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Due to the intensive demand in the development of superhydrophobic surfaces both in theory and application, superhydrophobic
research on ZnOmaterials has exponentially grown over the last several years. One of the main advantages of the ZnOmaterials is
the relative easiness to produce various surface morphologies, which is quite meaningful to study the influence of morphology on
wetting property.The synthesis approaches of ZnOmaterials include thermal oxidization, hydrothermalmethod, chemical etching,
spray coating technique, electrochemical method, and others. This review is a representation of the recent achievement on ZnO
superhydrophobic surfaces.

1. Introduction

When a liquid drop is in contact with a solid surface, two
distinct regimes of liquid spreading are observed depending
on the spreading factor 𝑆 (𝑆 = 𝛾sg−𝛾ls−𝛾), where 𝛾ls, 𝛾sg, and 𝛾
are the interfacial tensions between liquid and solid, solid and
gas, and gas and liquid [1]. The spreading factor 𝑆 indicates
whether the formation of a liquid film is energetically favor-
able on a solid surface. A positive spreading factor 𝑆 means
that the energy state with a liquid film on the solid surface is
lower than that without a liquid film, implying that a liquid
film will be preferably formed on the solid surface, that is,
complete wetting. A negative spreading factor 𝑆, on the other
hand, means a liquid drop will be formed on the solid surface
with a certain contact angle, that is, partial wetting. In the
partial wetting regime, if a contact angle is less than 90∘, a sur-
face is called hydrophilic. If a contact angle is larger than 90∘,
a surface is called hydrophobic. In particular, a surface with
a contact angle larger than 150∘ is considered to be superhy-
drophobic [2].Therefore, the surface wetting property, that is,
droplet contact angle, is closely related to the interfacial ener-
gies. However, as there exist irregular or regular patterns on
the liquid and solid interface on superhydrophobic surfaces,
droplet contact angle should be determined by overall con-
sidering interfacial energies and the structural parameters.

Meanwhile, superhydrophobic surfaces have kept attract-
ing considerable interests due to the observation of various
superhydrophobic phenomena in nature [2–13]. The most
representative example of natural superhydrophobic surfaces
is a lotus leaf [2]. On a lotus leaf, microscale bumps are cov-
ered with wax crystalloids. These surface structures render a
liquid in contact with only the top of the surface structures,
thereby resulting in the significant decrease of the adhesion
energy between a liquid and the solid surface. This feature
enables a lotus leaf to possess water repellency and self-
cleaning properties. Then, several other examples of natural
superhydrophobic surfaces have been discovered, including
wings of butterfly [4], duck feathers [6], legs of the water
strider [7, 8], integument of waterwalking arthropod [11], and
covering of the desert beetle [12, 13]. Different structuralmor-
phologies on these surfaces result in the superhydrophobicity,
which helps to realize the decontamination, drag reduction,
or even water collection. Therefore, both the scientific world
and engineers show great interests in such special surfaces. In
one case, it is highly desirable to make clear how the inter-
facial energy influences the wetting property on patterned
surfaces. In another case, it is also quite important to design
different structures to achieve desired superhydrophobicities.

The wetting property, that is, contact angle, can be
calculated by considering the force balance at the three-phase
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contact line. Alternatively, the contact angle at which the
thermodynamic energy becomes minimum can be sought.
The detailed calculation methods will be introduced in the
following section.Meanwhile, as various synthesis techniques
to engineer superhydrophobic surfaces have already been
developed and reviewed in several articles [14–17], for exam-
ple, sol-gel reactions [18–20], electrochemical deposition [21–
23], layer-by-layer deposition [24–27], spin coating [28],
plasma technology [29], and electrical spinning [30], and the
materials utilized in these approaches vary from polymers,
metals, and other inorganic materials to composites [31–38],
we will not cover all these well-known experimental methods
and materials in this brief review. Alternatively, we will focus
on the recent advances in ZnO superhydrophobic materials,
which feature a direct wide band gap (3.37 eV) and large
exciton binding energy (60meV), which have been promising
for optoelectronic devices and functional materials such as
solar cells [39], light emitting diodes [40], sensors [41], and
photodetector [42]. It is expected to explore multifunctional
superhydrophobic surfaces based on ZnO [43–45].

In this review, therefore, the scope has been limited to the
description of wetting property of superhydrophobic surfaces
and also the recent advances in synthesis approaches of
different ZnO superhydrophobic materials. There are three
sections, including theory in wetting property, synthesis
approaches, and conclusions.

