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a b s t r a c t
Self-cleaning surfaces based on lotus effect with a very high static water contact angle greater than 160° and a
lower roll-off angle have been successfully studied by researchers and applied in ﬁelds of self-cleaning windows,
windshields, exterior paints for buildings and navigation of ships, utensils, roof tiles, textiles, solar panels, and applications requiring a reduction of drag in ﬂuid ﬂow, e.g. in micro−/nanochannels. In this feature article, we summarize recent research progress and synthesis technologies about the design and fabrication of self-cleaning
surfaces. We hope that, this review article should provide a useful guide for the development of self-cleaning
surfaces.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Over thousands of years of natural selection, living organisms including all plants and animals on our earth are evolutionarily optimized
functional systems. One of their most fascinating properties is the ability
of self-cleaning which means that the surfaces can repel contaminants
such as solid particles, organic liquids, and biological contaminants by
the action of rolling-off water drops. This kind of self-cleaning surfaces
has both the ability of superhydrophobicity and self-cleaning properties, and with lotus leaf as the typical representative, therefore is
known as “Lotus effect”. [1–8] During the past few decades, a large number of studies have been conducted to a full understanding of the functions, structures, and principles of self-cleaning surfaces. The conclusion
recognized that the requirements for a self-cleaning surface are
superhydrophobic property with a very high static water contact
angle greater than 160°, and a very low roll-off angle, i.e. the minimum
inclination angle necessary for a droplet to roll off the surface. [3,9] By
now, many different synthesis technologies have been developed to design and fabricate self-cleaning surfaces. [10–14] Today, a great variety
of self-cleaning surfaces based on lotus effect have also been commercialized with the range from window glasses to solar cell panels.
[15–18].
In this feature article, we summarize recent research progress in the
ﬁeld of bio-inspired self-cleaning surfaces based on lotus effect about
the mechanism, fabrication, and application. At ﬁrst, we discuss the
⁎ Corresponding author.
E-mail address: zhengym@buaa.edu.cn (Y. Zheng).

http://dx.doi.org/10.1016/j.biotri.2015.08.002
2352-5738/© 2015 Elsevier Ltd. All rights reserved.

impact of multi-scale roughness and low energy waxes on the selfcleaning property, respectively. And in the next section, we brieﬂy summarize and discuss the conventional self-cleaning methods. We categorize recent progress in this area into two aspects as the technologies of
constructing hierarchical roughness structure onto the hydrophobic
surfaces and the technologies of coating low energy materials onto the
rough surfaces. Furthermore, the review introduces brieﬂy the application prospects and challenges of self-cleaning surfaces based on lotus effect. We hope, this review article should provide a useful guide for the
development of self-cleaning surfaces.

2. Lotus effect—the self-cleaning property of lotus leaf surface
As we known, the lotus leaf has long been regarded as the symbol of
sacred purity in China, and sang praises by number of poets. The verse of
“the lotus and leaves all over the pond, and breeze blows beads roll
down” described that water drops falling onto the leaves can bead up
and roll off, with washing dirt from the lotus leaves so that they are
self-cleaning, which is known as “Lotus effect”. This phenomenon of
lotus effect is not restricted to lotus leaf surface. Some other plants
and insects also evolved self-cleaning surfaces. For instance, the droplets of water on the rice leaves [19,20], Salvinia molesta [21,22], butterﬂy
wings, ﬁsh scales, shark skin [20,23] and mosquito eyes [24] (as shown
in Fig. 1) can roll off following a preferential direction dictated by the
structural features.
For an understanding of the functions, structures, and principles of
various objects that exhibit self-cleaning found in living nature, a large
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micro-papillae with diameters ranging from 5 μm to 9 μm. Fig. 2c
shows a high-resolution SEM image of a single papilla which proves
that on each papilla and the gaps of surface among papillae, ﬁne
branch-like nanostructures with diameter of approximately 120 nm
have been observed. These nanostructures would effectively prevent
the underside of leaf from being wetted. The multi-scale structures
combined with micro-papillae and nano-hairs provide air pocket formation, thus, water can interact with only the peaks of the roughness
surface instead of by wetting the entire surface, both the peaks and valleys. In this case, the apparent contact angle, θCB, is given by the Cassie–
Baxter (noted as CB) equation for wetting on composite surfaces made
of the solid and air, [26]
cosθCB ¼ f s cosθ þ f s −1

Fig. 1. The typical self-cleaning surfaces in nature and their SEM images.

