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On account of their wide range of applications in self-cleaning, anti-icing, frost suppression, etc., super-
hydrophobic surfaces have attracted considerate attention. However, most of the superhydrophobic sur-
faces can only be prepared on the surfaces of specific materials and are easily damaged in the case of
friction. In this work, we propose a facile method to achieve superhydrophobicity on various substrate
surfaces. By femtosecond laser direct processing, micron-level grooves and protrusions are constructed
on substrates to form a protective layer. Then, the substrates covered by polytetrafluoroethylene (PTFE)
were scanned to make the surfaces of the substrates superhydrophobic. Since the PTFE micro—nano-par-

Received 20th April 2022,
Accepted 8th June 2022

DOI: 10.1039/d2nr02157a

ticles are evenly distributed on the grooves and protrusions, the surfaces exhibit robust superhydrophobi-
city with excellent anti-friction performance that is independent of the substrate properties. This work
provides an efficient and environmentally friendly path for achieving robust superhydrophobic surfaces on
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1. Introduction

The superhydrophobic property means that the water contact
angle (WCA) of the surface is larger than 150° and the sliding
angle is less than 10°.* Considering its extensive application
prospects in fundamental research and practical applications,
this special phenomenon has attracted much attention since it
was discovered.®® Specific applications of superhydrophobic
surfaces include but are not limited to the following scenarios.
Iced metal surfaces could affect their service life. However, due
to their ultra-low adhesion to water, the superhydrophobic
metal surfaces are difficult to be frozen, and the ice easily slips
down after melting into water droplets, which can effectively
solve the problem of icing.’™> Mold grows easily on cellulose-
based materials such as wood and paper in water or humid
environments, which adversely affects the practicability of the
materials. When they are covered with a superhydrophobic
surface, it is like a waterproof layer on the surfaces and the
moisture resistance of these materials will be greatly
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improved.”® " In medical treatment, ordinary hemostatic

materials are easily wetted by blood and have a single func-
tion. Superhydrophobic hemostatic materials can limit blood
wetting, prevent blood loss and significantly reduce bacterial
adhesion."® A surface enhanced Raman scattering (SERS) plat-
form can detect toxins in liquids. However, due to the random
diffusion of liquids into the sensor, the SERS platform is poor
in the ultra-trace detection and quantitative analysis of toxins.
After the SERS platform superhydrophobization, the random
diffusion of liquids is limited, and the ability of the ultra-trace
detection and quantitative analysis of the platform is greatly
improved.'® Passive radiation cooling materials play an impor-
tant role in reducing energy consumption, but their appli-
cation is limited by the surface pollution in the actual environ-
ment. Because of its self-cleaning function, the surface con-
tamination of superhydrophobic radiation cooling materials
has been well solved.'® In addition, superhydrophobic surfaces
have important applications in nanogenerators, super-
capacitors, chemical catalysis, etc.>’™

Because of the great potential of superhydrophobic surfaces
in scientific investigations, a lot of studies on how to obtain
superhydrophobic surfaces have been performed by many
researchers over the years. For instance, Lo Porto et al. etched
the PTFE surface with oxygen plasma and modified it.>* The
superhydrophobic surface can be obtained in one step, which
is fast and pollution-free. Wu et al. modified various nano-
particles and vinyl triethoxysilane under gravity and pressure
to get superhydrophobic surfaces on most solid substrates.>”
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Schutzius et al. dispersed exfoliated graphite nanosheets in
weakly alkaline aqueous solution and then mixed them with a
commercial polyolefin dispersion to prepare a water-based,
fluorine-free dispersion, and this dispersion can produce
superhydrophobic layers on a variety of substrates.”® However,
most of the present methods to prepare superhydrophobic sur-
faces have some limitations, such as substrate-dependence,
complicated steps, environmental pollution, time-consuming
nature and so on,””*? and the method of obtaining superhy-
drophobic surfaces only on one or several specific materials
cannot adapt to the wide application scenarios of superhydro-
phobic surfaces. Moreover, superhydrophobic surfaces usually
work in complex situations with friction. Therefore, a fast,
simple, and environment-friendly method for obtaining fric-
tion-resistant superhydrophobic surfaces on various substrates
is urgently needed.

