22,23], and electrophoretic deposition [24,25]. In addition to
these common methods, for example, Latthe et al. used a silica nanoparticle suspension to prepare
superhydrophobic coatings on different substrates by simple dipping and spraying techniques [26]. Li et al.
prepared a superhydrophobic/superlipophilic porous polycarbonate/carboxyl functionalized multiwalled
carbon nanotube monolith with a new layered micro-nano structure by a thermally impacted nonsolvent
induced phase separation method [27]. Marinaro et al. prepared a superhydrophobic chip by thin Si3N4

membranes with a tailored pattern of SU-8 photoresist pillars [28]. However, superhydrophobic surfaces
have not been applied on a large scale in industry as expected. One factor contributing to this situation
is that the preparation of superhydrophobic surfaces usually requires expensive processing equipment,
complicated production processes, and the use of fluoropolymer-based modifiers that can cause hazards to
the environment and human health.
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Zinc oxide can be processed by different ways to produce a variety of morphologies such as
hexagonal column [29], raspberry grain [30], and flower [31], etc., which is valuable for the study
of surface wettability. Therefore, more and more scientists are trying to use ZnO as a material
for preparing superhydrophobic surfaces. Due to the inherent hydrophilicity of ZnO, the general
preparation method is to prepare ZnO with various morphologies through different methods and
then modify the ZnO with low surface energy substances. Wu et al. prepared a ZnO nanorod-like
microstructure surface through a wet chemical route and modified it with various alkanoic acids to
obtain a superhydrophobic surface [32]. Qing et al. used stearic acid to modify ZnO and prepared a
superhydrophobic coating on the surface of stainless steel by dip coating [33]. Sutha et al. prepared
ZnO nanowalls on glass substrates by sonochemical technology, and then modified them with 1H, 1H,
2H, and 2H-perfluorooctyltrichlorosilane to obtain a superhydrophobic surface [34] Wei et al. prepared
a flower-like ZnO structure on a foamed nickel substrate through a hydrothermal and decomposition
process, and then obtained a superhydrophobic surface by hydrophobic treatment of 1H, 1H, 2H,
and 2H-perfluorooctyltrichlorosilane [35]. Although these methods all use ZnO to prepare various
microstructures, they are easily damaged when used in harsh outdoor environments and are difficult
to repair. In addition, the use of fluorine-containing modifiers is not only environmentally unfriendly,
but also harmful to human health. Therefore, these methods for preparing superhydrophobic surfaces
have certain limitations. As such, it is urgent to prepare environmentally friendly, robust, and easily
repairable superhydrophobic surfaces to extend their application.

In this work, we present a simple and cost-effective method to prepare a superhydrophobic block
with excellent mechanical durability and quick repairability. The hexagonal columnar ZnO powder
was modified with stearic acid to change it from hydrophilic to hydrophobic, and then pressed by a
mold to obtain a superhydrophobic block. Except for its excellent self-cleaning effect, tests showed both
the external surface of the sample and the entire block obtained superhydrophobicity, so the sample had
self-healing properties based on self-similarity. Once the microstructure formed by the hydrophobic
ZnO particles stacked on each other is destroyed or fails, the internal microstructure can be exposed by
friction to regain superhydrophobicity on the surface of the sample, which ensures the as-prepared
sample good mechanical durability and rapid repairability. It will greatly cut the maintenance cost and
extend the service life of the superhydrophobic surfaces under harsh conditions. This preparation
method also has great advantage in its simple procedure and environmental-friendliness as it requires
no sophisticated equipment nor any acidic or alkaline reagents. This approach will help to promote
the practical applications of superhydrophobic surfaces in different important fields.

2. Materials and Method

2.1. Materials

The materials used in the experiment included commercial zinc oxide powder (Qinghe County
Tuopu Metal Material Co., Ltd., Qinghe, China), CH3(CH2)16COOH (stearic acid), absolute ethanol,
nylon mesh (600 mesh), and sandpaper (2000 mesh). The water used in the experiment was
deionized water.

