
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 8
:1

7:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Robust superhyd
School of Chemistry, Beihang University, Xu

100191, China. E-mail: zhengym@buaa.edu

† Electronic supplementary informa
10.1039/c7ra09016a

Cite this: RSC Adv., 2017, 7, 44234

Received 15th August 2017
Accepted 31st August 2017

DOI: 10.1039/c7ra09016a

rsc.li/rsc-advances

44234 | RSC Adv., 2017, 7, 44234–442
rophobic coatings with micro-
and nano-composite morphology†

Jitong Li, Lei Zhou, Nan Yang, Chunlei Gao and Yongmei Zheng *

A robust superhydrophobic coating (SC) surface can be fabricated by the sol–gel processing of long-chain

3-methacryloxypropyltrimethoxysilane and fluorosilanization by CVD. The SC surface is formed with

a unique micro- and nano-composite morphology similar to that of a lotus leaf. As a result, it displays

strong liquid repellency (e.g., water, brine, acidic solutions). In particular, the SC on a glass surface

displays high transmission of light, robust UV durability, weather resistance, strong binding adhesion, and

excellent scratch-resistant properties.
Superhydrophobic coatings have received increasing attention
in basic and applied research in important areas, e.g., self-
cleaning,1–4 antifogging and snow prevention,5,6 anticorrosion
and corrosion resistance,7,8 anti-icing,9–12 and others.13,14 As is
well known, many surfaces of plants and animals (e.g., lotus
leaf, water strider legs, buttery wings) have superhydrophobic
properties, attributed to roughness and to waxes present on the
surfaces15,16 and to cooperation between micro- and nano-
structures.17,18 To obtain superhydrophobic coatings, a range of
methods have been developed, e.g., dip-coating,19,20 sol–gel
process,21,22 chemical etching,23,24 spin-coating,25,26 plasma
treatment,27 electro-spinning,28,29 and layer-by-layer (LBL)
assembly;30,31 thus some signicant advances have been made.
For instance, Mahadik et al.21 demonstrated a simple dip
coating method for the preparation of superhydrophobic lms
on a glass substrate at room temperature by the sol–gel process.
Seo et al.32 created a transparent superhydrophobic coating
through the use of silicone oil and controlled combustion.
Wang et al.33 fabricated a stable bionic superhydrophobic
surface by immersing a copper plate into a solution of fatty acid.
Zheng et al.34 used the chemical vapor deposition method to
prepare a polyvinylidene uoride (PVDF) coating with smooth
and regular surface structures, and then treated it with NaOH
solution and nally fabricated the super-hydrophobic surface.
Givenchy et al.35 treated a rough PDMS surface with sulfuric acid
or hydrouoric acid, and then combined it with a per-
uorinated molecular membrane to obtain a super-
hydrophobic surface. Ye et al.36 constructed a uorine-free
and cost-effective superhydrophobic surface with normal-
alcohol-modied hydrophobic SiO2 nanoparticles. Up to now,
eyuan Road 37, Haidian District, Beijing,

.cn

tion (ESI) available. See DOI:

38
it still remains challenging to address problems such as UV
durability and strong binding adhesion.

Here, we present a kind of superhydrophobic coating (SC) that
can be fabricated by the sol–gel processing of long-chain
3-methacryloxypropyltrimethoxysilane and uorosilanization by
CVD. It was found that the SC surface can be formed with
a unique micro- and nano-composite morphology similar to that
of a lotus leaf. We further demonstrate that the SC surface display
strong liquid repellency (e.g., water, brine, acidic liquids), in
addition to the high transmission of light, robust UV durability,
weather resistance, strong binding adhesion and excellent
scratch-resistant properties. The study is signicant for the
design of coatings that can be extended to applications such as
self-cleaning, anti-abrasion, anti-corrosion, and water-proong.