number of studies have been conducted onto surface structure and
chemical composition.
2.1. Effect of the hierarchical roughness of the lotus leaf surfaces
In order to reveal the roles of the roughness and waxes covered over
the entire surface of lotus leaf on the self-cleaning property, many scientiﬁc research workers carried out extensive researches. Neinhaus and
Barthlott investigated nearly 300 kinds of plant leaf surface, and indicated that this self-cleaning property is caused by both the rough structure
and the hydrophobic epicuticular waxes. [2,3].
In 2002, Jiang reported a new discovery, indicating that, there are
ﬁne branch-like nanostructures covered on the every micro-papilla of
the lotus leaf surface. [25] And this kind of micro- and nanohierarchical
composite structure of the lotus leaf surface realized superhydrophobic
and low adhesive performance.
Fig. 2b shows a typical scanning electron microscopy image of a lotus
leaf. We can see that lotus leaf surfaces possess randomly distributed

ð1Þ

where fs is the fraction of projected planar area of the drop in contact
with the solid. In the limit of fs → 0, the macroscopic contact angle θCB
approaches 180°, leading to superhydrophobic behavior. That is to say,
the multi-scale structures result in the lowest contact area between
lotus leaf surfaces and water droplets. And drops in the Cassie-Baxter
state can easily roll because of low resistance from the air pockets. [27,
28] Therefore, we can say that, this kind of micro- and nano- hierarchical structure ampliﬁes the apparent contact angle and is responsible for
the rolling behavior of the drops.
Cheng and Rodak et al. studied the inﬂuence of micro- and nanoscale structures on the wetting behavior of lotus leaves by separated
the effects of nano-scale features from micro-scale roughness on the
wetting behavior. [29] They annealed the leaves for 1 h at 150 °C, and
examined by SEM (as shown in Fig. 2d). The result showed that all the
nano-scale hair-like structures from the leaf were removed, leaving behind only micro-structure surface. The wax present on the surface of the
untreated and annealed lotus leaves does not appear to undergo any
gross chemical change, based on the IR data. For comparison, the static
water contact angles on the untreated lotus leaf, annealed lotus leaf
and smooth of carnauba wax were measured. And the result values
were 142.4 ± 8.6°, 126.3 ± 6.2°, and 74.0 ± 8.5°. These results indicate
that the carnauba wax is not very hydrophobic because of its many hydrophilic functional groups, which is also consistent with Wagner's conclusion. [30] Thus, the micro-scale roughness on lotus surfaces is
effective in increasing the static contact angle, and the presence of the
nano-scale hair-like structure is responsible for the additional increase
of 16° in contact angle from 126° to 142°.
In addition, while water drops placed on the lotus leaves roll off at
the slightest incline, the same size drops become sticky drops on the
annealed leaf, adhering to the surface even when the leaf is tilted 90°

Fig. 2. Image and SEM images of lotus leaf surface. (a) A fresh lotus leaf in nature (b) the micro-structure of lotus leaf (c) the nano-structure of lotus leaf (d) the micro-structure of annealed
lotus leaf (e) the nano-structure of annealed lotus leaf (f) a droplet placed on an untreated lotus leaf, and (g) a droplet placed on an annealed lotus leaf, then tilted to an angle of 90°.
(Scale bar: (b and d) 10 μm, (c and e) 3 μm).
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(as shown in Fig. 2f) or turned upside down. It means that the nanoscale hair structure of lotus leaf is conducive to reduce the surface adhesion of lotus leaf. The rolling motion more efﬁciently cleans the surface
without dirt left than the sliding motion that occurs at lower contact angles. Therefore, this phenomenon proves the critical role of nano-scale
hair structure in making self-cleaning property of lotus leaves.
In summary, for the hierarchical roughness structure of the lotus leaf
surfaces, air pockets forming inside the grooves underneath the liquid
reduce the contact area between the liquid and the surface, resulting
in the reduction of contact angle hysteresis, tilt angle, and adhesive
force. The combination of the micro-scale mounds and the nano-scale
hair-like structures is responsible for superhydrophobicity and selfcleaning properties and the nano-scale hair-like structure plays a
more important role in the aspect of self-cleaning property of the
lotus leaf.
2.2. Effect of the epicuticular waxes covered across the lotus leaf surfaces
Furthermore, hydrophobic three-dimensional (3D) epicuticular
waxes were found on the surface of the leaf, which are thought responsible for the lotus leaf's water repellency and self-cleaning property. Although, Wagner [30] has concluded the carnauba wax is not very
hydrophobic because of its many hydrophilic functional groups. However, epicuticular waxes are made from a mixture of biopolymers that
have and appear to be very inhomogeneous in structure and composition, therefore, show a variability degree of wettability. [31–33] And it
must be noted that, most of epicuticular waxes including that of lotus
leaf are hydrophobic because of their low surface energy hydrocarbon
compounds. If the wax present on the surface is removed by washing
with acetone, the contact angle is dramatically reduced. [34,35] Only
the liquid which has a surface tension equal to or lower than the critical
surface tension of a solid can spread on this solid surface. So, on the low
energy surface, since the force that keeps the water in contact with the
solid is lower, the water will keep as a spherical droplet, which leads a
lower wet area and lower the roll-off angle(as shown in Fig. 3a), comparing with high energy surface(as shown in Fig. 3b). Thus, the
superhydrophobic state is considered to be generated by the combination of a hierarchical surface structure that traps air beneath a water
droplet and the hydrophobicity of the surface wax.
Another interesting observation of Fürstner et al. [36] was that despite the missing structure of the wax crystals, the water contact angle
of the lotus replica was the highest of all the replicates, indicating that
the microstructure formed by the papillae alone is already optimized
with regard to water repellency. Otherwise, recent studies and experiments have demonstrated that is possible to obtain superhydrophobic
surfaces on hydrophilic substrates by tuning the roughness and

