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1. Introduction

Self-assembly of hierarchical porous structure for
stretchable superhydrophobic films by delicately
controlling the surface energyf

Shuhan Hou,® Insub Noh, 2 +* Meng Yue,® Yanbin Wang,
Hideo Ohkita 2 *° and Biaobing Wang*®

*@ Hyung Do Kim,*®

Herein, thermoplastic polyurethane (TPU) was not only used as the means of attaching modified silica
(m-SiO,), but was also used as a flexible polymer substrate combining with poly(amide—imide) (PAI) for
improving the robustness of stretchable superhydrophobic films by self-assembly. m-SiO, floated up
and TPU sank down in the superhydrophobic coating layer while TPU floated up and PAI sank down in
the PAI-TPU stretchable substrate layer by delicately controlling the surface energies of the materials
(ypar > y7PU > meSiOZ)- With this strategy, the two layers penetrated into each other, and the compatibility
between the superhydrophobic coating and polymer substrate was improved due to the same component
of TPU, which made m-SiO, firmly attach to the stretchable substrate and uniformly disperse into the
PAI-TPU substrate. In addition, during the up—down process, a hierarchical porous structure with robust
microscale bumps was formed, which offered a stable Cassie state. As expected, the PAI-TPU/m-SiO,
superhydrophobic film was highly stretchable, and can bear 2000 cycles of stretching-releasing (0% —
30% — 0%) without sacrificing its superhydrophobicity. The tight adhesion between the decorated m-SiO,
and stretchable substrate rendered outstanding mechanical robustness with resistance to sandpaper
abrasion, knife-scuffing, ultrasonic treatment, and hot-water jet impact. The PAI-TPU/m-SiO, superhydro-
phobic surface also showed excellent durability when exposed to acid—base immersing, cooling or heating,
and UV irradiation. Furthermore, the PAI-TPU/m-SiO, superhydrophobic surface possessed excellent self-
healing, and icephobic properties. For practical application, PAI-TPU/m-SiO, stretchable superhydrophobic
films were applied as water-proof covers for curved surfaces, or served as a self-cleaning coating. These
versatile features demonstrated a simple and convenient method to fabricate stretchable superhydrophobic
surfaces with multi-functionality.

from low elastic modulus or poor tensile strength.*® For
example, a series of superhydrophobic surfaces based on poly-

Recently, stretchable superhydrophobic surfaces have been
widely used in wearable electronics, and mechanically sensitive
sensors due to their outstanding properties of self-cleaning and
being water-proof.’” In general, stretchable superhydrophobic
surfaces are composed of a flexible substrate and superhydro-
phobic coating. For the flexible substrates, they always suffered
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urethane acrylate as the stretchable substrate were fabricated
by Li,” it was found that the superhydrophobic property was
still kept even after they underwent 1000 cycles of stretching-
releasing. Nevertheless, it should be noted that their tensile
strengths were as low as about 4.5 MPa. In other words, the
resulting stretchable superhydrophobic surfaces were easily
broken down even under a small force. For the superhydro-
phobic coating, SiO,, titanium dioxide (TiO,), zinc oxide (ZnO),
and other inorganic nanoparticles were always used to increase
the roughness of the stretchable substrate.®® However, it is
obvious that the compatibility between these inorganic nano-
particles and polymer substrates is very poor, leading to low
interfacial adhesion. Thus, the superhydrophobic structures
are usually fragile, and the superhydrophobic coatings are
easily peeled from the stretchable substrate or destroyed by
an external force. For example, Ke et al. used polyurethane (PU)
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as the stretchable substrate and SiO, as the coating to fabricate
PU/SiO, hybrid superhydrophobic surfaces.'” The water contact
angle (CA) decreased from 159 to 110° after 300 cm abrasion
with a weight load of 200 g. As discussed above, it is still a great
challenge to fabricate stretchable superhydrophobic films with
good mechanical properties and high durability.

Constructing hierarchical roughness on two length scales
has been considered to be an effective approach to enhance
mechanical robustness and durability of superhydrophobic
surfaces.'®*° This is because such morphology can produce
robust microscale bumps to protect the fragile nanoscale rough-
ness that is superimposed on the larger pattern. For example,
hierarchical micro/nanostructures were achieved by Dai using
magnetic field-assisted in situ microsilica formation, and the
subsequent swelling process to decorate SiO, nanoparticles onto
the prepared microstructures.>® The unique hierarchical struc-
ture gave the superhydrophobic surfaces excellent robustness:
their superhydrophobic property was still maintained even after
they were subjected to lots of durability tests including finger
rubbing, ultrasonic treatment, high-speed water jet, and so on.
However, manufacturing hierarchical micro/nanostructures is
often accompanied by complicated procedures or expensive
equipment. Although some simple approaches such as spraying
were proposed to construct hierarchical structures,**™* it often
led to an irregular arrangement of the inorganic nanoparticles
during the solvent evaporation, and thus gave rise to poor
repeatability. On the other hand, it has been reported that
poly(amide-imide) (PAI) as one kind of high performance poly-
mer, not only possesses excellent mechanical properties and
high thermal stability like polyimide (PI), but also has good
processability like polyamide (PA),**° which can be blended
with other soluble polymers with any ratio to control the rigidity
and flexibility of the hybrid substrate. In other words, PAI is a
good candidate for improving the mechanical properties of
stretchable superhydrophobic surfaces.