In this study, silicon dioxide was combined with 3-meth-
acryloxypropyltrimethoxysilane by sol–gel processing and uo-
rosilanization by CVD to prepare the superhydrophobic
coatings on glass. Silica is a material with good compatibility
with stone and it has good acid resistance. A large number of
hydroxyl groups exist on the porous inner surface of the nano-
silica coating, which is the cause of the hydrophilicity of
nano-silica. Therefore, the reactive hydroxyl groups are replaced
through the surface modication process, which is a way to
achieve the hydrophobicity of the coating. It is known that
superhydrophobic surfaces are made up of multilevel rough
surfaces with micro/nano structures combined with low surface
energy material (e.g. waxy crystals). It has been proved that the
coexistence of surface roughness and low surface energy
material are prerequisites for achieving super-
hydrophobicity.18,37 From the main inuencing factors of
surface wetting, herein, the surface roughness is increased and
the surface energy is lowered to enhance the hydrophobicity of
the surface.

In view of the inuence of the chemical components of the
surface on the wettability, elemental analysis of the SC surface
was carried out using X-ray photoelectron spectroscopy (XPS).
This journal is © The Royal Society of Chemistry 2017
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In the XPS spectrum, the abscissa represents the binding
energy of each element and the ordinate denotes the intensity of
the photoelectrons. Different atoms have their characteristic
binding energies; the elemental composition of the surface and
the state of existence of each element can be determined
according to the location of the peaks in the XPS diagram.
Fig. 1a shows the broad XPS spectrum of the SC surface. Note
that the obtained binding energies of 102.1, 290.5, 520.7, and
691.2 eV denote the existence of Si, C, O, and F, respectively. The
relative mass fractions (atomic%) are 19.95%, 25.69%, 40.40%,
and 13.96%, respectively. The C 1s peak is attributed to the C–H
bonds in the –CH2– and –CH3 groups. O 1s is clearly the C–O
bond, and the Si 2p peak is consistent with the binding energy.38

The inset shows the high-resolution XPS spectrum of F 1s, with
the characteristic absorption peak of uorine at 691.2 eV. The
characteristic C 1s peaks at 289.1 and 292.2 eV are attributed to
CF2 and CF3, respectively, which is consistent with the compo-
nents of FAS (C16H19F17O3Si).

Themicrostructure of the SC surface was observed by scanning
electron microscopy (SEM). Fig. 1b and c show the SEM images of
the SC surface, which is composed of nano-scaled protrusions and
nanoparticles in the range of 40–100 nm. The granules are
dispersed on the surface to form the nano-structure. Micro-level
aggregates also exist, which is due to the fact that a proportion
of the nano-silica particles are reunited in the spraying and heat
curing process. The image conrms that there is little porosity in
the microstructure of the polymer, which indicates that the uo-
rinated precursor is well mixed within the polymer matrix and
many of the particles are cross-linked together. Fig. 1d and e show
the two- and three-dimensional atomic force microscopy (AFM)
images of the SC surface, respectively. The scanning region is 5 mm
� 5 mm and the Z-axis has a maximum protrusion of 192.1 nm
(Fig. 1d). The AFM analysis indicates roughness with a root mean
square (RMS) of 77.8 nm (Fig. 1e). Many large humped structures
exist on the surface of the coating, resulting in a further increase
of the roughness.
Fig. 1 (a) XPS spectrum of SC surface. The inset is a high-resolution F
1s spectrum of the coating, where “F” refers to FAS. (b, c) SEM images
of SC surface. (d, e) 3D and 2D AFM images of SC surface. (f) Analysis of
AFM in the average roughness (Ra ¼ 95.21 nm) of the linear region
corresponding to (e).

This journal is © The Royal Society of Chemistry 2017
The surface is mainly composed of closely packed nano-
particles and scattered dense hill-shaped bulges, indicating
that the coating has a lotus-like micro–nano-structure. This
special structure gives the coating superhydrophobic proper-
ties. Fig. 1f shows the uctuated height graph of a linear region
in the AFM image (Fig. 1e). Analysis indicates an average
roughness (Ra) of 95.21 nm. Combining low surface-energy
material with dual-scaled (micro and nano) surface roughness
is essential for superhydrophobic surfaces.17

