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Stretchable superhydrophobic film was fabricated by casting silicone rubber polydimethylsiloxane (PDMS)
on a SiO, nanoparticle-decorated template and subsequent stripping. PDMS endowed the resulting surface
with excellent flexibility and stretchability. The use of nanoparticles contributed to the sustained roughening
of the surface, even under large strain, offering mechanically durable superhydrophobicity. The resulting
composite film could maintain its superhydrophobicity (water contact angle = 161° and sliding angle
close to 0°) under a large stretching strain of up to 100% and could withstand 500 stretching—releasing
cycles without losing its superhydrophobic properties. Furthermore, the obtained film was resistant to
long term exposure to different pH solutions and ultraviolet light irradiation, as well as to manual
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1 Introduction

Superhydrophobic surfaces with a water contact angle (CA)
greater than 150° and a sliding angle (SA) smaller than 10° have
attracted considerable attention in the past few decades,' with
the SA being analyzed by the Wolfram approach.® Inspiration
from natural non-wetting structures, particularly the leaves of
lotus plants”®, has led to numerous applications in self-clean-
ing,* " dragging reduction,™"® oil-water separation'**® and
corrosion resistance.'”*® Representative examples of non-
wetting prototypes in nature not only include the leaves of
lotus plants, but also pond skater legs**** and butterfly wings.**
Research shows that such surfaces largely depend on hierar-
chical roughness with micro- and nanoscale structures and low-
surface-energy components.”?® Over the last few decades,
a large number of studies relating to durable superhydrophobic
materials have been reported.”””** Many methods have been
dedicated to the production of stable and durable super-
hydrophobic material, which can be divided into two categories.
One method involves integrating a self-healing ability into
superhydrophobic materials, including relocating of hydro-
phobic components or recombining topographic structures,*-*°
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destruction, sandpaper abrasion, and weight pressing.

resulting in the restoration of their superhydrophobicity. Due to
the limited number of hydrophobic components, the repairing
cycles in this approach are limited. Furthermore, the self-
healing process requires certain specific conditions in terms
of light and temperature, and time (from tens of minutes to
hours).*”*** Hence, the application of this approach is limited.
The second method is to use expensive low-surface-free energy
compounds. Fluorine-containing low surface-energy materials
are used to improve the stability of superhydrophobic mate-
rials.***> However, fluorinated compounds have been identified
as a source of toxic pollutants, which are harmful to the envi-
ronment and increase the chances of many intractable diseases
(e.g., cancer). Therefore, it is necessary to develop a new method
to fabricate durable superhydrophobic materials.

Most such reports are on rigid substrates or flexible substrates
with low deformation ability. The micro-nanostructures on the
surface are mostly fragile and easily lose their anti-wetting
characteristics under large mechanical deformation (>50%).***
Hence, maintaining superhydrophobicity under large mechan-
ical deformation still poses considerable challenges. Hard
substrates have been replaced by highly stretchable substrates to
fabricate durable superhydrophobic materials.*>™*” Furthermore,
due to rapid developments in the stretchable electronic industry,
superhydrophobic surfaces based on flexible substrates have
become candidates to meet the demands of modern industry.
Mates et al. achieved a conductive and stretchable super-
hydrophobic material by spraying carbon nanotubes-Parafil-M (a
commercial paraffin wax-polyolefin thermoplastic blend)
composite on natural rubber.*’” Cho et al. prepared a gas-
breathable superhydrophobic membrane with stretchability via
three steps, including electrospinning, construction of micro-

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 A schematic illustration of the procedure used to prepare superhydrophobic PDMS/SiO, composite film.

nano roughness, and hydrophobization.** Although these results
were encouraging, and the superhydrophobic characteristic
could be maintained during deformation, these coatings are
easily exfoliated from the substrate during relaxation because of
weak adhesion between the substrate and the coating. Possible
strategies to resolve these issues might include increasing cross-
linking sites of coatings, and maintaining the substrate and
roughening structures as a monolithic entirety.

