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scratch & heat resistant
superhydrophobic SiO2 surface with self-cleaning
and semi-transparent performance

Xiaolu Zhao,a Ji Li, *a Qiao Li,a Liang Qiao,b Lei Zhang,a Zhu Liua

and Chunhui Yang a

Herein, we report the fabrication of a superhydrophobic surface with a new and effective silica

nanocomposite. A facile synthesis was developed by spraying the as-prepared silica suspension on

a glass substrate, where the SiO2 nanoparticles were composed of methylated aerogel particles wrapped

by hydroxyl-terminated polydimethylsiloxane (PDMS). Three types of methylated silica aerogel

nanoparticles with different surface roughness and porosities were prepared using specific precursors

and methylation agents. The coating of the silica aerogels (sodium silicate and trimethylchlorosilane)

wrapped in PDMS was exceptionally superhydrophobic with a superior water contact angle of 169.80 �
3� and a sliding angle of less than 4�. The semi-transparent coating maintained its excellent water

repellency at 350 �C for least 4 h and exhibited durable superhydrophobic properties for 6 months at

ambient conditions. Additionally, the coating also showed good mechanical stability and remarkable self-

cleaning behaviour.
1. Introduction

Superhydrophobic surfaces, with a water contact angle greater
than 150� and a sliding angle (the difference between the
advancing and receding contact angles) of less than 10�,1 have
received increasing attention from both academic and practical
elds such as self-cleaning,2,3 anti-corrosion,4,5 oil-water separa-
tion,6,7 and anti-icing.8,9 The prevalent fabrication approaches for
superhydrophobic surfaces include etching,10 physical/chemical
vapour deposition,11,12 electro-spinning,13 nano/microparticle
assembly,14,15 the template method,16 magnetron sputtering17

and hot-pressing.18 However, problems remain for most of these
methods such as high-energy consumption and the need for
expensive and sophisticated instruments. Additionally, expensive
poisonous agents (uorinated components) were used to achieve
superhydrophobic surfaces in many studies.19–21 Compared to
uorosilanes, PDMS not only has low surface energy but is also
less toxic, cheaper, thermally stable and durable than many
polymers, suggesting that PDMS may serve as both a structural
precursor and a raw modifying material.22,23 Due to its low
intrinsic surface energy and moldability, many kinds of nano-
materials and polymers such as ZnO,24 carbon nanowalls25 and
epoxy resin26 were doped with PDMS. Due to suitable preparation
process, controllable particle size and good reactivity with
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13
organic groups, SiO2 nanoparticles are the most widely applied
materials in superhydrophobic surfaces.27,28 Because the aggre-
gation of nanoparticles results in multi-scale roughness and
PDMS provides good hydrophobicity with non-polar –CH3

groups, the composites containing SiO2 nanoparticles and PDMS
have attracted much attention in recent decades. Few papers
investigating the thermal and mechanical stabilities of durable
superhydrophobic coatings on glass have been reported, which
constraints wide applications of superhydrophobic coating.

Herein, silica aerogel/PDMS composites were synthesized
using a typical sol–gel method and subsequent PDMS chemical
modication. Interface adhesive (Qsil 216) was used to enhance
the adhesion between the superhydrophobic coating and the
glass substrate. The preparation was simple and scalable by
spraying Qsil 216 and silica aerogel/PDMS composites in order.
The semi-transparent superhydrophobic coating was found to
be self-cleaning and durable with excellent thermal and
mechanical stabilities.
2. Results and discussion
2.1 Surface morphology and chemical composition

Fig. 1 shows a schematic illustration of the superhydrophobic
coating. MSA possessed great quantities of non-polar groups
(–CH3), but it was difficult to form pure MSA coating on the
glass base due to the weak cross-linking interaction. It has been
recognized that PDMS with high viscosity and low surface
energy has good connectivity for its end hydroxyl groups and
long polymer chains, which are exible and rotatable. Thus, P-
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic of the chemical composition of MSA and P-MSA and
the micromorphology of the superhydrophobic coating.

Fig. 3 FTIR spectra of (a) MSA-I, (b) P-MSA-I, (c) MSA-II, (d) P-MSA-II,
(e) MSA-III, and (f) P-MSA-III coatings.
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MSA exhibited stable and controllable morphology and over-
came the fragile features of MSA.

Fig. 2 shows the presence of rough micromorphology.
Comparing Fig. 2(a), (d) and (g) with Fig. 2(b), (e) and (h),
respectively, it was found that the aerogel particles modied by
PDMS stacked more intensely and irregularly, implying that the
coatings possessed better lm-formation properties than
before. As seen in Fig. 3(a), (d), and (g), whether or not TMCS or
HTMS was added, the particles aggregated more seriously and
even became indistinguishable due to the presence of a silane
coupling agent. As shown in Fig. 2(b), (e) and (h), the P-MSA-II
sample exhibited the most serious aggregation and the smallest
porosity. It was speculated that the residual hydroxyl groups on
the surface of MSA-II were more than those on MSA-I and MSA-
III because of the vigorous hydrolysis of TMCS.