Herein, we report a simple, rapid, and substrate-free
method for preparing friction-resistant superhydrophobic sur-
faces via femtosecond laser direct writing.***” The micron
grid structure is first constructed on the substrate surface, and
then PTFE nanoparticles are deposited on the substrate by
femtosecond laser second scanning. Both fluorines from PTFE
films and two-scale micro/nanostructures are used to improve
the hydrophobicity of the samples.?® The laser-treated samples
still have good superhydrophobicity after the friction tests,
which shows excellent stability.

2. Experimental section

2.1 Preparation of superhydrophobic surfaces

The PTFE films (~0.03 mm) were bought from Taizhou
Chengguang Plastic Industry Co., Ltd (China), and the silicon
wafers were bought from Zhejiang Lijing Optoelectronics
Technology Co., Ltd (China). Quartz glass, paper, and stainless
steel were all purchased from local markets.

This method can be realized on various solid substrates by
adjusting appropriate processing parameters. Taking quartz
glass as an example, the laser was focused on the upper
surface of quartz glass, the output power of the femtosecond
laser (HR-Femto-IR-50-40B, Huaray, China) was adjusted to 8
W, and the frequency and the pulse width were 100 kHz and
350 fs, respectively. The galvanometer system (basiCube 10,
Scanlab, Germany) was controlled by the software on a compu-
ter to process quartz glass with a scanning speed of 0.5 mm
s~' and a scanning distance of 0.1 mm, and the “#” shaped
grid structure was constructed on the surface of quartz glass in
the X-direction first and then in the Y-direction.?® Next, a PTFE
film with a thickness of 0.03 pm was tightly covered on the “#”
shaped glass, and the laser was refocused on the upper surface
of PTFE. In the second scanning, the femtosecond laser power
was 5 W, which controlled the galvanometer to deposit PTFE
along the X-direction at a scanning speed of 100 mm s~ " and a
scanning spacing of 0.05 mm. Afterward, we removed the
PTFE film and replaced it with a new PTFE film. The same
parameters were used to scan the PTFE film along the
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Y-direction, the PTFE nanoparticles were deposited on the sub-
strate, and finally, the PTFE film could be removed (glass: 8 W,
100 kHz, 100 pm, 0.5 mm s~ '; stainless steel: 8 W, 100 kHz,
100 pm, 10 mm s~ silicon slice: 6.5 W, 100 kHz, 100 pm,
50 mm s, paper: 4 W, 100 kHz, 100 pm, 200 mm s~ '; PTFE
film: 5 W, 100 kHz, 50 pm, 100 mm s ).

2.2 Characterization

Firstly, due to the poor conductivity of some samples, a low
vacuum coating instrument (EM ACE200, Leica, Germany) was
used to plate a thin platinum film on the sample surfaces to
improve the conductivity of the samples. Then, the surface
morphologies of the samples were observed using a scanning
electron microscope (SEM; MIRA3, LMU, Tescan, Czech
Republic), and the element distributions of the samples were
analyzed quantitatively using a supporting energy dispersion
spectrometer (EDS; Tescan, Czech Republic). A laser scanning
confocal microscope (CLSM; Axio LSM700, Zeiss, Germany)
was used to observe the three-dimensional morphologies and
cross-sectional profiles of the sample surfaces, and the WCAs
at five different positions on the same sample surface were
measured with a contact angle meter (Biolin Scientific,
Finland) to reduce the error.