2. Theory

2.1. Apparent Contact Angle. The contact angle is the mani-
festation of the interaction among interfacial tensions of the
liquid-gas interface 𝛾, liquid-solid interface 𝛾ls, and solid-
gas interface 𝛾sg and can be calculated by considering the
force balance at the three-phase contact line. It is assumed
that interfacial tensions along the horizontal direction at the
three-phase contact line are at equilibrium, thereby resulting
in the following Young relation (Figure 1(a)):

𝛾ls + 𝛾 cos 𝜃 = 𝛾sg. (1)

Alternatively, the contact angle at which the thermody-
namic energy becomesminimum can also be sought.When a
three-phase linemakes a virtual displacement of 𝑑𝑥 as shown
in Figure 1(b), the accompanying change of thermodynamic
energy is calculated in the following way [46]:

𝑑𝐸 = 𝛾ls𝑑𝑥 − 𝛾sg𝑑𝑥 + 𝛾𝑑𝑥 cos 𝜃. (2)

At thermodynamic energy equilibrium, 𝑑𝐸 should be zero,
and this condition leads to Young’s relation as well.

The above analysis is based on the assumption that
the solid has a flat surface. However, the thermodynamic
approach can also be extended to a superhydrophobic surface
as long as the length scale of the roughness is much smaller
than the size of the liquid drop. On a rough surface, two
distinct configurations of a liquid drop can be envisioned.
First, it can be assumed that the liquid completely wets the
rough surface while it moves by 𝑑𝑥. Then, a liquid-solid
interface will displace a solid-vapor interface by 𝑟𝑑𝑥 as shown
in Figure 2(a) instead of 𝑑𝑥 on a flat surface, where roughness

𝑟 is defined as the ratio of actual surface area versus projected
surface area (𝑟 > 1). Then, the accompanying change of
thermodynamic energy will be expressed as follows:

𝑑𝐸 = 𝛾ls𝑟𝑑𝑥 − 𝛾sg𝑟𝑑𝑥 + 𝛾𝑑𝑥 cos 𝜃𝑊, (3)

where 𝜃
𝑊
is an apparent contact angle on a rough surface.The

condition for thermodynamic energy minimum leads to the
following Wenzel equation [47]:

cos 𝜃
𝑊
=

𝑟 (𝛾sg − 𝛾ls)

𝛾
= 𝑟 cos 𝜃. (4)

As indicated by this equation, the Wenzel model predicts
that roughness amplifies a surface wettability. That is, rough-
ness makes a hydrophilic surface more hydrophilic and a
hydrophobic surface more hydrophobic.

In another case, it can also be assumed that a liquid does
not penetrate into the roughness, contacting only the top
surfaces of the roughness. In this case, a composite interface
of liquid-gas and liquid-solid between the overall liquid and
solid interface is resultant as shown in Figure 2(b). Then, the
corresponding energy change will be given by

𝑑𝐸 = 𝛾ls𝜙𝑠𝑑𝑥 − 𝛾sv𝜙𝑠𝑑𝑥 + 𝛾 (1 − 𝜙𝑠) 𝑑𝑥 + 𝛾𝑑𝑥 cos 𝜃𝐶, (5)

where 𝜙
𝑠
< 1 is an area fraction of liquid-solid interface

and 𝜃
𝐶
is an apparent contact angle on a rough surface. The

condition for theminimization of the thermodynamic energy
leads to the following Cassie-Baxter equation [48]:

cos 𝜃
𝐶
= 𝜙
𝑠
cos 𝜃 − (1 − 𝜙

𝑠
) . (6)

Different from the Wenzel model, the Cassie-Baxter model
predicts that a surface becomesmore hydrophobic as the solid
fraction gets smaller regardless of the intrinsic contact angle
on the surface.

2.2. Contact Angle Hysteresis. On any real solid surface,
people found that there exists a wide range of “metastable”
contact angles when a liquidmeniscus scans the solid surface.
Because there are free energy barriers which exist between
these metastable states, a true “equilibrium” contact angle is
almost impossible to measure in real time. The previously
mentioned Wenzel and Cassie theories are therefore only
applicable in prediction of the thermodynamically stable
contact angles in theory. Therefore, contact angle hysteresis
defined as the difference of advancing angle and receding
angle is usually measured to fully characterize any surface.
A typical method to obtain an advancing contact angle is to
gradually inject liquid into a sessile drop with a syringe and
measure the contact angle when the liquid-solid-air contact
line subsequently starts to move outward. Conversely, the
method to obtain a receding contact angle is to gradually
withdraw liquid out of a drop and measure the angle when
the contact line starts to move inward.