In this study, an ingenious strategy was proposed to prepare
stretchable superhydrophobic surfaces with good mechanical
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properties and durability using a simple spraying method.
Intentionally, three materials (PAI, TPU, and m-SiO,) with
different surface energies were selected; the substrate of
PAI-TPU hybrid materials gave high tensile strength and good
elasticity, and the coating of m-SiO, decorated with TPU inter-
twined with the stretchable substrate driven by their surface
energy difference, gave high mechanical robustness and dur-
ability. Meanwhile, the self-assembly rendered hierarchical
porous structures and further improved the mechanical robust-
ness and durability. The self-healing and icephobic properties
were also investigated using O, plasma etching and heating
treatments, and icing delay tests, respectively. With the intrinsic
flexibility, the fabricated PAI-TPU/m-SiO, stretchable superhy-
drophobic films were applied as water-proof covers for complex/
curved surfaces, or served as a self-cleaning coating.

2. Results and discussion

2.1 Design and fabrication of stretchable superhydrophobic
surfaces

To fabricate the stretchable superhydrophobic films, a rigid
polymer (PAI) was designed as shown in Fig. S1 (ESIt), and the
details of the synthetic procedure are described in the supple-
mentary information.t The chemical structure was confirmed
using '"H NMR and FTIR spectra as shown in Fig. S2 and S3
(ESIT). Encouragingly, the designed PAI in this study exhibits
good solubility, and can be dissolved into pyridine, N-methyl-
pyrrolidone (NMP), and m-cresol at room temperature. When it
is heated, it can also be dissolved into N,N-dimethylformamide
(DMF) and tetrahydrofuran (THF). Furthermore, the inherent
viscosity of the PAI was determined to be 0.75 dl g~ ' using NMP
at room temperature, suggesting the molecular weight of PAI is
reasonable high. As a result, PAI gave a high tensile strength of
55.6 MPa. An elastic polymer (TPU) with an elongation at break
of about 1000% was selected. As shown in Fig. 1a, the hybrid
alloy gave a strong and tough substrate with a tensile strength
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Fig. 1 Mechanical curves of PAI (black line), PAI-TPU stretchable substrate (red line) and TPU (blue line) films (a). FTIR curves of SiO; (black line) and m-

SiO; (red line).
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of beyond 40 MPa and an elongation at break of approaching
300%. It should be noted that although some poly(amide-
imide-urethane) thermoplastic elastomers have been reported,
which exhibit a large elongation at break, the rigidity (tensile
strength) of poly(amide-imide-urethane) is much lower than
that of the TPU-PAI substrate.’’*> More importantly, the
rigidity and flexibility of the PAI-TPU substrate is controllable
by varying the ratio of TPU to PAI due to the high compatibility
between PAI and TPU. For the superhydrophobic coating, a
silane coupling agent named FAS-17 containing fluorinated
alkyl chains was grafted on the surface of SiO, nanoparticles.
The successful modification was verified by FTIR results as
shown in Fig. 1b, in which a new absorption band at 1210 cm™*
ascribed to the C-F stretching vibration of -CF; and -CF,-
groups appeared for the modified SiO, (m-Si0,).** > Furthermore,
the weight fraction of FAS-17 grafted onto the SiO, was investigated.
SiO, exhibited a negligible weight loss with increasing temperature
up to 800 °C as shown in Fig. S4 (ESIt), while the weight loss of
m-SiO, sharply increased to 23.7 wt%, confirming again that
the silane coupling agent was grafted onto the surface of SiO,.
Obviously, FAS-17 can be completely evaporated during the
heating process because of its relatively low boiling point
(around 230 °C). Therefore, the weight fraction of FAS-17 grafted
on the SiO, surface can be calculated from the following eqn (1).
w= (1= 72)n 1)
where w is the weight fraction of FAS-17 grafted onto the
surface of SiO,. y; and 7, are the char yields of SiO, and
m-SiO,, respectively. By calculation, w is estimated to be around
24 wt%, demonstrating sufficient fluorinated alkyl chains are
attached to SiO, surfaces, which is good for decreasing the
surface energy of the SiO, nanoparticles. It should be noted
that although FAS-17 has been widely used in various areas due
to its unique properties such as high chemical and thermal
stability, the use of fluoride would involve environmental pro-
blems. Therefore, optimization of this work has been performed
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Fig. 2 FTIR spectra of m-SiO; (black line), TPU (blue line), and PAI-TPU/m
stretchable superhydrophobic film (b).
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to reduce the usage or replace the fluorinated coupling agent. In
more detail, the silica microcapsule was realized by hydrolysis
and condensation of tetraethyl orthosilicate (TEOS) using an
aqueous glycerol micro-emulsion as the template. Through
adjusting the parameters, the size of the silica microcapsules
can be varied to control the surface roughness. After spraying the
silica microcapsules onto the PAI-TPU substrate, the primer coat-
ing was immersed into polydimethylsiloxane (PDMS) solution to
form a protective layer. The mechanical robustness and durability
of this superhydrophobic surface is being evaluated.