2.2. Method

A total of 0.65 g of stearic acid and 200 g of ethanol were added to a beaker, and a 3 wt.% stearic
acid–ethanol solution was formed after stirring. Then, 30 g of zinc oxide powder was added to the
stearic acid–ethanol solution, which was filtered with a nylon mesh after stirring with magnetic stirring
for 5 h. The thick emulsion obtained after filtration was placed in an oven and dried at 75 ◦C until
the emulsion became a block. The block was then crushed in a mortar and pressed to a cylindrical
shape placed in a self-made mold (diameter 20 mm) to form a block. After the block was demolded,
the surface layer of the block was removed with sandpaper to form a superhydrophobic surface.
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2.3. Sample Characterization

The surface morphology of the sample was studied by scanning electron microscope (SEM,
SU5000, Hitachi, Tokyo, Japan). The phase structure was analyzed by x-ray diffraction (XRD, Smartlab9,
Rigaku Corporation, Tokyo, Japan). The chemical composition was analyzed by Fourier transform
infrared spectroscopy (FTIR, Nicolet iS5, Thermofisher, Waltham, MA, USA). The static contact angle
(CA) and sliding angle (SA) of the sample surface were measured by a contact angle measuring
instrument (SDC-200, Sindin Precision Instrument Co., Ltd., Dongguan, China). The average contact
angle was measured by 6 µL of water droplets at six different positions on the sample surface.

3. Result and Discussion

3.1. Wettability

As shown in Figure 1a–c, the water droplets maintained a spherical shape on the prepared sample
surface and the CA and SA of the sample surface were 163◦ ± 4◦ and 7◦, respectively, indicating that
the sample surface obtained superhydrophobicity. Slow needle movement was used to measure the
advancing contact angle (θa) and receiving contact angle (θr) of the sample surface. After the drop
of water was dropped on the surface of sample, the needle tip was inserted into the center of the
drop. The sample was moved slowly until the drop was about to move, and θa = 165.4◦ and θr =

158.8◦ were measured. Figure 1d shows that when the sample was placed in a beaker filled with water,
a highly reflective surface with metallic luster appeared on the surface of the sample. Light is totally
reflected on the surface of the sample. The superhydrophobic surface will trap a certain amount of air
after being immersed in water as water and air are respectively light-dense medium and light-sparse
medium, so the total reflection is achieved. As shown in Figure 1e–h, when a water droplet is dropped
onto the surface of a block made of untreated ZnO powder, since the untreated ZnO is hydrophilic,
the water droplet immediately diffuses to the surface of the block, and is then gradually absorbed
by the block. Since the blocks made from untreated ZnO powder are hydrophilic, under the same
conditions, the blocks made from the powder modified by stearic acid become superhydrophobic,
so the hydrophobicity is formed by the modification of stearic acid. To study the effect of changing the
content of stearic acid on the hydrophobic properties, 0.1, 0.2, 0.3, 0.4, and 0.5 wt.% stearic acid ethanol
solutions were used to modify the ZnO particles under the same conditions. As shown in Figure 2,
when the content of stearic acid was 0.1 wt.%, the CA of the sample surface was 141◦ ± 5◦, and the
sample exhibited hydrophobicity. When the content of stearic acid was increased to 0.2 wt.%, the CA
of the sample surface was 153.6◦ ± 4◦. When the stearic acid content was 0.3, 0.4, and 0.5 wt.%, the CA
of the sample surface was 163◦ ± 2◦, 163.5◦ ± 3◦, and 161.1◦ ± 3◦, respectively. The sample surface
exhibited superhydrophobicity. Therefore, the use of 3 wt.% stearic acid solution can make the sample
use less modifier to obtain better hydrophobic properties.

The water adhesion of the sample surface can be evaluated by the bouncing test of water droplets.
As shown in Figure 3a–f, a needle tube was used to drip a water droplet 30 mm away from the surface
of the sample, and a bouncing test was performed on the sample surface. Under the influence of
gravity, the water droplet soon reached the surface of the sample in a pie shape, then left the surface
of the sample under the reaction force with the sample surface, and finally fell to the sample surface
again. When the water droplet landed on the surface, it bounced off and left the surface. The test result
showed that the water droplet had a strong bouncing ability on the sample, which can be due to a low
viscosity of the sample surface to water and its better superhydrophobicity.
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surface is to prepare a rough structure on the substrate and then modify it with a substance with low 
surface energy. In this work, we first modified ZnO to change it from hydrophilic to hydrophobic, 
and then combined the ZnO particles to form a rough structure through the pressing of the mold. 
The surface morphology of the prepared samples was studied by scanning electron microscopy 
(SEM) images with different magnifications. As shown in Figure 4a,b, the surface of the sample was 
rough, hence many voids formed on the surface of the sample. The voids can trap more air, which is 
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(CA) of the sample surface. (c) Sliding angle (SA) of the sample surface. (d) Digital photo of the sample
in water. (e–h) Digital image of a water droplet touching a block made of untreated ZnO powder.
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Figure 3. (a–f) Digital photo of water drop bouncing on the superhydrophobic surface.