It is known that a larger contact angle is related to the better
hydrophobicity of a surface with low surface energy and high
geometric roughness. According to the Wenzel equation:39

gLA cos qu¼ r(gSA� gSL), where qu is the apparent contact angle
of the liquid on a rough surface; gLA, gSA, and gSL are tensions of
the liquid–air, solid–air, solid–liquid interfaces, respectively;
and r is the roughness of the surface. The high roughness
makes the hydrophobic surface more hydrophobic for a low
surface-energy material surface. Wettability was examined on
the SC surface, where the static water contact angle on the glass
substrate was 161.2�, the brine contact angle was 151.3�, the
contact angle of CH2Cl2 : H2O in a molar ratio of 1 : 20 was
155.2�, and the contact angle of CH2O2 : H2O in a molar ratio of
1 : 20 was 147.4� (see insets of Fig. 2a–d, photos of droplets).
The liquid repellence can be observed subsequently on the SC
surface. Fig. 2a shows the water droplet bouncing process on
the SC surface. The water droplet completely rolls off the surface
without wetting, showing outstanding water repellence and
indicating that the surface is superhydrophobic. Correspond-
ingly, we also carried out the droplet bounce experiments for
brine (Fig. 2b), CH2Cl2 : H2O in a molar ratio of 1 : 20 (Fig. 2c)
and CH2O2 : H2O in a molar ratio of 1 : 20 (Fig. 2d). It can be
seen that the four droplets have similar bounce properties (see
ESI Movies S1–S4†). Among them, the water and brine droplets
bounce very high, and can be separated from the surface and
have a second bounce, unlike the CH2Cl2 and CH2O2 droplets
(Fig. S2, see ESI Movies S5 and S6†). Although their surface
tension increases when they are mixed with water at a molar
ratio of 1 : 20, they also can achieve bouncing. The adhesion of
Fig. 2 (a–d) Bouncing on SC surface (insets are photos of droplets like
balls). (e) Transmittance spectra of SC surface. (f) SEM image of SC
surface with thickness of 3.7–3.8 mm. (g) Optical image of water
droplet (blue), NH3$H2O (yellow) and glycerol (red) on the coating. (h, i)
Self-cleaning properties of SC surfaces.
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the surface can be estimated by observing a droplet sliding off
the surface. A 5 mL water droplet was placed on the SC surface
and the surface was slowly inclined. A sliding angle of �4� was
observed for the water droplet (Fig. S3, and see also ESI Movie
S7†). It can be estimated that the SC surface has the very low
adhesive force of 31.9 mN, so that the water droplet can easily
roll away. In addition, we also tested the adhesion of ammonia
and glycerol, i.e., 41.8 mN and 51.1 mN, respectively.

To demonstrate the SC in the visible spectrum, we prepared the
coating at a thickness of 330 � 40 nm on a glass substrate. The
wavelength of the light in the test was in the range of
400–1500 nm. As shown in Fig. 2e, the transmission of light in the
visible range of the spectrum is �90%. Fig. 2f shows the cross
section of the coating; the thickness of the coating is about
3–4 mm. Fig. 2g shows optical images of droplets on the SC surface.
Blue dye represents water droplets, yellow dye is NH3$H2O, and
red dye is glycerol. The SC on glass would be higher transparency.
It demonstrates that the size of the SiO2 particles, the thickness of
the coating and the SiO2 content% can be optimized to achieve the
excellent transparency of the coating (see Fig. S4 and 5†).

Self-cleaning performance is one of the most important
properties of superhydrophobic coatings, and is crucial for
some applications.40–42 In order to characterize the self-cleaning
performance, contaminant powders were uniformly spread on
the SC surface and bare glass. The self-cleaning process is
shown in Fig. 2h, where water droplets can easily roll off the
inclined surface. Aer several cycles, the water droplets adsorb
the contaminants completely and leave the self-cleaning
trajectory (see ESI Movie S8†). Fig. 2i shows the dye removal
at the oil–solid–vapor interface; water droplets are dropped onto
the surface and remove the dirt both in the air and in the oil.
The SC surface exhibits excellent self-cleaning performance (see
ESI Movie S9†).

Wettability was examined by water contact angles with
different droplet sizes. Fig. 3a shows that the contact angle
Fig. 3 (a) Contact angle changes with different droplet sizes. (b) Water
contact angles of SC surfaces at different ultraviolet aging times of 15,
30, 90, and 150min. (c) Water contact angles of SC surface at different
aging times of 2, 4, 6, 8 and 10 days in the outdoor haze environment.
(d) The contact angle varies with the ratio of formic acid to water.