To strength the mechanical robustness of the stretchable
superhydrophobic surface, TPU was selectively adopted to
anchor m-SiO, in the superhydrophobic layer. It is found that
the surface energy of TPU (13.3 mJ m?) is higher than that of
m-SiO, (0.49 mJ m™?), but lower than that of PAI (23.1 mJ m2).
It is believed that m-SiO, would float up and TPU would sink
down in the superhydrophobic coating layer while TPU would
float up and PAI sink down in the PAI-TPU flexible substrate
layer because of their differences in surface energy.*® Indeed, in
the FTIR spectrum of the PAI-TPU/m-SiO, stretchable super-
hydrophobic film as shown in Fig. 2a, the Si-O-Si characteristic
peak at 1091 cm™' and C-F stretching vibration peak at
1203 ecm ! ascribed to m-SiO, were maintained. On the other
hand, the N-H characteristic peaks at 1532 and 3326 cm ™'
ascribed to TPU disappeared after spraying m-SiO, decorated
with TPU, suggesting the stretchable superhydrophobic surface
was occupied by m-SiO,. In other words, the TPU in the super-
hydrophobic coating layer sank down, and entangled with the
TPU in the PAI-TPU stretchable substrate during the evaporat-
ing process of the solvent. As a result, the compatibility
between the modified silica and polymer substrate can be
improved due to the same component of TPU in the super-
hydrophobic layer and stretchable substrate layer, which is
helpful for obtaining good mechanical properties as discussed
later. This self-assembly was also verified by XPS. As show in
Fig. 2b, the XPS measurement supported the appearance of C,
O, F, and Si from m-SiO,, but the characteristic peak of N from
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TPU was not found. Furthermore, integrated peak intensities
indicated atomic ratios of 40/12/20/28 for F/Si/O/C on the PAI-
TPU/m-SiO, stretchable superhydrophobic surface, and the Si
weight ratio of 19.2 wt% calculated from XPS was higher than
that of 13 wt% derived from TGA of m-SiO, decorated with TPU,
suggesting again that the m-SiO, floated up during the self-
assembly. It is believed that the self-assembly favored the con-
struction of a hierarchical porous structure for the superhydro-
phobic surface with good robustness as will be discussed later.

2.2 Surface morphology and wetting behavior

The morphology of the superhydrophobic surface was firstly
investigated using atomic force microscopy (AFM). As shown in

a)

1.78
[um]

0.00
20.00 x 20.00 pm

View Article Online

Materials Advances

Fig. 3a and b, the surface of the PAI-TPU substrate is quite
smooth, with a root mean square (R,) of 27 nm. After spraying
m-SiO, nanoparticles, the R, sharply increased to 163.6 nm for
the PAI-TPU/m-SiO, surface as shown in Fig. 3c. Moreover,
many micro-sized wavy ridges and caves were observed in the
AFM 3D image as shown in Fig. 3d. The unique structure allows
for air pockets to be located under the surface of water droplets,
and promotes the formation of liquid-air-solid interfaces. It
has been reported that the air layer can protect the surface
roughness of superhydrophobic surfaces, and thus improve the
durability of the superhydrophobic surface.’”*° This unique
hierarchical porous structure was also observed by SEM.
More specifically, these wavy ridges constructed coral-shaped

20.00 x 20.00 [um] Z 0.00 - 1180.62 [nm]

Regulus 5.0kV 6.2mm x500 LM(L)