The template method is a simple method to create rough-
ened structures for superhydrophobic surfaces.*®** However,
natural templates with rough structures from nature, such as
lotus leaves, are not usually uniform due to the stems on the
leaves, and do not easily allow the fabrication of materials with
a large area. Furthermore, man-made master templates
usually need special equipment to create roughened struc-
tures. In this study, we adopted a modified template to prepare
a superhydrophobic composite film from a polymer-based
shrink film which is easy to process using heat treatment.
We prepared polydimethylsiloxane (PDMS)/SiO, composite
films by spraying SiO, nanoparticles on a shrunken template
with a micron hierarchical structure, and casting and curing
the PDMS on the template, followed by stripping the
composite film, as shown in Fig. 1. The film retained super-
hydrophobicity after tolerating ultraviolet (UV) irradiation for
150 h, sandpaper abrasion over 6 m with 100 g loading weight,
weight pressing of 2000 g for 80 h, as well as immersion in acid
(pH = 1), alkali (pH = 13) or organic solvents for 60 h. In
addition, the as-prepared superhydrophobic composite films
retained their anti-wettability under different strains, repeated
stretching, and manual friction.

2 Experimental
2.1 Materials

Shrink film was purchased from Grafix. PDMS precursor and
curing agent (Sylgard 184) were bought from Dow Corning
(Australia). Silica nanoparticles (7-40 nm) were purchased from
Aladdin. Octadecyltrimethoxysilane (purity: 90%) was provided
from Macklin. Hexanol (purity =99.5%) and anhydrous ethanol
(purity =99.0%) were obtained by Fuyu Fine Chemical Co. Ltd of
Tianjin (China). All chemicals were used without further purifi-
cation. Deionized water was bought from local supermarket.

This journal is © The Royal Society of Chemistry 2020

2.2 Hydrophobic modification of silica nanoparticles

Hydrophobic silica nanoparticles were fabricated as follows:
silica nanoparticles (1.5 g) were added into 80 mL of deionized
water in 1000 mL beaker and stirred for 10 min at room
temperature. Then ammonium hydroxide (40 mL) was slowly
injected into the solution. Next, anhydrous ethanol (0.8 L) was
added to the mixture. Subsequently, octadecyltrimethoxysilane
(1.5 mL) was added to the system. The reaction was allowed to
proceed for about 24 h under constant stirring at ambient
temperature. After filtering, washing five times to neutral with
anhydrous ethanol and drying at 60 °C for 24 h under vacuum,
hydrophobic silica nanoparticles grafted with long-chain alkyl
groups were obtained.

2.3 Fabrication of superhydrophobic film

Shrink film was cut into squares (7 cm x 7 cm), and washed
with water. Once dry, the shrink film was put into oven at 175 °C
for 5 min, then removed from the oven and allowed to cool to
ambient temperature to obtain shrunk film.

Second, a dispersion of 1 wt% solution of hydrophobic silica
nanoparticles in hexanol was sprayed onto the S-film using
a spray gun (air pressure was maintained at 75 psi for spraying,
the distance between the spray gun and the shrunk film was
about 10 cm).

Subsequently, a measured amount of PDMS mixture semi-
cured for about 15 min at 60 °C with precursors and curing
agent (10 : 1 by weight) was poured onto the shrunk film with
hydrophobic silica nanoparticles. After heating for 5 h at 60 °C,
a cured PDMS/SiO, composite film with superhydrophobicity
was obtained by stripping. The thickness of the composite film
could be adjusted by controlling the amount of uncured PDMS
poured on the shrunk film.

2.4 Characterization

Scanning electron microscopy (SEM) images were acquired on
a Hitachi S-4800 field emission scanning electron microscope
with an accelerating voltage of 5 kV. The sample was coated with
gold prior to examination. CA measurements were performed
with a video optical contact system (OCA 20, Dataphysics, Ger-
many) at ambient temperature with 5 puL water droplet as the
indicator, according to our work reported previously.>***® The
CA value was read in about 10 s after the droplet was placed
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steadily on the sample. The SA measurement was performed
using tilting droplets. The lowest tilting angle that allowed a 10
pL water droplet to slide was recorded as the SA. The reported
values of CA and SA were determined by averaging values
measured at five different points on each sample surface.