3.2. Surface Morphology

The formation of a superhydrophobic surface is the result of the combined effect of chemical
composition and surface structure. Therefore, the general method of preparing a superhydrophobic
surface is to prepare a rough structure on the substrate and then modify it with a substance with low
surface energy. In this work, we first modified ZnO to change it from hydrophilic to hydrophobic,
and then combined the ZnO particles to form a rough structure through the pressing of the mold.
The surface morphology of the prepared samples was studied by scanning electron microscopy (SEM)
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images with different magnifications. As shown in Figure 4a,b, the surface of the sample was rough,
hence many voids formed on the surface of the sample. The voids can trap more air, which is beneficial
to the improvement of hydrophobicity. The structure of the sample surface is further studied by
observing images with higher magnification. As shown in Figure 4c,d, the surface of the sample was
composed of structures on different scales. The first structures were zinc oxide particles, which had a
large size and a length of about 1.5 µm, and their shapes were mainly irregular. The second structures
were the ZnO nanorods growing on the surface of the ZnO particles. These nanorods were bar-shaped
with a hexagonal crystal plane and the length was about 300 nm. These nanorods covered the surface
of ZnO particles in large quantities and formed micro/nano structures together with ZnO particles,
which is beneficial to the improvement of the hydrophobicity of the surface.
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3.3. Chemical Composition

For phase analysis of the superhydrophobic surface, the sample was tested using an x-ray
diffractometer. Figure 5 is the XRD pattern of the superhydrophobic surface, and the scanning range
of the test was in the range of 2θ = 10◦–80◦. Sharp diffraction peaks appeared at 2θ angles of 31.8◦,
34.4◦, 36.3◦, 47.5◦, 56.6◦, 62.8◦, 66.3◦, 67.9◦, 69.1◦, 72.6◦, and 76.9◦, corresponding to (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), and (202) crystal planes, respectively. The diffraction peaks
obtained from the test were consistent with the results of the ZnO x-ray diffraction standard card
(PDF#36-1451). The strong diffraction peaks at 31.8◦, 34.4◦, and 36.3◦ indicate that the ZnO powder
used in this study had a hexagonal crystal phase. The average particle size of ZnO was calculated by
the Scherrer equation. To remove the influence of instrument broadening, the intrinsic width curve
of the instrument was obtained by scanning LaB6 powder. Scherrer constant K = 1. The average
particle size of ZnO used in this study was 156 nm. The reaction mechanism of zinc oxide modified by
stearic acid is shown in Figure 6. The hydroxyl (–OH) on the surface of ZnO reacts with the carboxyl
(–COOH) of stearic acid, and the hydrophilic –OH on the surface of ZnO is replaced by the non-polar
hydrophobic alkane in the stearic acid, making ZnO change from hydrophilic to hydrophobic. Figure 7
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is the FTIR spectrum of stearic acid powder and superhydrophobic surface. The chemical composition
of the superhydrophobic surface can be studied by the FTIR spectrum. As shown in Figure 7, the strong
and broad absorption peak of the sample at 434 cm−1 can be attributed to the vibration of the Zn–O
framework. The absorption peak of the sample at 3418 cm−1 can be attributed to the stretching vibration
of –OH. The absorption peak of stearic acid at 1700 cm−1 was assigned to the stretching vibration of
–COOH. After the reaction between stearic acid and ZnO, stearic acid exists in the form of carboxylate
(COO–) on the surface of ZnO, so the sample had a COO– absorption peak at 1541 cm−1. In addition,
the absorption peaks of the samples and stearic acid powder at wavelengths of 2847 and 2917 cm−1

were attributed to the antisymmetric and symmetric stretching vibrations of the methylene group
(–CH2) and methyl group (–CH3) [36].
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3.4. Self-Cleaning Effect

The self-cleaning effect is one of the most important capabilities of superhydrophobic surfaces.
To test the self-cleaning performance of the samples, a layer of chalk dust was sprinkled on the surface
of the samples to perform the self-cleaning test [37,38]. As shown in Figure 8a–f, a needle was used to
drop a water drop on the surface of the sample covered with chalk dust. When the water drop falls
on the surface of the sample, it rolls forward along the surface of the sample under the influence of
gravity. During the rolling of the water droplets, since the chalk ash is hydrophilic, the chalk ash is



Coatings 2020, 10, 1202 7 of 11

absorbed by the water droplets and then leaves the surface of the sample along with the rolling water
droplets. As the number of dripping water drops continues to increase, the chalk dust on the rolling
path of the water drops is easily removed. The test results showed that the prepared samples had an
excellent self-cleaning effect.
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3.5. Durability

People have been working hard to improve the mechanical robustness of superhydrophobic
surfaces [39–41], so mechanical robustness is an important criterion for measuring the performance
of superhydrophobic surfaces. Durability tests were performed on the prepared samples. As shown
in Figure 9a, the resistibility of the sample to the impact of the water flow was tested by spraying a
water flow on the sample surface through a needle tube. When the water flow reached the surface of
the sample from the needle tube, the water flow reflected like light on the surface. This phenomenon
indicates that the impact of water flow neither damages the sample surface nor changes the wettability
of the sample surface.