Fig. 3. Self-cleaning of a low energy superhydrophobic surface. (a) A drop with a very high
contact angle washes out contamination particles, (b) while a drop with low contact angle
does not clean the surface.
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morphology of surface. Several superhydrophobic surfaces have been
obtained on hydrophilic materials (i.e. water contact angle of ﬂat surface b 90°) by inducing an adequate roughness. [11,17,37–39] Thus,
we conclude that the hydrophobic and self-cleaning properties of
lotus leaf are caused by both the rough structure and the hydrophobic
epicuticular waxes, and the intrinsic hierarchical rough structure is a
more important key role of them.
3. Fabrication methods of self-cleaning surfaces
Self-cleaning technology has developed since the late 20th century,
and some achievements have led to practical application. [40–44] As
we know that, the self-cleaning property of lotus leaf is based on the
combine of its roughness surface and low surface energy wax. [23,45,
46] Therefore, we can obtain two ideas for preparation of self-cleaning
surfaces inspired by the Lotus effect but not constrained by lotus leaf
structure. First, to construct micro-/nanocomposite hierarchical structure on an initial hydrophobic surface, and second, to modify low surface energy materials on the micro-/nanocomposite hierarchical
structure surface. In this section, we mainly review preparation methods
of self-cleaning surfaces with micro-/nanocomposite hierarchical and
low surface energy.
It should be pointed out that, some technologies such as deposition
[47–54] without controlling the morphology of sample, are one-step
preparation method of roughness surface with different sizes of
micro-/nanocomposite structure directly; while some technologies include two or more steps: preparation of the micro-structure and preparation of nanometer structure. These technologies can be employed
dependently, or coupling with others to fabricated the self-cleaning
surfaces.
3.1. Techniques to fabricate micro-/nanostructure
3.1.1. Lithography
In recent years, lithography has proved to be useful and become the
widely employed technique for the synthesis of self-cleaning surface
with controlled micro-/nanocomposite structures. It includes photo, Ebeam, X-ray, and soft lithography. [14,55–61].
Fürstner and Barthlot [36] fabricated self-cleaning silicon wafer
specimens with different regular arrays of spikes(as shown in
Fig. 4a) by X-ray lithography. These silicon samples could be cleaned
almost completely from artiﬁcial particulate contaminations by a fog
consisting of water droplets. Bhushan and Jung [62] produced silicon
surfaces patterned with pillars of two different diameters and heights
with varying pitch values using photolithography(as shown in
Fig. 4b). Then, a self-assembled monolayer (SAM) of 1,1,−2,2,tetrahydroperﬂuorodecyltrichlorosilane (PF3) was deposited on the
sample surfaces using vapor phase deposition technique to change the
surface form initially hydrophilic to hydrophobic. A water droplet in
state of the composite interface shows signiﬁcantly less hysteresis and
tilt angles compared to a water droplet in state of the homogeneous
interface due to low resistance from the air pockets.
In particular, this technique can allow the precise control of the
structure on the surface of a work piece, and apply for large area of periodic micro/nanopatterns. In other words, surfaces patterned with different shapes and different sizes can be prepared by this route. The
advantage of lithography is that the template is easy to be fabricated
and can be used many times, and, the obtained structures of surfaces
are various. However, the process of lithography needs a long molding
cycle with a high cost and it is liable to produce defects.
3.1.2. Anodization
Anodization [63–66] is a kind of metal surface treatment in which
the surface of a metal and its alloy form an oxide ﬁlm through the
impressed anodic current in the electrolyte solution. It often serves as
a material protection technology.
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Fig. 4. (a) SEM images of microstructured waterrepellent silicon surfaces with regular patterns of spikes. (b)Surface height maps and 2D proﬁle of the patterned Si surfaces using an optical
proﬁler. The diameter and height of the pillar are D and H, respectively. The pitch of the pillars is P. (Scale bar: (a) left 1 μm, right 2 μm).