2.5 Mechanical robustness testing

The mechanical durability of the PDMS/SiO, superhydrophobic
composite film was tested by friction, pressing, and tensile
forces. The friction tests were performed as follows: (1) the
sample was cut into squares (30 mm x 30 mm) and placed
down to the sandpaper with the rough side touching the
sandpaper. The sample was moved 15 cm with a 100 g loaded
weight across the sandpaper by an external force parallel to the
substrate. The sample was rotated 90° clockwise and moved
15 cm further along the ruler to make sure the sample was
abraded over several cycles; (2) a hand-friction test was per-
formed by using gloved hands to rub the film. The pressing test
was performed by pressing the composite film with 2000 g of
weight. For the cyclic tensile test, the sample was fixed at both
ends of the functional material testing machine (Goodtechwill,
AI-7000-NGD). For cyclic stretching, the material was then
subjected to cyclic stretching with a strain of 100%. The sample
was stretched over 500 cycles.

2.6 Chemical stability

The chemical durability of the superhydrophobic composite
film was evaluated by immersing the samples into aqueous
solutions of different pH values and solvent for 60 h, before
being rinsed with deionized water and dried.

View Article Online
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2.7 UV irradiation resistance

The samples were subjected to UV irradiation using an artificial
light source (UV lamp, Osram Ultra Vitalux 300 W) emitting
a Gaussian-shaped spectrum peaking at 370 nm with a cut off at
290 nm. Samples were placed under the UV lamp for continuous
irradiation at a distance of 20 cm between the UV lamp and the
sample.

3 Results and discussion
3.1 Characterization of the PDMS/SiO, composite film

Surface microtopography has large influence on the wetting
properties of a superhydrophobic surface. From Fig. 2a, it can
be seen that the side-facing shrunk film became super-
hydrophobic with a micro-nano structure. The hierarchical
surface displayed a typical Cassie state with a water CA up to
161° and an SA close to 0°. In this experiment, the dosage of
nanoparticle dispersion sprayed on shrunk film is the most
important factor relating to the obtained samples. The shrink
film transformed from plain to highly wrinkled after heating
(Fig. S11). The corresponding superhydrophobic PDMS film is
metastable, and the CA of the film reduced to less than 150°
after 5 min (Fig. S2t). As shown in Fig. 2b, the hierarchical
roughness consisted of a groove-bulge structure. On the
microscale, a micro-texture was formed by the shrunk film with
micron hierarchical structure. On the nanoscale, densely
distributed nanoparticles appeared on each micro-groove and
bulge (Fig. 2c and d). The high micro/nanoscale roughness
created by well-designed micro-texture and the abundant
nanoparticles provided sufficient room for “air pockets”
between the patterned solid and water layer to form a Cassie—
Baxter state.

Fig. 2
bulges (d) at high magnification.
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(a and b) SEM images of superhydrophobic PDMS/SiO, composite film at different magnifications, showing nano-textured grooves (c) and

This journal is © The Royal Society of Chemistry 2020
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Fig. 3

3.2 Mechanical stability

It is well known that the robustness and stability of super-
hydrophobic surfaces under the rubbing processes play
a significant role in practical applications. To assess the
robustness of our superhydrophobic surface, manual destruc-
tion and sandpaper abrasion were implemented to demonstrate
the anti-wear properties of the superhydrophobic composite
film. In the manual destruction, the surface was rubbed with
two fingers back and forth (see the Video S1 in the ESIT). Fig. 3a
shows screenshots of the Video S1.7 After friction by hands, the
superhydrophobic surface still retained water rolling proper-
ties. The water droplet flattened at the moment of contacting
the film, then it bounced on the composite film without wetting
or contaminating the surface (see the Video S2 in the ESIY),
suggesting stable Cassie-Baxter state on the superhydrophobic
surface. Here, resistance against mechanical damage was eval-
uated by abrading the sample using sandpaper to quantitatively
evaluate the mechanical durability of the superhydrophobic
surface.®® The sandpaper test was carried out by loading
a weight of 100 g onto the sample (Fig. 3b and c) and moving it
across the sandpaper along a ruler. Fig. 3d demonstrates the
changes in CA and SA as a function of the number of abrasion
cycles. The superhydrophobic surface showed no obvious decay
in CA and SA after the first three cycles. The CA decreased from
161.3 £ 1.2° to 153 + 1.4°, and the SA of superhydrophobic
surface was maintained at less than 5°, even after 20 abrasion
cycles. As the number of abrasion cycles increased, the rough-
ness of this superhydrophobic surface decreased, which may
cause the loss of superhydrophobicity. Comparison of the
results of the anti-abrasion test with those reported previously
further confirm the excellent mechanical properties of the as-
obtained superhydrophobic surfaces (Table S17).