In another case, tilting angle 𝜃
𝑇

can be adopted to
quantify this hysteresis effect. For example, when a liquid
drop is placed on a titled plate as shown in Figure 3, a drop
will not slip off until the following condition is satisfied [49]:

𝑚𝑔 sin 𝜃
𝑇
= 𝐿𝛾 (cos 𝜃

𝑟
− cos 𝜃

𝑎
) , (7)
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Figure 1: (a) A force balance along the horizontal direction at three-phase contact line is considered. (b) A contact angle at which
thermodynamic energy becomes minimum can be derived when a liquid moves by 𝑑𝑥.
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Figure 2: (a) Wenzel’s model: a liquid drop homogeneously wets a solid surface. (b) Cassie-Baxter’s model: a liquid drop only touches the
top of a roughness on a solid surface.

where 𝐿 is a geometric factor that depends on the structure
types, and determines the effective three-phase contact line
length along the droplet boundary. The surface that has
stronger pinning force will exhibit larger 𝜃

𝑇
value, according

to which the pinning force can be calculated.
As the apparent contact angle is modified on a rough

surface from the intrinsic angle on a smooth surface, a contact
angle hysteresis is also modified. While both the Cassie-
Baxter model and Wenzel model predict the increase of
contact angle on a rough hydrophobic surface, they predict
opposite trends for a contact angle hysteresis. It is widely
accepted that a nonwetted (i.e., Cassie-Baxter state) surface
exhibits a decrease of contact angle hysteresis due to the
reduced contact area between a liquid and a solid, and a
wetted surface (i.e., Wenzel state) shows a significant increase
due to the increased contact area between liquid and solid.

3. ZnO Superhydrophobic Surfaces

According to the theoretical analysis, the wetting states and
the closely related wetting behavior vary with the surface
structures and surface energies. Meanwhile, great progress
has been achieved in the design and synthesis of bioinspired
superhydrophobic surfaces based on different ZnO structures
[50–78], among which most of them were modified with low
surface energymaterials, for example, silane and fluorination,
to eliminate the influence of polarity of ZnO materials on
wetting property.We reviewed the related literature published
since the year of 2010. Here are the main synthesis methods
introduced.

3.1. Thermal Oxidization. In microfabrication field, thermal
oxidation is an effective way to produce a thin layer of oxide

on the surface of a material. This technique forces an oxidiz-
ing agent to diffuse into the material at high temperature and
react with it.Thematerials can be processed in this technique
include silicon, metal, and others. By using thermal oxidiza-
tionmethod, researchers got ZnO superhydrophobic surfaces
[50, 51]. Barshilia et al. deposited ZnO coatings with varying
thicknesses (300–1800 nm) by sputtering a Zn target in Ar
plasma followed by 1 h oxidation at 350∘C in O

2
environment

[50]. ZnO coatings prepared under these conditions were
further annealed for 2 h at 450∘C in vacuum to improve the
optical transparency. Except from the extraordinary water
repellency (with contact angle> 155∘) as indicated in Figure
4, they even proved that ZnO superhydrophobic coating on
the absorber surface has improved absorptance (>0.96) and
excellent broadband antireflection in the visible range of the
solar spectrum. The multifunctional ZnO coating was stable
up to 450∘C (in air and vacuum), indicating its reliability for
high temperature photothermal conversion applications.

3.2. HydrothermalMethod. Hydrothermalmethod is a useful
tool to produce different chemical compounds and mate-
rials using closed-system physical and chemical processes
flowing in aqueous solutions at high temperatures and
certain pressures, and is also widely adopted to synthe-
size different ZnO micro/nanostructures [52–62]. Mondal
et al. fabricated nanocolumnar thin film (Figure 5) under
modified hydrothermal conditions [52]. The growth of ZnO
nanocolumnar on glass surfaces takes place as a result of
the hydrolysis of zinc sulfate by ethanolamine at 100∘C
without employing any templates or surfactants. The evolved
superhydrophobic thin film becomes hydrophilic upon UV
light exposure and the film reverts back to its original
superhydrophobic character upon storage in the dark. Due
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Figure 3: Liquid drop on the slanted solid plate. A liquid drop begins to slide down when the slant angle of the plate is larger than the
threshold angle at which gravity balances with contact angle hysteresis.
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Figure 4: FESEMmicrographs of ZnO nanoclustered film (a) with 433 nm thickness, and (b) corresponding AFM 2D roughness profile. (c)
The FESEM image of 1300 nm optimized thickness with its (d) 3Dmorphology.The thickness of ZnO nanostructured coating was controlled
by sputtering time. Copyright 2012, Elsevier.

to UV light illumination an electron-hole pair is generated in
the ZnO thin film. Some of the holes react with lattice oxygen
leading to oxygen vacancies in the film. The photogenerated
electrons are captured by lattice zinc ions to form surface
trapped electron sites. Hydroxyl adsorption on the photo-
generated defect sites is kinetically favorable. This leads to
the dissociative adsorption of water molecules at these sites,
inducing hydrophilicity. However, on dark storage the super-
hydrophilic thin film recovers its original superhydropho-
bicity. This is because exposure of the surface to air leads
to an increase of the thermodynamically preferred oxygen
adsorption and the replacement of hydroxyl groups adsorbed
on the defect sites by oxygen atoms gradually takes place.