Kim and Hwang et al. [67] fabricated robust and large-area alumina nanowire structures with superhydrophobic property by an inexpensive single-step anodization process that can routinely create

arbitrary three-dimensional shapes, as shown in Fig. 5. Water droplets
rolled easily without any trace on the surface by tilting the substrate
slightly.

Fig. 5. SEM images showing the thickness of the anodized Al surface after differing anodization times, and HDFS coated surface. (a) Cross-section view of anodized Al (anodization time:
10 min). (b) Cross-section of anodized Al (anodization time: 1 h). (c) Cros-section of anodized Al with HDFS. (d) Top view of anodized Al with HDFS. (c, d) Anodization time: 10 min. (Scale
bar: (a − c) 10 μm, (d) 1 μm).
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3.1.3. Etching
Etching including plasma etching [52,68,69], laser etching [13,70,
71], and chemical etching [13,52,53,72–74], is a straightforward and effective way of fabricating rough structure surface by etching surface
with corrosive gas plasma or laser.
Hatzikiriakos et al. [75] fabricated certain dual scale roughness structures by treated different metal alloys initially shown superhydrophilic
behaviors with femtosecond laser irradiation. As a result, these surfaces
become nearly superhydrophobic with contact angles in the vicinity of
150° and even superhydrophobic with contact angles above 150° over
time. The contact angle hysteresis was found to lie between 2 and 6°,
which indicated that the surfaces have predominant self-cleaning
property. Breedveld and coworkers [76] obtained a roll-off superhydrophobic cellulose paper by domain-selective etching of amorphous
portions of the cellulose in oxygen plasma and subsequently coating the
etched surface with a thin ﬂuorocarbon ﬁlm deposited via plasmaenhanced chemical vapor deposition using pentaﬂuoroethane as a precursor. The contact angle was up to 166.7°, and the contact angle hysteresis was 3.4°. Kwon et al. formed micro-scaled textures on a silicon
surface using deep reactive etching and nano-scaled textures on the
micro-scaled textures using XeF2 etching, [77] as shown in Fig. 6. The
XeF2 etching could provide uniform roughness at nano-scale on the surface, but the etching time should be carefully controlled to avoid overetching. The etched surface was coated with a heptadecaﬂuoro-1, 1, 2,
2-tetrahydrodecyl trichlorosilane (HDFS) self-assembled monolayer
(SAM) to prompt large intrinsic contact angles and therefore the CB
superhydrophobicity. In the droplet bouncing test, the droplet that
landed on the surface with double-layered roughness would always
ﬁnd the CB state energetically favorable, and it could bounce back
from the surface, showing great superhydrophobicity.
Robert et al. fabricated tunable hydrophobic/hydrophilic ﬂexible
Teﬂon nanocone array surfaces by the oxygen plasma etching of a colloidal monolayer of polystyrene beads on a Teﬂon ﬁlm. [78] As shown in
Fig. 7, the nanocone array surfaces could be made superhydrophobic
with a maximum contact angle of 160° by the further modiﬁcation of
the AuNPs with an octadecanethiol (C18SH) monolayer.
Xu [79] reported that a superhydrophobic surface on an aluminum
substrate was fabricated by one-step electrochemical etching which
was applied as an effective technique using the sodium chloride(NaCl)
aqueous solution containing ﬂuoroalkylsilane as the electrolyte. The
resulting superhydrophobic surfaces showed a static water contact
angle of 166° and a tilting angle of about 1°. The water was dropped
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to the upper side of the surface by a plastic dropper, as shown in
Fig. 8. Subsequently, it fell on the superhydrophobic surfaces bead up
and rolls off freely by taking away graphite powder on the surface.
Etching technology, with merits such as high selectivity and rapid, is
an effective preparation method of rough structure surface. However, it
has a heavy cost and could not be employed to fabricate large scale
superhydrophobic surface.