This journal is © The Royal Society of Chemistry 2020
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(a) The process of producing man-made friction. (b and c) One cycle of sandpaper abrasion for superhydrophobic PDMS/SiO, composite
film. (d) CAs and SAs of the superhydrophobic PDMS/SiO, film over 0—

20 abrasion cycles on 240# sandpaper.

In addition to surface abrasion damage, the mechanical
stability of the superhydrophobic film under stretching strain is
extremely crucial. As shown in Fig. 4a, all CAs were still larger
than 160° and SAs remained below 1° with increasing stretching
strain to 100% from 0%. Fig. 4b show that a water droplet can
maintain its spherical shape under different strains, indicating
that the Cassie-Baxter state between the water and film was
retained. Furthermore, the superhydrophobicity of the
composite film could remain when it was returned to its initial
position, and the film showed no deformation or damage with
strain of 50% (see Video S3 in the ESIY). Fig. 4 shows the CAs
and SAs of the superhydrophobic film under the stretching-
relaxing procedure with a strain of 100%. It was found that the
CAs of the film were still larger than 160°, whereas the SAs were
still below 1° after the 500 cycles of stretching-releasing, indi-
cating excellent adaptability to withstand mechanical cycles.
The inset images of the water droplets before and after 500
cycles of the stretching-relaxing test demonstrate little differ-
ence. One cycle of tensile test is shown as Fig. 4d.

Generally, the loss of superhydrophobicity under large
mechanical deformation is due to the transition of the Cassie-
Baxter state to the Wenzel state. Thus, it is necessary to
understand the state of our composite films under various
strains. Here, we designed a simple model to analyze the
wetting mechanisms. Fig. 5a depicts the structural deformation
of hierarchical structure under stretching. We assume that the
space distance between two micromastoids are grooves. When
the superhydrophobic film was stretched, the grooves on the
film became closely aligned parallel to the strain direction from
random directions (Fig. 5b). Interestingly, the reorientation of
the texture under stretching occurred only in the grooves
(Fig. 5c). However, the structures on the microbulges were
preserved under stretching (Fig. 5d). Microscale open air
pockets remained between microbulges, and nanoscale sealed

RSC Adv, 2020, 10, 19466-19473 | 19469
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(a) CAs and SAs of the superhydrophobic PDMS/SIO; film under different strains. (b) A water droplet can maintain its spherical shape under

different strains. (c) CAs and SAs are over 155° and below 1° over numerous cycles with a strain of 100%. (d) Optical photographs of one cycle, the

end cycle of tensile testing.

air pockets between nanomastoids on the microbulges. The
open air pockets are connected to the atmosphere, contributing
little to surface adhesive force and causing a high CA on the
rough solid surfaces. All these changes still met the require-
ments of the Cassie state, and the composite film remained
superhydrophobic.
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In addition to the static parameters providing some infor-
mation about the wetting properties, superhydrophobic
surfaces show remarkable dynamic properties under the impact
of droplets, which is important for the stability of Cassie-Baxter
state. Herein, the behavior of a droplet impinging onto the
surface of the relaxed film was recorded from side views (see the

R s
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¥

'lll\b;ﬁllyly)w

Fig. 5 A partial hydrophobic model of structure deformation under 50% tensile strain. (b—d) SEM images of stretched film (50% tensile strain); (b)

and (d) showed zoomed in images of grooves and bulges from (c).
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(a) CAs and SAs of the film after pressing for different times under a 2000 g weight. (b) An SEM image of the superhydrophobic PDMS/SiO,

film after pressing for 80 h under a 2000 g weight (the inset in (a) is a photograph of the pressing test model).

Video S4 in the ESIt). After contact with the surface, the droplet
deformed first and flattened into the shape of a pancake, but
then recoiled and finally rebounded off the surface without
penetrating the nanostructure. The droplet rebounded
completely, which suggests that a stable Cassie-Baxter state
existed at the moment of impact. Superhydrophobic bouncing
(see Video S5 in the ESIT) was maintained, even after mechan-
ical stretching under 50% uniaxial strain. The almost complete
rebound occurred on the stretched superhydrophobic surface
when the dropping height of the water droplet increased (see
Video S6 in the ESIt). We concluded that the behavior of water
droplets dropping on stretched surfaces was nearly identical to
that on hierarchical surfaces before stretching. The similar
behavior of a droplet falling on the films was due to the stable
Cassie-Baxter state of superhydrophobicity.