3. Results and discussion
3.1 Design and realization of superhydrophobic surfaces

In order to obtain superhydrophobic surfaces on a variety of
substrates concisely and quickly, the femtosecond laser direct
processing method was selected because of its eco-friendly
nature, high efficiency, high precision, and large instan-
taneous energy.’*** The schematic of the processing pro-
cedure is shown in Fig. 1a. (I) We used a femtosecond laser to
process the structure surfaces with a “#” shaped path and (II)
then the PTFE film was tightly covered on the laser-treated
structure surfaces, and the PTFE micro/nanoparticles were de-
posited on the “#” shaped micro/nanostructure surfaces via
femtosecond laser second scanning.*>** As we all know, PTFE
is dangerous when it is heated up to 400°. But in this work,
when the PTFE film is treated with the femtosecond laser, its
maximum temperature is only 83.3°, so that the whole process
is always in a safe state (Fig. S1 in ESIT). Fig. 1b and c show the
static WCA images of quartz glass, stainless steel, silicon
wafer, and paper before and after processing. The water dro-
plets are completely spread out on the pristine glass, showing
a minor arc on stainless steel and silicon wafer, but a major
arc on paper.*® At the same time, the shapes of water droplets
on the surfaces of the laser-treated samples are almost comple-
tely spherical. It is obvious that the wettability of the four
materials is different, and the corresponding WCAs are ~23.2°,
69.7°, 73.5°, and 118.7°, respectively, while the laser-treated
surfaces show superhydrophobicity, and the WCAs are
~158.9°, 156.3°, 162.6°, and 165.6°, respectively (Fig. 1d). In
addition, our method demonstrates overwhelming overall per-
formances over its other counterparts in substrate-indepen-
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Fig. 1 (a) Schematic illustration of the fabrication procedure of the robust superhydrophobic surface; (b and c) water droplets are placed on the
pristine and laser-treated samples of four substrates (quartz glass, stainless steel, silicon slice, and paper); for convenience of observation, water has
been stained with methylene blue; (d) comparison of WCAs of the pristine and laser-treated samples; (e) comparison between our method and
other similar methods in terms of substrate-independence, durability, processing steps, preparation time and environmental protection.

dence, durability, preparation time, and eco-friendliness
(Fig. 1e).2078

3.2 Surface topography

To investigate the reason for the superhydrophobicity of the laser-
treated structures, we characterized their surface morphology by
SEM. It can be seen that the pristine structures of quartz glass,
stainless steel, and silicon wafer are relatively smooth and flat, and
the surface of pristine paper displays the morphology of staggered
distribution of fibers (Fig. S2 in ESIt). According to the existing
theory, the hydrophobicity of a solid surface depends on the rough-
ness and free energy of the surface. The hydrophobic properties
will be further enhanced by higher surface roughness or lower
surface free energy. Based on the above reasons, several laser-
treated surfaces are in a “#” grid shape. Because the first scanning
spacing of the femtosecond laser is twice the second scanning
spacing, the grooves with one being deep and one shallow are stag-
gered. After second scanning, a large number of micro/nano-

9394 | Nanoscale, 2022, 14, 9392-9400

particles are found distributed in the bulges and grooves on the
substrate surfaces, and clusters formed by micro/nanoparticles are
observed under high magnifications, which are deposited on the
substrate surfaces and filled with the micro/nanostructures
(Fig. 2a-d). Meanwhile, we characterized the element compo-
sition and distribution on the surfaces of these structures after
processing. It can be clearly seen that the elements such as
carbon, oxygen, and fluorine are distributed on the surfaces of
the four substrates evenly, and the distribution is consistent
with the “#” shape contour. In particular, the atomic element
percentage of fluorine on each substrate’s surface is in the
range of 29.3% to 38.2%, which exhibits fairly good consistency.
Due to the limited field depth of EDS, the element distribution
in the grooves cannot be clearly displayed, so the grooves in
each element distribution diagram are black (Fig. 2e-h).

Furthermore, we also used LCM to characterize the 3D mor-
phology and cross-section profile of the structures of laser-
treated surfaces.**>!

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr02157a

Published on 22 June 2022. Downloaded on 6/19/2026 10:28:04 PM.