3.1.4. Template replica
Template replica method [80–83] is generally an effective,
fast, very low-cost, and reproducible way to obtain rough structure,
which has been widely used in the preparation of self-cleaning
surface.
By using the nanocasting method, Yuan et al. [84] fabricated a
superhydrophobic ﬁlm from a natural lotus leaf on polyvinyl chloride
(PVC) in two steps (as shown in Fig. 9): (i) achieving a negative surface
of a lotus leaf using polydimethylsiloxane (PDMS) (as shown in Fig. 9cd), and (ii) casting PVC over a negative template (as shown in Fig. 9e-f).
Here the water contact angle reached ~157° (as shown in Fig. 9h) with a
roll-off angle of 3°, showing superhydrophobicity and self-cleaning
performance.
Zheng et al. [85] successfully fabricated an artiﬁcial PDMS polymer
surface by mimicking taper-ratchets from ryegrass leaf using a twostep template replica method. The surfaces display a robust property
of directional water shedding-off. As shown in Fig. 10, when external vibrations are executed on polymer surfaces, the drops achieve a unidirectional self-shedding along the oriented direction of tips of taperratchets, because asymmetric retention forces are formed in the contrasting oriented directions.
This method has the merits including simple, accurate, effective, low
cost and large-scale preparation. But while it has several fatal limits including that the template has a short service life generally, is not readily
applied to create complex shaped structures, and has low mechanical
strength facing external pressure.

3.2. Techniques to fabricate superhydrophobic coating
There are several ways to modify the chemistry of a surface including sol–gel, dip coating, self-assembly, electrochemical and chemical/
physical vapor deposition.

Fig. 6. Droplet on the fabricated micro/nano roughened hierarchical surface. (a-c) Nano-scaled roughness etched by XeF2 gas that conformally covers the micro-scale array of pillars fabricated through deep reactive etching. (d-e) Droplet sitting on the double roughness with the value of the pillar spacing to width ratio at 7.5, supported by only several pillars. The contact
angle at this state is 173°. (Scale bar: (a) 50 μm, (b) 10 μm, and (c) 2 μm).
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Fig. 7. Photographs of a droplet of muddy water on a hydrophilic glass slide (left column) and on a superhydrophobic surface with nanocone arrays modiﬁed with AuNPs and C18SH
(right column), (a, d) before and (b, e) after drying, and (c, f) after rinsing with water.

3.2.1. Sol–gel
Sol–gel [86,87] method refers to that, under the condition of acid or
alkali, the precursors of chemically active compounds hydrolyze and
produce active hydroxyl, then form sol through hydrolytic condensation
reaction, and ﬁnally become dry gel after concentrating, aging and drying. It should be indicated that after the removal of solvent, some slight
nano-pores maybe emerged, which gives some material performance
such as superhydrophobicity. [88] SiO2, TiO2 and Al2O3 are widely
used in preparation of superhydrophobic surface via sol–gel method.
[64,89,90] Minani et al. [91] prepared alumina gel ﬁlms on glass plates
by sol–gel method. After immersing these ﬁlms in boiling water, the
ﬂower-like porous alumina thin ﬁlms could be obtained within 30s.
Then a superhydrophobic and transparent ﬁlm with water contact
angle of 165° was created, followed by ﬂuoroalkylsilane modiﬁcation.
The roughness of the ﬁlms increased when the immersing time
increased.
Using a hybrid method–a combination of sol–gel-based nanoimprint lithography and hydrothermal growth(as shown in Fig. 11),
Lee [55] fabricated TiO2 hierarchical structures, which have the contact
angles over 160° for water. And when water was dropped onto and
rolled off the surface, silica nanoparticles on this surface stuck to the liquid droplets and were eliminated from the glass surface. This result conﬁrms the self-cleaning effect of it.

Du [56] successfully fabricated a three-dimensional hierarchical ZnO
ﬁlm via a biomimetic route combining sol–gel technique, soft lithography and hydrothermal treatments. The fabrication process is shown in
Fig. 12. A PDMS mold replicated from a fresh lotus leaf was used to imprint microscale pillar structures directly into a ZnO sol ﬁlm. Hierarchical ZnO micro-/nanostructures were subsequently fabricated by a
low-temperature hydrothermal growth of secondary ZnO nanorod arrays on the micro-structured ZnO ﬁlm. After a low-surface-energy
ﬂuoroalkylsilane modiﬁcation, the ﬁlm shows the superhydrophobic
and self-cleaning properties of lotus leaf.
This approach is simple, mild and low-costing. Moreover, sol–gel
technique can realize rapid preparation in large scale, and the request
to the base materials is not high. However, the process is very slow
and may need several hours and even several days. The structure is
not accurate controllable and has a low mechanical strength and solvent
contamination. These shortcomings greatly limit their application in
preparation of superhydrophobic and self-cleaning surfaces.