As we know, the hierarchical micro/nanoscale structure on
the surface is essential for superhydrophobic coatings besides
chemical composition with low surface energy.29 This was ach-
ieved by pores, clusters of silica aerogel bulks and silica aerogel
particles, which are marked in Fig. 2(b), (d) and (e), respectively.
The globular entities and pores were less than 300 nm in
diameter, whereas the sizes of the clusters of silica aerogel bulk
were approximately more than 1 mm in the micron level.
Notably, globular entities were coarse and composed of small
mastoid nanoparticles. The three-dimensional micromorphol-
ogies of P-MSA-I, P-MSA-II and P-MSA-III coatings obtained
using AFM are shown in Fig. 2(c), (f) and (i), respectively, and
these results conrmed the existence of a hierarchical micro/
nanoscale structure, corresponding to previous analysis
results based on SEM images.

FTIR spectra showed the functional groups of different aer-
ogels before and aer PDMS modication (Fig. 3). The peak at
Fig. 2 SEM and AFM images of (a) MSA-I, (b) and (c) P-MSA-I, (d) MSA-
II, (e) and (f) P-MSA-II, (g) MSA-III, and (h) and (i) P-MSA-III coatings.

This journal is © The Royal Society of Chemistry 2018
2960 cm�1 was related to the –CH3 groups, and the broad band
centered at 3400 cm�1 was ascribed to O–H stretching in the Si–
OH groups. The bands located at 1103, 953, and 801 cm�1 were
associated with the Si–O–Si asymmetric bond stretching vibra-
tion, the Si–OH stretching vibration, and the network Si–O–Si
symmetric bond stretching vibration, respectively.16,30 It was
clearly observed that many hydroxyl groups remained in three
nanocomposites due to the modication of PDMS. Additionally,
the intensity of the peaks corresponding to the methyl group
increased. PDMS, which was loaded with many methyl groups,
provided good hydrophobic properties. Most importantly,
PDMS provided many abundant hydroxyl groups due to which
the coatings possessed good adhesion with substrates such as
glass and paper.
2.2 Static and dynamic wetting properties of three coatings

As shown in the lower-le corner of Fig. 2(b), (e), and (h), it is
clear that the water droplets adopted a perfect ball shape, which
implied excellent superhydrophobicities of the corresponding
coatings. Furthermore, the hydrophobicities of the three P-MSA
coatings are quantitatively shown in Table 1 including
advancing angle, receding angle and contact angle. The water
contact angles of the three samples were higher than 150�. The
results were consistent with the droplet shapes in Fig. 2(b), (e),
and (h). It was speculated that the superhydrophobic property
resulted from the synergistic effect of MSAs and PDMS. On the
one hand, nanoparticles tended to agglomerate due to high
surface area and surface energy. The inter-particle forces within
Table 1 WCA and sliding angle of P-MSA coatings

Coatings qCA qAdv qRec

P-MSA-I 160.81 � 4� 169.80 � 3� 166.18 � 3�

P-MSA-II 163.28 � 5� 165.80 � 3� 155.96 � 3�

P-MSA-III 165.75 � 3� 169.36 � 3� 162.37 � 3�

RSC Adv., 2018, 8, 25008–25013 | 25009
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Table 2 The naming, precursor and methylation agent of methylated
silica aerogels (MSAs)

Silica aerogels Precursor Methylation agent

MSA-I Sodium silicate TMCS
MSA-II TEOS TMCS
MAS-III TEOS HMDS

Fig. 5 Schematic of the abrasion test employed to evaluate the
robustness on the superhydrophobic coating.
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the agglomerates originated from van der Waals, capillary, and
electrostatic forces.31 MSAs, made up of aggregated nano-
particles, provided a multi-scale hierarchical structure with
granular bulges and pores, which could trap sufficient air
pockets on the rough interstices between liquid and solid.16

Therefore, the water drop could remain on the layer of air with
minimum solid fraction in contact. On the other hand, the
guest phase (MSAs) was uniformly and completely coated by the
host matrix (PDMS) (Fig. 2), which gave rise to the enhancement
of hydrophobic methyl groups (Fig. 3). The contact angle
hysteresis (qCAH¼ qAdv� qRec) was less than 10� among the three
samples and thus, the droplets could easily slide away from the
coating. This resulted in the non-continuous solid/liquid/gas
three-phase contact line. The spherical droplets on the surface
of the superhydrophobic coatings showed Cassie–Baxter's state
with almost no sticking towards the surface.32 Furthermore,
these superhydrophobic coatings were intact under normal
circumstances for a period of more than 6 months.
2.3 Self-cleaning properties