Nanoscale

100,
F Si

M
&

Element  Wt% At%

View Article Online

Paper

*3 604 cK 27.95 4219
) oK 2.57 2.92
5 4010 FK 3244 3097
< 20c SiK 37.04 2392
0
4 6 8 10
Energy(eV)
80, Element  Wt% At%
cK 8.61 2291
" 601 F oK 352 7.04
= Fe FK 1741 2929
g 40- FeK 5107  29.22
o 0 Ni K 532 2.89
- 20{cr crK 14.07 865
c . .
0 LA e CrE] FeNI’.‘"
2 4 6 8 10
Energy(eV)
500
g Si
- 400 Element  Wt% At%
€ 300 GK 1530  22.50
bty oK 2796 3088
& 200 FK 3632 3378
- 100] F SiK 2042  12.84
C
0 0
4 6 8 10
Energy(eV)
80,
F Element  Wt% At%
60

Contents
H
o
fols)

Si

CK 32.97 42.49
OK 19.67 19.05

FK 46.90 38.24

SiK 0.31 0.16

Cak 0.15 0.06
Ca

2

4 6 8 10
Energy(eV)

Fig. 2 (a—d) SEM images of quartz glass, stainless steel, silicon wafer, and paper after femtosecond laser ablation; (e—h) EDS spectra and elemental
mapping of laser-treated quartz glass, stainless steel, silicon wafer, and paper, respectively.

This shows that the groove’s depths in the four laser-treated
samples are about 30-150 pm; the great difference in depths is
due to the various ablation thresholds of each material.
Furthermore, the distribution of grooves shows obvious
periodicity as shown in Fig. 3a-d. Based on the above results,
we can preliminarily infer the reason for the superhydrophobic
characteristics of the structures after processing: the PTFE
micro/nanoparticles deposited on the substrates have low
surface free energy because they are rich in fluorine, which
makes the substrates have high hydrophobicity. At the same
time, these micro/nanoparticles were combined with the “#”
shaped structure on the substrate surface to form a micro/
nano two-scale structure. In consequence, the specific surface
area of the substrate surface was greatly increased, the hydro-

This journal is © The Royal Society of Chemistry 2022

phobicity of the substrate surface was further improved, and
the substrate surface finally showed superhydrophobic
characteristics.

3.3 Wettability characterization and durability tests

The obtained superhydrophobic surfaces were also further ver-
ified, as shown in Fig. 4. For more clarity, quartz glass was
selected as an example. A dropper was used to carry about 4 pL
water droplets to drop on the laser-treated glass surface, the
droplets were moderately compressed after they came in
contact with the structure surface, and finally the dropper was
slowly lifted (Fig. 4a, Movie S1 in the ESIf{). The structure
surface remained free of water droplets, which proved the
superhydrophobicity and low adhesion of the structured

Nanoscale, 2022, 14, 9392-9400 | 9395
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Fig. 3 (a—d) 3D surface topography and the cross-sectional profile of laser-treated quartz glass, stainless steel, silicon slice, and paper, respectively.

surface. Concurrently, the water droplet could easily roll on the
surface with a tilted angle of ~2.6° (Fig. 4b, Movie S2 in the
ESIY). Fig. 4c shows the bouncing test of a water droplet on the
treated glass surface.”>* When the water droplet just touched
the treated surface, it was recorded as 0 ms. After coming in
contact with the surface, the water droplet began to spread on
the interface until the maximum diameter was reached in
about 7 ms, then began to shrink, completed the contraction
and gradually jumped up in about 16 ms. This is also a reflec-
tion of the superhydrophobicity and low adhesion of the
treated surface (Movie S3 in the ESI{). As illustrated in Fig. 4d,
we placed an appropriate amount of dust on the pristine glass
and the laser-treated glass, respectively. Then water was
dripped slowly on these surfaces with a dropper. On account

9396 | Nanoscale, 2022, 14, 9392-9400

of the hydrophilicity and high adhesion of the pristine glass,
the water droplets adhere to the glass surface and do not roll-
off. Naturally, the dust on the pristine glass was still retained.
In contrast, because of its superhydrophobicity and low
adhesion, the water droplets were close to a complete sphere
on the laser-treated glass surface, carried the dust, and rolled
down into the dish quickly, and the cleaned surface of the
glass was finally observed. This is one of the important appli-
cations of superhydrophobic surfaces, that is, the self-cleaning
function of the material surface (Movies S4 and S5 in the
ESIT).>*>” Moreover, the durability tests of the superhydropho-
bic performance were also conducted. We repeatedly pasted
and tore off transparent tape on the laser-treated glass, and it
could be found that it still maintained superhydrophobicity