3.2.2. Dip coating
Ebert and Bhushan [92] used a simple dip coating method. They created transparent superhydrophobic coatings on glass, polycarbonate
and poly(methyl methacrylate) (PMMA) substrates using surface

Fig. 8. Self-cleaning effect of the superhydrophobic surfaces on aluminum substrates: (a) graphite powder spreading on the surface, (b) a water droplet rolling through the surface, (c) the
aluminum surface being cleaned.
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3.2.3. Electrochemical deposition
Electrochemical deposition [47,95] has been extensively employed
to construct biomimetic superhydrophobic surfaces since it is a versatile
technique to prepare microscale and nanoscale structures.
Jiang et al. [96] used an electrochemical deposition method to deposit Au clusters on conductive ITO glass substrate modiﬁed with polyelectrolyte multilayer. The clusters exhibit an interesting dendritic
structure with nanoscale protuberances, which is a typical hierarchical
lotus-like structure. Although the as-prepared ﬁlm is very hydrophilic,
it exhibits superhydrophobicity after being immersed in an ethanol
solution of n-dodecanethiol. The CA on the surface is about 156°. It
changes to a larger value of ~173° after a 40 min exposure to ambient
atmosphere, indicating a good stability of the superhydrophobicity.
Similar to the lotus leaf, such surface also shows a small SA of about 1.5°.

Fig. 9. SEM images of (a) the fresh natural lotus leaf, (b) a single magniﬁed papilla on the
fresh natural lotus leaf, (c) the PDMS negative template, (d) a single magniﬁed hole on the
PDMS negative template, (e) the lotus-leaf-like super-hydrophobic PVC ﬁlm, (f) a single
magniﬁed papilla on the lotus-leaf-like PVC ﬁlm, (g) the microscope of smooth PVC ﬁlm,
and (h) water droplets on the as-prepared super-hydrophobic lotus-leaf-like PVC ﬁlm.
(Scale bar: (a, c and e) 20 μm, (b, d and f) 3 μm, (g) 2 μm).

functionalized silica, zinc oxide and indium tin oxide (ITO) nanoparticles in a methylphenyl silicone binder(as shown in Fig. 13).
Yang et al. [93] prepared a durable PTFE superhydrophobic ﬁlm
by the method shown in Fig. 14a, introducing ZnAc2 and NaCl into a
commercially available PTFE emulsion. On drying, baking and washing
with acetic acid, the PTFE ﬁlm produced from the emulsion had
both micro- and nanoscale surface porosities, and demonstrated
superhydrophobic properties, with a static contact angle N150° and a
slide angle b10°.
Parkin [94] used many different coating methods to create the
water-repellent surfaces, including an artist's spray-gun to coat hard
substrates such as glass and steel, dip-coating for cotton wool, and a syringe to extrude the paint onto ﬁlter paper. Water droplets tend to
bounce instead of wetting the surface, indicating that the surfaces
were superhydrophobic. During the self-cleaning tests of the surfaces
after oil (hexadecane) contamination, water droplets still formed “marbles” on the dip-coated surface (as shown in Fig. 14b), thus indicating
that the surfaces will retain their self-cleaning properties after being
contaminated.

3.2.4. Electrostatic spinning
Electrostatic spinning [8,78,97–99] method is the technology for the
preparation of micro-/nanoﬁber developed in recent years. It can obtain
polymer ﬁber with different morphology by controlling the ratio or concentration of spinning solution. Thus, this method is widely used in, and
especially suitable for large scale preparation of superhydrophobic
surfaces.
Ding et al. [100] reported superhydrophobic surfaces with ZnO
nanostructures obtained via electro-spinning. Before FAS coating, the ﬁbrous ZnO ﬁlms were superhydrophilic, showing a water contact angle
of 0°. After FAS coating, however, the ﬁbrous FAS coated ZnO (FZnO)
ﬁlms showed apparent superhydrophobicity with a water contact
angle up to 165° and a sliding angle down to 5°.
Jiang and Zhao et al. [4] prepared a bio-lotus-leaf self-cleaning
superhydrophobic ﬁlm with a novel composite structure consisting of
porous microspheres and nanoﬁbers. The porous microspheres contributed to the superhydrophobicity by increasing the surface roughness;
while nanoﬁbers interweaved to form a 3D network, binding the porous
micropheres, which reinforced the composite ﬁlm. Besides, PS ﬁlms
with different morphology could be obtained by adjusting the concentration of the starting solution. This method proposed a novel effective
method for low-cost, large-scale preparation of self-cleaning surface.
In another study, Jiang's group [101] reported the preparation of selfcleaning superhydrophobic polyaniline/polystyrene composite ﬁlms
which showed the similar lotus leaf-like micro/nanostructure by a simple electrospinning method. The prepared ﬁlm exhibited a network of
nanoﬁbers with many sub-micrometer-sized spheres distributed on
the substrate (Fig. 15a). A higher magniﬁcation image (Fig. 15b)
shows that the rough micro/nanostructure is composed of many
‘nanoknots’ connecting the nanoﬁbers together, as well as many nanoscale bumps observed on each sub-microsphere.
3.2.5. Self-assembly
Self-assembly [61,102–107] is another simple and inexpensive
method to prepare micro- and nano- dual-scale superhydrophobic surface structures with self-cleaning property, as well as the obtained
structures can be ﬁnely controlled. For example, Jiang et al. [108] prepared a conducting and superhydrophobic rambutan-like hollow
spheres of polyaniline (Fig. 16a) by means of a self-assembly method
in the presence of perﬂuorooctane sulfonic acid (PFOSA), which is
employed as a dopant and soft template. The water sphere formed on
a surface composed of the rambutan-like hollow spheres has a CA as
high as 162.5°, (Fig. 16b) which reveals the superhydrophobic nature
of the material. Importantly, the hollow spheres ﬂoat on the surface of
the water, and remain ﬂoating for several months because of their hollow and superhydrophobic characteristics. Xin et al. [109] fabricated an
artiﬁcial lotus leaf structure on cotton substrates via the controlled assembly of carbon nanotubes, which have been endowed with superhydrophobic properties –water contact angles greater than 150°.
As shown in Fig. 16c-f, Zheng et al. [110] used a layer-by-layer
(LBL) assembly method to create a novel poly(vinylpyrrolodone)/
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Fig. 10. (a) Photos of fresh ryegrass leaf and a condensed drop on it, (b) illustration of artiﬁcial structured surface fabrication process, (c) the micro-structure of artiﬁcial structured surface
and observation of unidirectional shedding-off of water on it.