Wu et al. synthesized ZnO structures with three scales of
roughness on stainless steel mesh film by a simple hydrother-
mal method [53]. After being modified with a low surface
energy material, for example, Teflon, these films exhibit
superhydrophobic and superoleophilic properties. They also
demonstrated that the unique properties of the as-prepared
films match well with the requirements for the effective
separation of oil and water mixtures (Figure 6).

3.3. Chemical Etching. Chemical etching is a process of
dissolving metals or semiconductors in acids to make them

into a particular shape. It has also attracted many interests
in the synthesis of ZnO superhydrophobic surfaces. Hou
et al. fabricated ZnO submicrorod films (Figure 7) on zinc
sheets through an H

2
O
2
-assisted surface etching process

and subsequent surface modification with a monolayer of
1H,1H,2H,2H-perfluorodecyltriethoxysilane [63].

3.4. Spray Coating Technique. ZnO superhydrophobic sur-
faces have also been fabricated by a simple and cost-effective
spray coating technique [64–68]. Wu et al. produced ZnO
superhydrophobic surfaces based on microscale coffee-ring
patterns by this technique [64]. The ZnO crystal cells gener-
ated by the degradation of zinc acetate solution at high tem-
perature accumulate at the wetting circle of microdroplet and
assemble into a coffee-ring pattern (Figure 8). The diameter
of the rings is only about 8𝜇m, which is the smallest of any
artificial coffee-ring structures in the world. Furthermore,
these new patterns are distributed uniformly over the whole
macroscale substrate, which is meaningful for real applica-
tions. As a result of this finding, the realization of very small
biosensors is possible, which means it becomes possible to
pack thousands, or even millions, of small microbiosensors
onto a single lab-on-a-chip device in a one-step process,
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Figure 5: FESEM images of nanocolumnar ZnO; at low magnification ((a), (b)), medium magnification (c); a single nanocolumn at high
magnification (d); side view of the nanocolumn (e); tips of the columnar morphology (f). Copyright 2013, RSC.

(a) (b) (c)

Figure 6: Water CA investigation: (a) water CA on the original stainless steel mesh; (b) water CA on the mesh with a ZnO hierarchical
structure coating; (c) water CA on the as-prepared mesh. Copyright 2012, Wiley.

allowing a large number of medical or chemical analyses to
be performed on a single chip.

3.5. Electrochemical Method. Electrochemical method is a
way to utilize chemical reactions which take place in a
solution at the interface of an electron conductor. These
reactions involve electron transfer between the electrode and
the electrolyte or species in solution. He et al. fabricated ZnO
thin films with diverse nanostructure, including nanodot,
nanowire- and nanoflowers on zinc foils by a simple and
rapid electrochemical anodization method [69]. Under the
dc or ac electric field, the electroinduced surface wettability
conversion from the superhydrophobic to hydrophilic state
was observed and the generation of surface defective sites
on ZnO films under electric field was used to explain the
transition mechanism. Electroinduced surface wettability
conversion is also studied by other researchers [70, 71]. It

is found that the reversibility of wettability conversion is
dependent on the structure types. This work provides a
simple and rapid method for synthesizing different ZnO
nanostructures in large scale, and electric field can be used
to modulate the wettability of ZnO nanostructures.

Hsieh et al. fabricated vertically aligned ZnO nanorod
arrays with different heights on ZnO seeded indium tin oxide
substrate by cathodic electrochemical deposition from zinc
nitrate at two temperatures of 60∘C and 80∘C [72]. As-grown
ZnO nanorods exhibit wurtzite crystal structure and their
heights can be well controlled by different deposition times
(Figure 9). The fluorination coating applied on these ZnO
nanorods induces the superhydrophobicity. Actually, as one
of the most pronouncedmorphologies for superhydrophobic
applications, ZnO nanorods/nanowires have been used to
change surface characteristics of textiles, polymers, and so
forth. The superhydrophobicity of such structure is closely
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Figure 7: SEM images of the prepared ZnO films on zinc substrate: ((a)–(c)) overview of the ZnO film surface at various magnifications; (d)
overview of the cross section. Copyright 2011, Elsevier.
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Figure 8: FE-SEM images of the prepared film on a glass substrate at different magnifications. (a) shows a high density array of ring-like
structures deposited on the substrate. (b) shows that the diameter of a ring is about 8mm. (c) is the high-magnification image and shows that
the rings surface was covered with a layer of rods. (d) indicates the distribution of the ring diameters. Copyright 2013, RSC.