Fig. 3 Atomic force microscopy 2D (a, c) and 3D (b, d) pictures of the PAI-TPU substrate (a, b) and PAI-TPU/m-SiO, stretchable superhydrophobic
surface (c, d). Scanning electron microscopy images of surface (e) and cross-section (f) of the PAI-TPU/m-SiO; stretchable superhydrophobic surface.
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structures during the self-assembly process as shown in Fig. 3e.
In addition, the EDS elemental mapping exhibited that the four
elements of C, O, Si, F were distributed uniformly on the surface
of the PAI-TPU/m-SiO, film as shown in Fig. S5 (ESIY), suggesting
that the micro/nano hierarchical porous structures were located
uniformly on the stretchable superhydrophobic surface. In other
words, the whole surface of the PAI-TPU/m-SiO, stretchable film
has the same superhydrophobic characteristic. Furthermore, it
should be noted that the superhydrophobic coating of m-SiO, was
sprayed onto the wet substrate, meaning that the nanoparticles
would be embedded into the stretchable PAI-TPU substrate.
Indeed, as shown in Fig. 3f, m-SiO, was partially exposed to the
air, and partially embedded in the polymer substrate. The unique
morphology can further improve the durability of the super-
hydrophobic surface, especially for mechanical robustness.
However, it is well known that the interfacial force between
inorganic nanoparticles and polymers is poor, and a superhydro-
phobic coating would be pulled out of the substrate.*’ In this
study, TPU as binder was adopted to be decorticated with m-SiO,.
More interestingly, the TPU also worked as a bridge, simulta-
neously embracing m-SiO, nanoparticles and hooking the poly-
mer substrate during the self-assembly process as shown in Fig. 3f
(red circle), to strengthen the interfacial forces between the m-
SiO, nanoparticles and PAI-TPU stretchable polymer substrate.
The PAI-TPU substrate showed a relatively lower water
contact angle (CA) of 83° as shown in Fig. 4a; after spraying
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m-SiO,, the CA sharply increased to 161° for the PAI-TPU/m-
SiO, surface. To investigate the adhesion force between the
PAI-TPU/m-SiO, stretchable surface and water, the sliding
angle (SA) was investigated; the SA of the PAI-TPU/m-SiO,
surface was as low as 1°, indicating a quite weak adhesion
force between the PAI-TPU/m-SiO, superhydrophobic surface
and water. In addition, as shown in Fig. 4b, the PAI-TPU/
m-SiO, surface exhibited good resistance to commonly used
liquids including orange juice, tea, milk, and coffee, suggesting
that the PAI-TPU/m-SiO, stretchable superhydrophobic surface
can be used in different environments. Fig. 4c shows a state
diagram of the PAI-TPU/m-SiO, superhydrophobic coating
immersed in deionized water. Many dense bubbles, similar to
mirror glass, were formed on the superhydrophobic surface,
which prevents water droplets from entering into the PAI-TPU/
m-SiO, surface, and enhances the durability of the superhy-
drophobic surface as discussed above. On the other hand, the
contact area between the PAI-TPU/m-SiO, superhydrophobic
surface and water droplets was quite small due to the layer of
air trapped on the rough surface as shown in Fig. 4d, implying
that the contact between the PAI-TPU/m-SiO, stretchable super-
hydrophobic surface and water droplets is a Cassie state.*'™**
Moreover, the contact level of the PAI-TPU/m-SiO, superhydro-
phobic surface with water droplets is much lower than that
of the PAI-TPU polymer substrate with water droplets, which
further demonstrates that the PAI-TPU/m-SiO, surface possesses

CA=161°

[- -1

PAI-TPU/m-SiO, surface

-4

.
=

Fig. 4 Optical pictures of water droplets placed on the PAI-TPU and PAI-TPU/m-SiO, surfaces (a). Wetting behavior of commonly used liquids on the
surfaces of PAI-TPU/m-SiO; superhydrophobic coating and PAI-TPU substrate (b). PAI-TPU/m-SiO, superhydrophobic surface and PAI-TPU substrate
were immersed in water (c). Schematic illustration of wetting behavior of the PAI-TPU/m-SiO, stretchable superhydrophobic surface (d). Optical pictures
of squeezing test for the PAI-TPU/m-SiO, stretchable superhydrophobic surface using a syringe.
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a much stronger repellency ability towards water and is more
difficult to be wetted by water droplets. The stable Cassie contact
was again confirmed by a squeezing test as shown in Fig. 4e.
As expected, the water droplets stayed on the needle, and did not
adhere to the PAI-TPU/m-SiO, superhydrophobic surface during
the whole contacting-squeezing-repelling process.

2.3 Stretchable robustness

The flexibility of PAI-TPU/m-SiO, superhydrophobic films has
been obviously enhanced, the tensile strength is as high as
41.4 MPa, at the same time, the elongation at break is approaching
to 300% as shown in Fig. S6 (ESIt), suggesting the fabricated
films can remain superhydrophobic even though they were
suffering from a high load or extended by a long distance.
For quantitative discussion on the stretchable performance, the
wetting behavior of the PAI-TPU/m-SiO, surfaces was investi-
gated under different strains. Encouragingly, water droplets
still kept a spherical shape even though the strain on the
PAI-TPU/m-SiO, superhydrophobic surface increased from 0
to 250% as shown in Fig. 5. In more detail, Fig. S7 (ESI{) shows

10.00 pm

10.00 pm
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the change in CA and SA under different stretching strains.
The CA and SA of the PAI-TPU/m-SiO, surface were respectively
larger than 155° and less than 10° during the stretching
process. Moreover, the water droplets immediately rolled away
after they were placed on the stretched PAI-TPU/m-SiO, surface,
suggesting the contact between the stretched PAI-TPU/m-SiO,
surface and water drops is a Cassie state.*” In order to make clear
the origin of this excellent stretchable performance, AFM mea-
surements were conducted to research the surface change under
different strains. In the initial state, the PAI-TPU/m-SiO, super-
hydrophobic surface showed an R, of 187.4 nm, and the grooves
were uniformly distributed on the surface. With increasing the
strain from 50 to 250%, the R, increased from 239.7 to 545.9 nm
correspondingly, and the size of the grooves became bigger and
bigger but the neighboring m-SiO, nanoparticles were still inter-
connected with each other. In other words, the unique super-
hydrophobic structure was still kept after the stretching test.
The stretchable robustness of the PAI-TPU/m-SiO, super-
hydrophobic surface was further researched using the stretch-
ing-releasing test as shown in Fig. 6a. It is found that the CA

20.00 x 20.00 [um] Z 0.00 - 1214.60 [nm]

20.00 x 20.00 pm

20.00 X 20.00 pm 20.00%20.00 (] Z 0.00 - 1797.77 [nm}

20.00 x 20.00 [um] Z 0.00 - 3830.50 [nm)