The ability to resist scratches and friction is an important criterion for whether the superhydrophobic
surface can be put into practical application. To study the stability of the sample, the sample was subjected
to the friction test and knife scraping. Use 360-mesh sandpaper to continuously rub one side of the
sample surface until both sides of the sample surface are stepped, exposing the inner surface. At this time,
the water droplets maintain a spherical shape on the inner surface and the CA is 164.7◦ ± 3◦. As shown
in Figure 9b, the water droplet retained a spherical shape on both the unrubbed surface (right) and the
rubbed surface (left), respectively. This indicates that the interior of the sample and its external surface are
coherent. Both are superhydrophobic. In Figure 9c, the sample was scraped by a knife. It can be seen from
Figure 9d that water droplets rolled off the surface being scraped, suggesting that if the surface of the block
is damaged, the sample still exhibited superhydrophobicity and the CA was 161.1◦ ± 4◦.

In practical applications, the superhydrophobic surface was easily contaminated by oil. When a
certain amount of oil remains on the superhydrophobic surface, the sample surface will fail. As shown
in Figure 9e, to verify the rapid repairability of the sample, the sample was tested for oil contamination.
A drop of silicone oil was dropped onto the surface of the sample. Due to the low surface tension
of the silicone oil, the silicone oil immediately penetrated into the sample. Wiping off the silicone
oil on the surface, the CA of the water drop on the sample surface was 122◦ ± 7◦, which means that
the superhydrophobicity of the sample surface is lost. As shown in Figure 9f, after removing the
contaminated surface with sandpaper, the CA of the water droplets on the surface of the sample
increased to 166◦ ± 3◦, which shows that after rapid repairability of the sample by abrasion, the sample
restored superhydrophobicity.
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Figure 9. (a) Water jet reflection on the superhydrophobic surface. (b) Digital photo of water drops on
the surface before and after abrasion. (c) Digital image of sample scraped by knife. (d) Water droplets
are rolling off the surface of the sample being scraped. (e) Water droplet on the surface of the sample
after being contaminated with oil. Inset shows the CA of the contaminated surface is 122◦. (f) Water
droplets on the repaired sample surface. Inset shows the CA of the water droplet on the repaired
surface was 166◦.

To study the effect of different pH on the sample surface, water droplets with different pH were
dropped on the sample surface and the CA was measured. As shown in Figure 10a, the water droplets
with pH values of 1, 3, 5, 7, 10, 12, and 14 maintained a spherical shape on the surface of the sample.
As shown in Figure 10b, the CA of the droplet with a pH of 14 was 159.2◦ when it was dropped on the
surface of the sample. After 2 min, the CA of the droplet dropped to 150.3◦, and after 4 min, the CA of
the droplet was 147.2◦. When the pH value of the droplet changed from 14 to 1, as shown in Figure 10c,
the CA of the droplet was 160.9◦ when it was dropped on the surface of the sample. After 3 min,
the CA dropped to 150.6◦, and after 5 min, the CA of the droplet was 144.3◦.
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Figure 10. (a) The contact angle of water droplets with different pH values on the sample surface. (b)
The change of the contact angle of water droplets with a pH of 14 over time. (c) The change of the
contact angle of water droplets with a pH of 1 over time.

4. Conclusions

In this study, we proposed a method for preparing a robust superhydrophobic block by
superhydrophobic zinc oxide powder, and the resulting surface had a CA and SA of 163◦ and
7◦, respectively. The prepared block had excellent self-cleaning properties, and could easily remove
contaminants on the surface through water droplets. The samples exhibited self-similarity and
maintained excellent water repellency even after water impact, friction, and knife scraping. It is
worth noting that superhydrophobicity was achieved on the entire block. Once the surface of the
sample fails, the surface can be removed by sandpaper to make the sample easily and quickly restore
superhydrophobicity. The preparation method of the superhydrophobic block is facile and does not
need complex equipment and fluorinated materials, which is conducive to mass industrial production.
Therefore, superhydrophobic blocks with great mechanical durability and rapid repairability will have
great industrial value.
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