poly(urushiol)-CuS multilayer micro- and nanoscale hierarchical
superhydrophobic ﬁlm with a water contact angle of 152°.
3.2.6. Gas (chemical/physical) vapor deposition
By making use of chemical vapor deposition (CVD) technique, Jiang
Lei et al. [111–113] fabricated a lotus-like ACNT ﬁlm on a silica substrate
with heterogeneous catalyst distribution. The CA on its surface is about
166°, and the SA is as low as about 3°, which should be attributed to the
arrays of nanostructure and microstructure on the surface. Lau et al.
[114] fabricated a stable superhydrophobic surface via synthesized carbon nanotube (CNT) template by chemical vapor deposition on a Fe-N
catalyst layer and then aligned CNTs coated with a zinc oxide (ZnO)
thin ﬁlm. Contact angle measurement reveals that the surface of the

ZnO-coated CNTs is superhydrophobic with water contact angle of 159°.
Teare et al. [115] synthesized a low surface energy super-hydrophobic
ﬁlm on the glass substrate via deposition of the 1 H,1 H,2 H,2 Hperﬂuorooctyl acrylate (H2C = CHCO2CH2CH2(CF2)5CF3, PFAC) plasma
polymer. Because of the deposition of well-deﬁned polymeric nanospheres spread on the ﬁlm, the water contact angle is about 168°
and rolling angle is less than 5°, indicating perfect self-cleaning and
superhydrophobic performances. Lau et al. [116] created a stable,
superhydrophobic surface using the nanoscale roughness inherent in a
vertically aligned carbon nanotube forest together with a thin, conformal
hydrophobic poly(tetraﬂuoroethylene) (PTFE) coating on the surface of
the nanotubes. The water contact angle on this surface is up to 170°,
and it also has a good self-cleaning ability. Jiang et al. [117] fabricated a

Fig. 11. Schematic illustration of the fabrication process of TiO2 hierarchical structures along with sol–gel-based nanoimprint lithography and hydrothermal growth.

M. Zhang et al. / Biotribology 5 (2016) 31–43

39

Fig. 12. Schematic representation of the fabrication process of lotus-leaf-like ZnO structures: (a) PDMS replication of fresh lotus leaf, (b) replicated PDMS mold (c) soft imprint on ZnO sol
ﬁlm, (d) imprinted ZnO sol–gel ﬁlm, (e) crystallized ZnO ﬁlm after calcination, (f) lotus-leaf-like ZnO micro-/nanostructures after hydrothermal reaction.

superhydrophobic ZnO thin ﬁlm by the Au-catalyzed chemical vapor deposition method. The surface of the ﬁlm exhibits hierarchical structure
with nanostructures on sub-microstructures. The ﬁlm was attached tightly to the substrate, showing good stability and durability. And the water
contact angle (CA) was 164.3°.
Taking candle soot as a template, Guan et al. [118] created a robust
and antireﬂective polydimethylsiloxane (PDMS) superhydrophobic
surface by the technique of CVD at a high temperature. Because of no organic solutions or chemical modiﬁcation, this scheme is environmentally friendly and efﬁcient method. Though a CVD process at a high
temperature, the candle soot template is oxidized and porous structures
is easily obtained without damaging the low surface energy. The surfaces with 7.2 mg PDMS have a WCA of 157° and a SA of 3°, as well as
a ~ 1.2% higher average transmittance than the bare glass slides in the