20.00x20.00 ym %0

Fig. 5 The wetting behavior of PAI-TPU/m-SiO, stretchable superhydrophobic surfaces with different elongations (0%: a; 50%: d; 250%: g). AFM 2D
images of PAI-TPU/m-SiO, superhydrophobic surfaces with different elongations (0%: b; 50%: e; 250%: h). AFM 3D images of PAI-TPU/m-SiO,
superhydrophobic surfaces with different elongations (0%: c; 50%: f; 250%: i).
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Fig. 6 Schematic illustration of the stretching—releasing test (a). The change in CA and SA with increasing fold cycles (b). SEM pictures of PAI-TPU/m-
SiO; stretchable superhydrophobic surface before (c) and after stretching—releasing test (d).

and SA were nearly unchanged after 2000 cycles of stretching-
releasing with a strain of 30% as shown in Fig. 6b, suggesting the
fabricated surface possessed excellent adaptability to distortion
during the practical application. This unchanged wetting beha-
vior is consistent with the well-preserved surface morphology. It
is worth pointing out that compared with the morphology of the
PAI-TPU/m-SiO, surface before stretching as shown in Fig. 6c,
the well dispersed m-SiO, nanoparticles rearranged when the
PAI-TPU/m-SiO, surface was stretched many times, and became
closely aligned parallel to the strain direction (red arrow region)
as shown in Fig. 6d. Interestingly, the orientation of the super-
hydrophobic nanoparticles under stretching did not damage the
microscale open air pockets between micro-bulges (blue circle),
and nanoscale sealed air pockets between nano-mastoids on the
micro-bulges (green circle). These results demonstrated that
the PAI-TPU/m-SiO, surface designed in this study is capable
of remaining superhydrophobic even in the stretched state,
suggesting that it can be used in flexible conditions that requires
superhydrophobicity.

2.4 Mechanical robustness

To meet the requirements of practical usage, the fabricated
superhydrophobic surfaces should keep a high level of water
repellency even when they have suffered from mechanical
deformation or damage. Firstly, ultrasonic treatment was
adopted to evaluate the mechanical robustness of the PAI-

5722 | Mater. Adv., 2023, 4, 5716-5729

TPU/m-SiO, stretchable superhydrophobic surface as shown in
Fig. 7a. In this study, the stretchable superhydrophobic surface
was immersed in deionized water during the ultrasonic vibra-
tion with a frequency of 40 kHz and power of 50 W. It is obvious
that such harsh ultrasonic treatment can easily damage fragile
coatings. Encouragingly, as shown in Fig. 7b, a CA of beyond
150° and SA of below 5° were obtained for the PAI-TPU/m-SiO,
stretchable superhydrophobic surface even when the treatment
time was as long as 100 h, suggesting the interface forces are
high enough to prevent the superhydrophobic coating of
m-SiO, from peeling off from the stretchable substrate of PAI-
TPU, and the m-SiO, nanoparticles were tightly bound with each
other to prevent them from loosening. This is because the TPU
decorated with m-SiO, not only works as a binder to hold m-SiO,
together, but also works as a bridge to anchor m-SiO, closely into
the PAI-TPU substrate as discussed above. Thus, the morphol-
ogy was nearly unchanged, and the micro/nano hierarchical
porous structure was preserved after ultrasonic treatment as
shown in Fig. 7c. The excellent mechanical robustness was also
confirmed using a sandpaper abrasion test as shown in Fig. 7d.
The superhydrophobic surface was subjected to abrasion using
1200-grit sandpaper that was moved 5 cm in each cycle under a
load of 100 g. The wetting behavior was plotted every 20 cycles.
As shown in Fig. 7e, the CA and SA of the PAI-TPU/m-SiO,
stretchable surface was nearly unchanged, the PAI-TPU/m-SiO,,
stretchable surface still remained superhydrophobic, and at the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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same time, the superhydrophobic micro/nano hierarchical
porous structure was kept as shown in Fig. 7f. It is worth
pointing out that even if the superhydrophobic coating was
erased off when it was exposed to an external force, a much
stronger protective layer would be formed by the m-SiO, nano-
particles embedded in the stretchable substrate. Indeed, as
shown in Fig. 7g, the PAI-TPU/m-SiO, superhydrophobic surface
was scratched by a knife and a crack was clearly observed using
AFM and SEM measurements as shown in Fig. 7h and i.
However, the water drops on the cracks still exhibited spherical
shapes. This is because the micro/nano hierarchical porous
structure sealed inside the coating appeared, which continued
to endow the PAI-TPU/m-SiO, surface with a distinguished
superhydrophobic property and stable Cassie contact.