In practical applications, the pressure resistance of the film
should be taken into consideration. Therefore, we evaluated the
pressure resistance by placing a weight of 2000 g onto the

> <&
% % e° s o°
Qs Q~ e// 4 e‘ &eo“' & o%\

Fig. 7

sample, with the hierarchical side touching the weight.** The
pressing test model is shown in the inset of Fig. 6a. From
Fig. 6a, we can see that CA and SA only changed a little after the
first 10 h of pressing. The CA of the PDMS/SiO, composite film
decreased slightly, from 161.6 + 1° to 159.2 + 1.6°, and the SA
increased to 1° after pressing for 40 h. When the pressing time
reached 80 h, the CA decreased to about 150°, with SA still below
10°, showing the persistent superhydrophobicity of the
composite film. The micromastoids on the surface became flat
with increasing time, which lead to a reduction of roughness.
Nevertheless, the nanostructures inside the grooves still
remained (Fig. 6b). The composite film remained water-
repellent, and the hierarchical structure of the composite film
still retained the Cassie state.

3.3 Chemical durability and self-cleaning properties

We evaluated the chemical durability and robustness of the
superhydrophobic film by dipping the samples in solution with

® 170 10
W, CA
160 FEs—i—i—F i 1 ™8
_ 150- | l L6
i Y - R
130- -2
SA —
-E— o -
L B
0 20 40 60 80 100 120 140 160
Time (h)

@

(a) CAs of films treated by immersion in different pH solutions and various organic solvents for 60 h. (b) Changes in the CA and SA of film

with UV irradiation time. (c) A self-cleaning test. (d) Water droplets sitting on the superhydrophobic PDMS/SiO; film under oil (left part) and on
a glass slide (right part). (e) Methylene blue dissolved in water droplets, demonstrating spherical shapes under oil.

This journal is © The Royal Society of Chemistry 2020
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different pH values (pH = 1-13) and organic solvents for 60 h.
Fig. 7a shows that the CA of the superhydrophobic film changed
little, indicating strong resistance to different pH solutions.
This phenomenon may be due to the air layer trapped on the
surface, which can prevent acid or alkali from contacting
samples. Additionally, after immersing in various organic
solvents (toluene, acetone, ethanol, and dimethyl formamide
[DMF]) for 60 h and washing with ethanol and water, then
drying at 60 °C, the CAs of the samples remained above 155°,
which indicated that all samples still retained super-
hydrophobicity. We compared the acidic/alkaline and solvent
resistance of the PDMS/SiO, film with that of the reported
superhydrophobic surfaces (Tables S2 and S3f). The as-
obtained surfaces show longer stability than previous examples.

For the UV irradiation stability test, the sample was placed
horizontally under the UV lamp at a distance of 20 cm. Fig. 7b
shows that the CA and SA showed no obvious change after 150 h
of irradiation, implying excellent resistance of the super-
hydrophobic film to UV light. The UV resistance was higher
compared with samples reported in previous studies (Table S47).

It is well known that the superhydrophobic surfaces have
a self-cleaning property. When dirt falls on the surface, the
rolling water droplets can remove the dirt. Here, methylene blue
was applied as a marker of self-cleaning properties. From
Fig. 7c, we can see that when the dye was washed with water
droplets, the dry was easily removed by water droplet. In this
work, the obtained superhydrophobic film also demonstrated
self-cleaning properties in hexane. After being immersed in oil,
the water droplets sat on the film demonstrating spherical
shapes, and the water droplets spread and wet the hydrophilic
glass surface (Fig. 7d). Methylene blue dissolved in the water
droplet sitting on the superhydrophobic surface with a spher-
ical shape, and the waste could easily be removed from the
surface (Fig. 7e).

4 Conclusions

The template method usually requires complex technological
processes and specialized equipment. Here, we have adopted
a modified template to prepare stretchable and durable PDMS/
SiO, superhydrophobic composite film. It was shown that the
composite film, consisting of a PDMS elastomer, created
superhydrophobic surfaces that were resistant to sandpaper
abrasion, UV irradiation, chemical etching, and man-made
friction. Importantly, the film with a groove-bulge structure
has strong resistance to long term pressure. The modified
template method might pave a new way to the fabrication of
stretchable, anti-wetting materials.
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