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Dynamic adhesion behavior of water droplets coming in contact and leaving the laser-treated glass surface; (b) water droplets roll down
from the laser-treated glass with an inclination angle of ~2.6°; (c) pictures of the continuity of the bouncing behavior of water droplets on the laser-
treated glass surface; (d) the self-cleaning performance of the pristine glass surface and laser-treated glass; (e) adhesive tape is used to adhere on
and tear the laser-treated glass surface and the WCAs of laser-treated surface after multiple cycles; (f) the WCAs of the laser-treated quartz glass at

different temperatures (10 °C-90 °C).

for 10 cycles, and the WCAs were greater than 151°, which
proved that the laser-treated glass had a certain anti-glue vis-
cosity (Fig. 4e).>® Fig. 4f shows that the laser-treated glass is
superhydrophobic in the temperature range of 10 °C to 90 °C.
In order to further test the anti-friction ability and practicabil-
ity of the samples, samples loaded with weight (50 g) are
rubbed on sandpaper to simulate scratches that may be

This journal is © The Royal Society of Chemistry 2022

59762 with the laser-treated surface

encountered in daily life.
facing down, the sample slides along with the weight on the
sandpaper by pushing it with tweezers (Fig. 5a). On comparing
the SEM images of the laser-treated surfaces before and after
friction, it can be found that the surface layer of the structures
after friction turns smoother while the morphology in the

groove changes slightly (Fig. 5b).
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Fig. 5 (a) Schematic illustration and experimental diagram of the sandpaper friction test; (b) SEM images of the laser-treated glass surface before
and after the friction; an enlarged view of a groove is shown in the upper left corner and an enlarged view of a protrusion is shown in the lower right
corner; (c) the WCAs of various friction distances of laser-treated glass loaded with 50 g; (d) the change of WCAs on the laser-treated glass with a
friction distance of 10 cm with the different load weights; and (e) schematic illustration of the principle that the laser-treated samples after friction

still have superhydrophobicity.

By measuring the WCAs of multiple groups of samples
loaded with weights rubbed on sandpaper for different dis-
tances, it was observed that the laser-treated glass still main-
tained superhydrophobicity with a friction distance of ~50 c¢m,
and the WCA was 152.2°. On the other hand, the WCAs of
laser-treated glass with various weights ranging from 0 to
120 g after rubbing on sandpaper for 10 cm were also
measured. The results demonstrate convincingly that the laser-
treated glass also maintains superhydrophobicity within these
loading ranges. In this regard, combined with the theories
mentioned above, the following explanations are discussed. As
displayed in Fig. 5e, the laser-treated glass shows superhydro-
phobicity derived from PTFE micro/nanoparticles and double-
scale structures formed on the surface before friction.
Simultaneously, the majority of the PTFE micro/nanoparticles
in the grooves are retained (Fig. 5b and Fig. S3 in the ESIY),
retaining the superhydrophobicity of laser-treated glass
surface after multiple frictions.

4. Conclusion

In summary, a simple and efficient method for preparing
robust superhydrophobic surfaces on a variety of substrates is

9398 | Nanoscale, 2022, 14, 9392-9400

proposed, which is based on the femtosecond laser engraving
of substrates and laser induced PTFE deposition. Four
different kinds of laser-treated samples have WCAs greater
than 150° and remain superhydrophobic after proper friction.
Their superhydrophobicity comes from the two-scale micro/
nanostructures formed by PTFE nanoparticles and micron
structures on the substrates, as well as the low surface free
energy of PTFE nanoparticles. More importantly, these super-
hydrophobic surfaces have good self-cleaning function and
mechanical stability. This substrate-independent, robust
superhydrophobic surface has broad application prospects due
to its simple preparation.
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