Advances in Materials Science and Engineering 7

(a) (b)

(c) (d)

500nm

500nm 500nm

100nm

Figure 9: Top and cross-sectional views of FE-SEM images of ZnO nanorods grown onto the ZnO seed layers by cathodic electrodeposition
from Zn(NO

3

)
2

at 80∘C for different periods. Top view: (a) 5min, (b) 10min; cross-sectional view: (c) 5min, (d) 10min. Copyright 2010,
Elsevier.

related to the density of these one-dimensional structures.
Briefly, a surface with low density will render the surface with
relatively high contact angle.

4. Conclusions

In this review, we have tried to representmost of the advances
in the domain of ZnO superhydrophobic surfaces. We
focused on the theory advances, synthesis methods, and the
multifunctional characteristic of different ZnO structures.
The synthesis approaches reviewed were separated into sev-
eral types, most of which could realize various surface mor-
phologies with controllable structures. And the related appli-
cations benefit from these structures has also been included.
This review allows readers to have an easy access to recent
advances in this domain in order to find possible approaches
to produce such surfaces or to find new functions for
interesting applications.

Acknowledgments

This research was supported by the National Basic Research
Program of China (2013CB328803, 2010CB327705), the
National High Technology Research and Development Pro-
gram of China (2012AA03A302, 2013AA011004), National
Natural Science Foundation of China (61306140, 51202028),

China Postdoctoral Science Foundation (2013M530222), Nat-
ural Science Foundation of Jiangsu Province (BK20130618),
and Jiangsu Planned Projects for Postdoctoral Research
Funds (1301097C).

References

[1] P. G. de Gennes, F. Brochard-Wyart, and D. Quere, Capil-
larity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves,
Springer, New York, NY, USA, 2003.

[2] R. Dettre and R. Johnson, “Study of an idealized heterogeneous
surface,” The Journal of Physical Chemistry, vol. 107, no. 43, pp.
1744–1750, 1963.

[3] A. Solga, Z. Cerman, B. F. Striffler, M. Spaeth, andW. Barthlott,
“The dream of staying clean: lotus and biomimetic surfaces,”
Bioinspiration and Biomimetics, vol. 2, no. 4, pp. S126–S134,
2007.

[4] Y. Zheng, X. Gao, and L. Jiang, “Directional adhesion of
superhydrophobic butterfly wings,” SoftMatter, vol. 3, no. 2, pp.
178–182, 2007.

[5] G. S.Watson, S. Myhra, B.W. Cribb, and J. A.Watson, “Putative
functions and functional efficiency of ordered cuticular nanoar-
rays on insect wings,” Biophysical Journal, vol. 94, no. 8, pp.
3352–3360, 2008.

[6] Y. Liu, X. Chen, and J. H. Xin, “Hydrophobic duck feathers
and their simulation on textile substrates for water repellent



8 Advances in Materials Science and Engineering

treatment,” Bioinspiration and Biomimetics, vol. 3, no. 4, Article
ID 046007, 2008.

[7] X. Gao and L. Jiang, “Water-repellent legs of water striders,”
Nature, vol. 432, no. 7013, p. 36, 2004.

[8] F. Shi, J. Niu, J. Liu et al., “Towards understanding why a super-
hydrophobic coating is needed by water striders,” Advanced
Materials, vol. 19, no. 17, pp. 2257–2261, 2007.

[9] D.-G. Lee and H.-Y. Kim, “The role of superhydrophobicity in
the adhesion of a floating cylinder,” Journal of Fluid Mechanics,
vol. 624, pp. 23–32, 2009.

[10] C. W.Wu, X. Q. Kong, and D.Wu, “Micronanostructures of the
scales on a mosquito’s legs and their role in weight support,”
Physical Review E, vol. 76, no. 1, Article ID 017301, 4 pages, 2007.

[11] M. R. Flynn and J. W. M. Bush, “Underwater breathing: the
mechanics of plastron respiration,” Journal of Fluid Mechanics,
vol. 608, pp. 275–296, 2008.

[12] A. R. Parker and C. R. Lawrence, “Water capture by a desert
beetle,” Nature, vol. 414, no. 6859, pp. 33–34, 2001.
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