visible range (400-800 nm). This result is very ideal compared to the
other reported similar template methods. [119–122] The photographs
of candle soot coated glass and antireﬂective superhydrophobic glass
prepared by CVD of PDMS were shown in Fig. 17. Compared to candle
soot (Fig. 17b) that has a diameter of ~ 60 nm, the CVD particles prepared with 7.2 mg cured PDMS have a smaller size of ~ 30 nm
(Fig. 17e) and the thickness decrease from ~ 20 mm to less than
300 nm. What is more is that, the candle soot coated surfaces after
CVD of PDMS at 370 °C could keep the superhydrophobicity even after
the soot removed by water ﬂow impact, meaning the adhesive force
of the surfaces was enhanced and chemical bonds have been formed
among the CVD particles and between the slides and CVD particles.
Although, the operation process of this method is simple and the
binding force between ﬁlm and substrate is stronger, its high cost
limit it only suitable for fabrication of some special materials.
4. Conclusions

Fig. 13. (a) SEM micrograph of ITO nanoparticle coatings on glass substrates, and (b) water
droplets deposited on glass, polycarbonate, and PMMA with ITO nanoparticulate coatings
exhibiting superhydrophobicity and high visible transmittance. (Scale bar: (a) 10 μm).

In conclusion, both of multi-scale roughness and low energy waxes
are responsible to the superhydrophobic and self-cleaning properties
of bio-lotus-leaf surfaces. It is clear that the intrinsic hierarchical
rough structure is a more essential role of them. In addition, the nanoscale hair-like structure plays a more important role in the aspect of
self-cleaning property of the lotus leaf. And then we brieﬂy summarized
and discussed the conventional self-cleaning methods. We categorize
recent progress in this area into two aspects as the technologies of constructing hierarchical roughness structure onto the hydrophobic surfaces and the technologies of coating low energy materials onto the
rough surfaces.
Enormous amounts of researches on superhydrophobic selfcleaning surfaces based on the surface micro/nanomorphologies of
bio-inspired lotus leaf have been successfully carried out on the small
scale in the laboratory. And numbers of self-cleaning products have
been commercialized in ﬁelds of self-cleaning windows, windshields,
exterior paints for buildings and navigation of ships, utensils, roof
tiles, textiles, solar panels, and applications requiring a reduction of
drag in ﬂuid ﬂow, e.g., in micro/nanochannels. However, such surfaces
are mechanically weak and even stop functioning when exposed to
oil. They would be ineffective when applied on the large scale due to
several reasons. Therefore, further research for the preparation methods
is needed to obtain superhydrophobic surfaces with better self-cleaning
performance. We hope that this review article should provide a useful
guide for the development of self-cleaning surfaces.
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Fig. 14. (a) A schematic of superhydrophobic PTFE ﬁlm preparation, (b) Self-cleaning tests after oil-contaminations of the surface.
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Fig. 15. Composite PS ﬁlms prepared by electrohydrodynamics (EHD) technique. (a)-(c):
SEM images of the prepared PS ﬁlms. (d) Water droplet on the ﬁlm (CA = 160.4°). (e) SEM
image of an electrospun PANI/PS composite ﬁlm with lotus-leaf-like structure prepared
from a 3.72 wt.% PS: ABSA/DMF solution; (f) Magniﬁed view of a single sub-microsphere
from (e). (Scale bar: (a-b) 10 μm, (c and e) 1 μm (f) 100 nm).

Fig. 16. (a) SEM image of the rambutan-like hollow PANI spheres, inset: a photograph of a
rambutan, b) Shape of a water droplet on a surface of the rambutan-like PANI hollow
spheres; (c) SEM images of the superhydrophobic (PVP/PU-CuS)8 ﬁlm. Inset: magniﬁed
view of PU-CuS particles in (c), (d) The cross-sectional SEM image of the
superhydrophobic (PVP/PU-CuS)8 ﬁlm, (e)the CA of water on the (PVP/PU-CuS)8 ﬁlm,
and (f) some water droplets on the (PVP/PU-CuS)8 ﬁlm. (Scale bar: (a) 100 nm, (c-d)
1 μm).
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Fig. 17. (a) Schematic illustration for preparing the superhydrophobic Surfaces, (b and d) photographs of the candle soot coated glass and antireﬂective superhydrophobic glass prepared
by CVD of 7.2 mg cured PDMS, on which water droplets and ink droplets deposited, and (c, e) SEM images of the candle soot, the superhydrophobic surfaces prepared by CVD of 7.2 and
9.2 mg cured PDMS. (Scale bar: (c) and (e) 1 μm).
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