Alternative surfaces that clean themselves by water ow are
known as self-cleaning surfaces. Especially on super-
hydrophobic surfaces, the accumulated dust particles can be
easily washed off by rolling water drops.33,34 The self-cleaning
property of the superhydrophobic P-MSA-I coating was veri-
ed, as shown in Fig. 4. The P-MSA-I coating was contaminated
at rst by dust particles, as shown in Fig. 4(a). A hanging droplet
of nearly 15 ml was produced from a syringe and slowly dragged
on the dust-accumulated area. The droplets effectively collected
the dust particles while rolling on the surface rapidly due to the
extremely low sliding angle.
2.4 Abrasion resistance stability

Objective comparison of the abrasion resistance of super-
hydrophobic surfaces has been hampered by the lack of
a single, standardized test method.35 There are many methods
to analyse the mechanical properties of superhydrophobic
coatings including the pencil hardness test, the sandpaper test,
the scotch tape test, and the water drop/jet impact test.36–38 The
Fig. 4 Optical images of (a) the heavily dusty surface and (b) the self-
cleaned surface of the superhydrophobic P-MSA-I coating.

25010 | RSC Adv., 2018, 8, 25008–25013
methodology illustrated in Fig. 5 was applied. Sand paper (800
mesh) served as an abrasive surface, and the P-MSA-I coating
was tested facing this abrasive material. While a pressure
(�2178 Pa) was applied vertically to the glass, the glass slide was
moved in one horizontal direction. The advancing contact
angle, receding contact angle and hysteresis changes of the
coating were then measured aer abrasion (10 cm in abrasion
length), as shown in Fig. 6.

The pure P-MSA-I coating showed poor mechanical stability,
and the superhydrophobic surface was damaged completely
aer two abrasion cycles. However, the P-MSA-I/Qisl 216 surface
remained superhydrophobic aer going through at least four
abrasion cycles. Even so, the contact angle hysteresis was less
than 10�, which indicated that a small loading of Qsil 216 on the
glass has better durability against mechanical force. PDMS,
a so polymer, could be easily scratched away from the surface.
Thus, the optimum material should be obtained between the
inorganic phase basement and the polymer to achieve improved
mechanical stability of the coating, which in our case was the
coating prepared by the addition of Qsil 216 on the surface of
the basement.

It is well-known that glass is a dense silicate material with
extremely poor conductivity; the chemical composition and
surface texture are different from those of metal and fabric. As
a result, many polymers cannot be integrated with glass
substrates by electrostatic interaction or molecular diffusion.
Due to the presence of many activated functional groups, such
as –Si–OH groups, in the curing process, rm adhesion can
Fig. 6 The effect of the sand paper abrasion cycle on the advancing
contact angle, receding contact angle and contact angle hysteresis in
(a) the absence of Qsil 216 and (b) the presence of Qsil 216.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Optical images of water droplets on the glass coated by the P-
MSA-I/Qsil 216 composite after high temperature calcination for 4 h.
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occur because of strong intermolecular forces and chemical
bonds between the adhesive and glass. Additionally, P-MSAs
can adhere well on the surface of Qsil 216, indicating that the
adhesive has lower surface tension than PDMS, which is more
propitious to wetting the surface of glass.

2.5 Optical transparency

As shown in Fig. 7, pure glass transmission was about 85% in
the visible range from 350 to 770 nm. When P-MSA-I was coated
on the glass, the transmission decreased to 72%. Even when the
P-MSA-I/Qsil 216 composite was coated, the transmission
decreased to 60%, which was 70.95% of the pure glass trans-
mission. The semi-transparent superhydrophobic glass met
most of the requirements for practical applications.

2.6 Thermal stability

The thermal stability was tested at the gradient of 50 �C from
150 �C to 400 �C, and the tests were carried out at a rate of
10 �C min�1 under air atmosphere for 4 h under ultimate
temperature. From Fig. 8, it can be observed that the coating
maintained superhydrophobic features up to 350 �C. At 400 �C,
the local area of the P-MSA-I coating became hydrophilic. It was
speculated that the continuous high-temperature conditions
resulted in the loss of weight and therefore caused irreversible
damage to the microstructure. The effects of temperature on the
advancing contact angle, the receding contact angle and the
contact angle hysteresis are shown in Fig. 8. The coating
possessed excellent superhydrophobic features (qAdv, qRec $

155�) and remarkable self-cleaning properties (qCAH # 10)
(Fig. 9).