2.5 Thermal/cooling stability

Fig. 8a shows the wetting behavior of the stretchable PAI-TPU/
m-SiO, surface with varying temperature in a wide range.
Excitingly, this stretchable surface showed CA > 150° and
SA < 10° even after it was heated at a temperature as high as
200 °C or cooled at —10 °C for 24 h. With further increasing to
250 °C, the superhydrophobicity was still maintained, but the
stretchable PAI-TPU/m-SiO, film became yellow; this is because

© 2023 The Author(s). Published by the Royal Society of Chemistry

the end group (amine group) of PAI is easily oxidized under
such a high temperature. As shown in Fig. 8b, TGA was
employed to reveal the reason for the unique thermal stability.
It was found that weight-loss of the stretchable PAI-TPU/m-
SiO, superhydrophobic surface barely happened due to the
excellent thermal stability of the stretchable substrate. In fact,
as shown in Fig. S8 (ESIY), the temperatures at 5% weight loss
were found to be 428 °C for PAI, 338 °C for TPU, and 356 °C for
the PAI-TPU substrate. The high thermal stability of PAI and
TPU guaranteed the excellent thermal stability of the stretch-
able PAI-TPU/m-SiO, superhydrophobic surface.

Dynamic impalement resistance to hot-water flow is another
issue for application of superhydrophobic surfaces.*® Unfortu-
nately, the dynamic impalement resistance of superhydropho-
bic surfaces is poor, especially for hot water, this is because the
fragile hierarchical porous structure is easily damaged by the
fast evaporation of hot water and the dramatic change in liquid
surface tension.”” In order to investigate this property, a splash
experiment was designed. As shown in Fig. 8c, the distance
between the beaker and PAI-TPU/m-SiO, surface is 15 cm, the
angle between the horizontal base line and PAI-TPU/m-SiO,
surface is 20°, and the wettability was measured after each
splashing of 200 mL of boiling water. With increasing amount
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of splashing liquid up to 2000 mL, there was only a slight
change in CA and SA, and the superhydrophobicity of the
stretchable PAI-TPU/m-SiO, surface was still maintained as
shown in Fig. 8d. The morphology after the impacting test
was also investigated using AFM and SEM. As shown in Fig. 8e
and f, the large roughness (R;: 194 nm) and micro/nano super-
hydrophobic structure remained. These results demonstrated
that the stretchable PAI-TPU/m-SiO, superhydrophobic surface
possessed excellent dynamic impalement resistance.

2.6 UV durability and chemical stability

Another important issue is the UV resistance of superhydro-
phobic surfaces in consideration of outdoor applications; this
is because organic components in superhydrophobic surfaces

5724 | Mater. Adv, 2023, 4, 5716-5729

are prone to be oxidized and generate polar hydrophilic groups
when they are exposed to UV radiation, which can change the
wetting behavior of the superhydrophobic surface. As shown in
Fig. 9a, the CA and SA were nearly unchanged even when the UV
irradiation time is as long as 200 h under 150 Wj the stretchable
PAI-TPU/m-SiO, surface still kept the superhydrophobic prop-
erty due to the UV resistant C-F and Si-O bonds.**

The chemical stability of a superhydrophobic surface has
also been considered as one of the most important require-
ments for practical applications. In order to evaluate this
property, firstly, water droplets with different pH were placed
on the stretchable PAI-TPU/m-SiO, superhydrophobic surface.
Interestingly, all the droplets showed a spherical shape inde-
pendent of the pH value as shown in Fig. 9b. Furthermore, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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stretchable PAI-TPU/m-SiO, superhydrophobic surface was
placed into acid/base solutions, and the wetting behavior was
measured to further evaluate the chemical stability of the PAI-
TPU/m-SiO, superhydrophobic surface. Excitingly, the changes
in CA and SA were almost negligible even when they were
exposed to extreme acid/base solutions of pH = 1 or 13 for 6 h,
and the CA was still larger than 150°, and the SA was below 5°.
Also, the water droplets on the stretchable PAI-TPU/m-SiO,
superhydrophobic surface still showed spherical shapes after
such strong acid or alkali treatments. These results indicated
that the stretchable superhydrophobic surface fabricated in
this study was capable of resisting acid/alkali corrosions com-
bining the advantages of air pocket structures and low surface
energy.*’

2.7 Self-healing capability

The self-healing capability of the stretchable PAI-TPU/m-SiO,
superhydrophobic surface was evaluated by the change in wetting
behavior before and after O, plasma etching and heating treat-
ments. As shown in Fig. 10a, the CA of the PAI-TPU/m-SiO,

a) CA=154°

O, Plasma

20.00x20.00 [um] Z 0.00 - 1356.39 [nm]

CA=0°

superhydrophobic surface sharply decreased to 0° after O, plasma
etching treatment, and became superhydrophilic. Encouragingly,
the superhydrophobicity was recovered by heating treatment at
100 °C for 15 min as shown in Fig. 10a. This reversible transition
between superhydrophobic and superhydrophilic indicated that
the PAI-TPU/m-SiO, surface possessed a self-healing capability.
Although the self-healing capability of superhydrophobic surfaces
has been widely reported, the reason for this ability has been
rarely studied in depth.®*® In general, the wetting behavior
between water and the surface is mainly controlled by geometrical
microstructures and chemical composition.”® Firstly, AFM and
SEM were used to research the changes in the morphology during
the loss-recovery of the superhydrophobicity. As shown in
Fig. 10b and c, the large roughness and micro/nano hierarchical
porous structure were well preserved, suggesting the O, plasma
etching treatment did not destroy the superhydrophobic struc-
ture. Nevertheless, it was reported that large rough and porous
micro/nanostructures combined with attachment of polar groups
could produce a synergistic effect on converting the wetting
state.>® Fig. 10d shows the change in chemical composition