44236 | RSC Adv., 2017, 7, 44234–44238
changes with droplet size. The contact angle exhibits a down-
ward trend when the water droplet becomes larger. However, all
the contact angles are in excess of 150� and the coating has
excellent hydrophobicity. Fig. 3b shows water contact angles of
the SC surface at different ultraviolet aging times of 15, 30, 90,
and 150 min. The contact angle does not change signicantly
with increasing UV exposure time (the experimental wavelength
range is 320–450 nm), indicating that the coating can stably
maintain its superhydrophobicity. Fig. 3c shows the water
contact angles of the SC surface at different aging times of 2, 4,
6, 8, and 10 days in the outdoor haze environment. The contact
angle of water remained above 150� for over 10 days, demon-
strating the superhydrophobicity of the surface. In addition, the
coating also shows high resistance against droplets in the
outside environment, high temperature, and acidic conditions,
etc. (Fig. S6†). Fig. 3d shows that the contact angle varies with
the ratio of formic acid to water. When the formic acid drops on
the SC surface, it presents a hydrophilic state. However, when
the formic acid droplets are mixed with water, and then drop-
ped on the SC surface, it shows a state of hydrophobicity. In
addition to formic acid, similar phenomena were observed with
acetic acid, dichloromethane, cyclohexane and n-hexane. The
surface tension of water is 72.8 mNm�1 and the surface tension
of organic liquids is less than that of water. At room tempera-
ture, most of the liquid surface tensions are in the range of 20–
40 mN m�1. From the photos in the insets (Fig. 4e), it can be
seen that when the surface tension of the gas–liquid interface
increases, the contact angle increases correspondingly.
Thereby, as the surface tension increases, the contact angle
increases when adding different proportions of water to formic
acid.

Abrasive resistance is an important measure of the
mechanical strength of the coating and is also one of the
important indexes indicating the performance of the
coating.43–45 In general, superhydrophobic coatings are not
mechanically stable, owing to their high surface roughness, and
Fig. 4 (a–c) SEM images after 50 cycles of sandpaper abrasion friction
on the SC surface with magnification of (a) 40 000�; (b) 50 000�; and
(c) 70 000�. (d) The EDS spectrum of the elements contained in SC. (e)
Water contact angles after abrasion (inset images show corresponding
water contact angles).

This journal is © The Royal Society of Chemistry 2017
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they are susceptible to damage frommechanical friction. In this
experiment, we used Dynasylan MEMO to combine with the
substrate better in the ultraviolet curing conditions, which
improved the wear resistance. In order to verify the abrasive
resistance of the SC, we rubbed the superhydrophobic surface
with sandpaper. Fig. 4a–c show the SEM images of the SC
surface aer 50 sandpaper abrasion cycles. The surface shows
a network-like structure and the interior is still lled with voids
(Fig. 4c). A large number of micropores and protrusions remain
on the surface. The analysis of the elemental content in SC aer
friction is shown in Fig. 4d, where the major chemical elements
contained in the coating did not change aer rubbing. Aer 50
sandpaper abrasion cycles, the contact angle of the SC surface
was maintained at about 146�, indicating the excellent hydro-
phobicity of the coating (Fig. 4e). The micro–nanostructure
helps the coating to remain superhydrophobic. In addition, the
hardness of the coating was also tested by the pencil hardness
method, which showed a hardness of 1H.
Conclusions

In conclusion, we have successfully fabricated a super-
hydrophobic coating (SC) that is robust, scratch-resistant, self-
cleaning, and optically transparent. The SC surface exhibits
a rough, wrinkled, hill-like surface morphology, and the liquid
droplets (e.g., water, brine, acidic liquids) present a spherical
shape, along with a high contact angle and low sliding angle,
rebounding upon the SC surface. Various droplets of water,
brine, and acidic liquids can bounce upon the SC surface, which
displayed strong liquid repellency. Light transmission can be
induced on SC over glass. In particular, the coating shows
a high resistance against droplets, strong binding adhesion,
and durability against UV and the outside environment. It
opens a new way to design coating materials that can be
extended to practical applications in elds such as self-
cleaning, anti-abrasion, anti-corrosion, and water-proong.
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