3. Experimental
3.1 Materials

The compounds used were hydroxyl-terminated poly-
dimethylsiloxane (PDMS, AR, M ¼ 1000, Guangzhou Juchengz-
haoye Organalsilicon Material Co. China),
Fig. 7 Optical transmission spectra of pure glass, the glass coated by
P-MSA-I and the glass coated by P-MSA-I/Qsil 216 composite.

This journal is © The Royal Society of Chemistry 2018
tetraethylorthosilicate (TEOS, AR, Tianjin Kermel Chemical
Reagents Co. China), and Qsil 216 (ACC-SILICONS). Other
reagents were supplied by Xilong Chemical Co., China and used
as received including dimethylfumarate (DMF, AR), toluene
(AR), isopropyl alcohol (AR), acetone (AR), sodium silicate (AR),
trimethylchlorosilane (TMCS, AR), hexane (AR), hexamethyldi-
silazane (HMDS, AR), NH3$H2O (1 mol ml�1) and hydrochloric
acid (HCl, 1 mol ml�1).
3.2 Preparation of methylated silica aerogel (MSA)

Ten g TEOS was hydrolysed and polymerized in a solution of
22.08 g ethanol, 2.59 g water and 0.3 ml HCl for 4 h at 85 �C.
Then, 9.8 ml NH3$H2O and 1.58 g DMF were dripped into the
above-mentioned solution and gelled for 8 h at 35 �C. The gel
was aged further to strengthen the gel network and resist
collapse during ambient drying by a two-pot method. A 50 ml
EtOH/H2O solution (4V% : 1V%) was added into the above-
mentioned solution and kept for 12 h and then, the 50 ml
EtOH/TEOS solution (4V% : 1V%) was added and kept for 24 h.
The as-prepared silicon aerogel was named as SA.

To obtain methylated silicon aerogel, methylation agents
including TMCS/hexane (15V% : 85V%) or HMDS/hexane
Fig. 9 The effects of temperature on the advancing contact angle, the
receding contact angle and the contact angle hysteresis.

RSC Adv., 2018, 8, 25008–25013 | 25011
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(15V% : 85V%) solutions were added in SA with strong stirring for
12 h. Subsequently, solvents were rinsed by 50 ml ethanol and
hexane (4V% : 1V%) 4 times at 50 �C and then thoroughly dried
from 60 to 160 �C at a rate of 20 �C every 4 h; the obtained
aerogels were named as “MSA-II” and “MAS-III”.

Additionally, for the MSA-I sample, silicon sol was obtained
by the ion exchange method using sodium silicate as the silicon
source, and the subsequent procedures were similar to those of
the others.

3.3 Preparation of methylated silica Aerogel/PDMS
composite (P-MSA)

MSA samples were smashed by ball mill grinding for 10 min at
room temperature. One g MSA was modied by 0.6 g PDMS in
100 ml of toluene with stirring for 48 h. P-MSA was centrifuged
with acetone and dried at 100 �C for 6 h (Table 2).

3.4 Composite coatings

The solutions of Qsil 216 silicon part-A (1 g) and hexane (50 ml)
were stirred completely. Then, 0.1 g Qsil 216 silicon part-B was
added. The solution was sprayed on the substrate and dried at
80 �C for 30min. The P-MSA suspension, which was prepared by
isopropyl alcohol with a concentration of 10 mg ml�1, was
sprayed onto the Qsil 216 layer and then, the coating was dried
at 80 �C for 2 h.

3.5 Characterization of the P-MSA coatings

The water contact and sliding angles were measured by an
instrument (JC2000C, China) at room temperature. The
roughness and morphology of the coating surface were char-
acterized by atomic force microscopy (AFM, Dimension Icon,
Germany) and scanning electron microscopy (SEM, SUPRA 55,
Germany). The components of the materials were analysed by
Fourier transform infrared spectroscopy (FTIR, Bruker
TENSOR27, Germany).

4. Conclusions

A facile and scalable method to prepare superhydrophobic
coatings was reported in detail. The semi-transparent coatings
exhibited excellent durability, self-cleaning, and super-
hydrophobicity as well as excellent thermal and mechanical
stabilities. The advancing water contact angle and sliding angle
were 169.80 � 3� and 4�, respectively, and these were remark-
able results. The coating maintained water repellency under
350 �C for at least 4 h and possessed durable super-
hydrophobicity for 6 months at ambient conditions. Addition-
ally, it remained superhydrophobic aer at least four rounds of
abrasion with sandpaper under more than 2000 Pa. This novel
coating with self-cleaning, antifouling, low-drag, and anti-
smudge properties can be used in applications where super-
hydrophobicity is important.
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