CA=152°

Heating

o
~
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Si-0-Si
Etched
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Fig. 10 The effect of O, plasma etching and heating treatments on the wetting behavior of the stretchable PAI-TPU/m-SiO, superhydrophobic surface
(a). AFM 3D (b) and SEM (c) pictures after O, plasma etching treatment. The FTIR spectra of the PAI-TPU/m-SiO, superhydrophobic surface before (black
line) and after (blue line) O, plasma etching treatment, and after heating treatment (red line) (d).
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derived from FTIR measurements. It is found that an obvious
vibration peak at 3392 cm™" appeared after O, plasma treatment,
suggesting O, plasma treatment brought hydrophilic polar groups
of —OH or COOH onto the PAI-TPU/m-SiO, surface, which caused
the transition from a superhydrophobic to a superhydrophilic
surface. Interestingly, the signal at 3392 cm™ ' disappeared
while the signal at 1202 cm™ " became stronger after the heating
treatment, suggesting that the heating treatment removed the
hydrophilic polar groups while the hydrophobic group (fluorocar-
bon bond) migrated to the top surface of PAI-TPU/m-SiO, due to
the low surface energy of m-SiO,, and thus the superhydrophobi-
city of the PAI-TPU/m-SiO, surface was recovered.

2.8 Icephobic property

Icephobic surfaces have been attracting more and more atten-
tion in many areas such as aircraft, power lines, and so on.’>
In general, freezing water droplets contains two phases: the
precooling phase and ice growth phase. Firstly, the time of
performing the precooling phase Atprecooling €an be calculated
using eqn (2) from a macroscopic viewpoint:*?

Atprecooling = (PwaAT)/q (2)

where p,, and C,, are the density and specific heat of water,
respectively. AT is the temperature change of the water droplet,
and ¢ is the heat transfer cooling rate per unit mass. On the
other hand, the time required to perform the growth phase
Atice growtn can be calculated using eqn (3):

Atice growth = (PWAH)/Q (3)

where AH is the enthalpy change of the water droplet.
Obviously, the time for freezing the water droplet is primarily
controlled dominated by the heat transfer rate. In other words,
the freezing process can be delayed by reducing the heat
transfer rate between the liquid droplet and contacting surface.

In order to discuss the icephobic property of the PAI-TPU/
m-SiO, superhydrophobic surface, the icing delay test was con-
ducted by respectively laying water droplets on the stretchable
PAI-TPU/m-SiO, superhydrophobic and PAI-TPU substrate sur-
faces, where these surfaces were precooled and maintained at
—20 °C. Firstly, the precooling phase immediately started after
the droplet was placed on these cold surfaces. And then the ice
growth phase started, and the freezing front propagated from
the cold surface to the tip of the droplet. It is found that the PAI-
TPU substrate and PAI-TPU/m-SiO, superhydrophobic surface
exhibited similar patterns, but the duration of the precooling
phase and the speed of the freezing front significantly varied.
The stretchable PAI-TPU/m-SiO, superhydrophobic surface was
capable of causing a huge delay (~ 385 s) in this freezing process,
and icing time is nearly 6 times that of the PAI-TPU substrate
(~65 s). As shown in Fig. 4, the stretchable PAI-TPU/m-SiO,
superhydrophobic surface and PAI-TPU substrate respectively
showed CA values of 161° and 87°, the higher CA can reduce the
contact area between the water droplet and cold surface, result-
ing in a decreased heat transfer rate. Furthermore, the micro/
nano hierarchical porous structure of the stretchable PAI-TPU/
m-SiO, superhydrophobic surface also can decrease the heat
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transfer rate.’ In fact, there were plenty of air traps in the micro/
nano hierarchical structure of the PAI-TPU/m-SiO, superhydro-
phobic surface as discussed above; in other words, the water
droplets were laid on a hybrid surface composed of solid and air.
The icing delay mechanism of the PAI-TPU/m-SiO, superhydro-
phobic surface was further quantitatively discussed by calculat-
ing the ratio of trapped air in the superhydrophobic structure
using the Cassie-Baxter equation (eqn (4)):>®

cosf = fi(cosfp +1) — 1 (@)

where 0 is the water contact angle of the PAI-TPU substrate and
PAI-TPU/m-SiO, superhydrophobic surface, 0, (40°) is the CA of
the liquid droplet on the glass, f;, is the surface ratio under the
non-wetting state. Before spraying m-SiO,, the PAI-TPU sub-
strate showed a relatively lower 0 of 83°, the area ratio of
trapped air between the water droplets and PAI-TPU substrate
was 36.5% (1 — f;). After spraying m-SiO, onto the PAI-TPU
substrate, the 0 of the PAI-TPU/m-SiO, surface increased to
165°, and the proportion of air captured area significantly
increased to 98%. Therefore, the above analysis further sup-
ported that the micro/nano hierarchical porous structure pro-
duced during self-assembly is the key to the icephobic property
of the stretchable PAI-TPU/m-SiO, superhydrophobic surface.

It has been reported that the superhydrophobic property
would be lost during the icing/deicing process owing to the
fragile hierarchical porous structure.>® Herein the wetting
behavior of the stretchable PAI-TPU/m-SiO, superhydrophobic
surface was investigated in every cycle of the icing/deicing
treatment. The CA and SA were respectively investigated to be
154° and 3° after five cycles of the icing/deicing process as
shown in Fig. 11a, indicating the superhydrophobic character-
istic of the stretchable PAI-TPU/m-SiO, surface was not lost.
Furthermore, the morphology of the PAI-TPU/m-SiO, surface
after the icing/deicing test was also researched. The hierarch-
ical porous and clustered-like structures were kept as shown in
Fig. 11b. These results proved the importance of the self-
assembly again.

2.9 Anti-fouling and self-cleaning properties

The anti-fouling ability of the stretchable PAI-TPU/m-SiO,
superhydrophobic surface is presented in Fig. 12. Firstly, the
fabricated surface was placed into a dye solution as shown in
Fig. 12a. Interestingly, the surface remained clean and free of
any contamination when it was taken out from the solution.
Fig. 12b exhibits pictures of water droplets on the PAI-TPU/m-
SiO, surface contaminated with carbon black: the water droplet
collected the particles, and rolled across the PAI-TPU/m-SiO,
surface even when the superhydrophobic surface was scuffed
by a knife. These results indicated that the PAI-TPU/m-SiO,
superhydrophobic surface possesses excellent antifouling and
self-cleaning properties. In addition, the stretchable PAI-TPU/
m-SiO, superhydrophobic surface can be uniformly attached to
objects with different curvatures or shapes. For example, a PAI-
TPU/m-SiO, superhydrophobic surface was closely attached to
an index finger, and it could still retain low-adhesive capability
even under bending/stretching as shown in Fig. 12¢. Excellent

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00794d

Open Access Article. Published on 12 2023. Downloaded on 21-02-2026 16:52:21.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a) 0 b)
160 F
‘\!\;\E\
(=] & & 15 c
5 150t P
e =)
g 0 S
S l40f £
= =}
g =
&) i 75}
130} 5
_ g
i
120 1 1 1 1 1 1

0 1 2 3 4 5

Number of icing-deicing cycles

A

barle, b &
RegUits 1.0k 2008 SE(UL). @

View Article Online

Materials Advances

o, €
'v

Fig. 11 The effect of icing/deicing treatment on the wetting behavior of the stretchable PAI-TPU/m-SiO, superhydrophobic surface (a). SEM picture of
the stretchable PAI-TPU/m-SiO, superhydrophobic surface after five cycles of icing/deicing treatment (b).

Fig. 12 The immersed and lifted-out behaviors of the PAI-TPU/m-SiO, surface in a blue dye solution of water (a). Self-cleaning test of the scuffed PAI-
TPU/m-SiO, superhydrophobic surface (b). The wetting behavior of the stretchable PAI-TPU/m-SiO, superhydrophobic surface attached to an index

finger (c) and lab coat (d).

water repellency was observed when monitoring a water jet
directed toward the film. Fig. 12d further reveals that the
stretchable PAI-TPU/m-SiO, superhydrophobic surface can be
adapted to double-sided adhesive tape, suggesting the super-
hydrophobic surface prepared in this study can be applied to an
irregular surface. Moreover, the loaded droplets (blue dyed
water) rapidly rolled across the superhydrophobic area while
the uncovered area was wetted. These results demonstrated
that the PAI-TPU/m-SiO, superhydrophobic surface could be

© 2023 The Author(s). Published by the Royal Society of Chemistry

applied to irregular morphologies with bending/stretching
capability.

3. Conclusion

In summary, a simple method was proposed to construct
hierarchical porous structures for superhydrophobic surfaces
by self-assembly. By delicately utilizing the surface energy
differences of a superhydrophobic coating of m-SiO, and

Mater. Adv., 2023, 4, 5716-5729 | 5727


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00794d

Open Access Article. Published on 12 2023. Downloaded on 21-02-2026 16:52:21.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

polymer substrate of PAI and TPU, m-SiO, was tightly attached
to the stretchable substrate of PAI-TPU by the bridge effect of
TPU. As expected, the PAI-TPU/m-SiO, surface still remained
superhydrophobic even after it was exposed to lots of stability
tests such as sandpaper abrasion, knife-scuffing, ultrasonic
treatment, and hot-water jet impact, acid-base immersing,
cooling or heating, and UV irradiation. Furthermore, the PAI-
TPU/m-SiO, surface possessed excellent self-healing and icephobic
properties. Through controlling the ratio of TPU in the polymer
substrate, the stretchable film exhibited water repellency even after
it was subjected to a high strain of 250%, or under a periodical
linear stretching of 30% for 2000 cycles. For practical application,
PAI-TPU/m-SiO, superhydrophobic films were applied as water-
proof covers for complex/curved surfaces, or served as self-cleaning
coatings. It should also be pointed out that the approach is capable
of producing stretchable superhydrophobic films in large-scale by
the simple spray method. Due to the unique durability, simple
methodology, and excellent multi-functionality, we believe that
the methodology performed in this work can be promising not
only to the burgeoning wearable electronics field, but also to
complex conditions where it is required to simultaneously address
the stability and adaptability.
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