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In this paper, we directly built hybrid superhydrophobic/hydrophilic micro-patterns on Ti surfaces via femto-
second laser microfabrication. After dark storage, superhydrophobic TiO5 micro/nanostructures were formed on
laser-scanned areas while un-scanned areas remained intrinsic hydrophilicity. The as-prepared Ti surface
enhanced the water-collection efficiency by nearly 100% compared to the untreated one. Furthermore, the

femtosecond laser direct weaved micro-pattern exhibited a fast processing speed and the whole process did not
need any chemical modification. Our study provides a novel strategy to ameliorate the water shortage in the

future.

1. Introduction

Due to environmental pollution, climate change and population
growth, the shortage of water recourses is increasingly serious around
the world. Statistically, the per-capita average of freshwater has
decreased by more than 20% in the past 20 years [1-4]. To survive in an
arid environment, desert beetles have evolved a unique property to
capture and collect water mist from the atmosphere, which is resulted
from its hybrid hydrophobic/hydrophilic back [5,6]. Water mist is
transported by wetting gradient force from hydrophobic area to hy-
drophilic area and collected by hydrophilic micro-humps. Recently,
inspired by nature, building a hybrid micro-pattern for water harvesting
is found to be an important way to ease water shortages [7-11]. The key
role to realize water harvesting with high efficiency is building wetting
gradient or structural gradient on a micro-scale [12-19].

Femtosecond laser microfabrication was widely utilized to control
the surface wettability and topography owing to its good consistency,
high precision, and negligible heat-affected zone [20-29]. Various
micro-patterned surfaces were designed by femtosecond laser for highly
efficient fog collection [30-34]. For instance, by laser scanning, laser
drilling, and modification of fluoride. Wu et al. prepared hydrophobic/
hydrophilic Janus structures with micropore arrays on Al membranes for
water harvesting [32]. Zhong et al. fabricated a laser-induced hybrid
superhydrophilic/superhydrophobic venation network [33], which
achieves the self-driven transportation and collection of water on a large
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surface. Guo et al. reported a physicochemical hybrid method to form
hydrophobic/hydrophilic surfaces [34], which includes femtosecond
laser structuring, hydrothermal treatment, and PDMS modification.
Water harvesting could be realized even under low humidity. Although
water collection efficiency was significantly improved by current works,
the fabrication process was still lengthy and complicated. Meanwhile, to
lower the surface free energy, chemical treatment such as fluoride was
frequently used. It not only contaminated the environment during pro-
duction but also caused the secondary pollution of collected water. A
simple and direct way to build hydrophobic/hydrophilic micro-pattern
without any chemical modification is still challenging.

In this study, inspired by desert beetles, superhydrophobic/hydro-
philic micro-patterns were directly formed on Ti surfaces for water
harvesting (Fig. 1). Femtosecond laser irradiation not only built micro/
nanostructures but also TiO5 layer on Ti surface. After femtosecond laser
weaving process and dark storage, the as-prepared surface was consist of
laser-ablated TiO5 microgroove with superhydrophobic property and
untreated Ti square array with hydrophilicity. By adjusting the ratio of
laser irradiated area, the as-prepared surface exhibited high efficiency
for water collection. Moreover, the whole fabrication process was green
and efficient, which might provide a new insight for ameliorating the
water shortages.
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2. Experimental section

Fabrication of superhydrophobic/hydrophilic micro-pattern on
Ti sheets. Firstly, Ti sheets were applied to collect water owing to their
controllable wettability and environment friendliness [35]. The size of
each Ti sheet was 2.5 x 2.5 x 0.1 cm® and the purity of the Ti sheet was
99.7%. Secondly, TiOz micro-patterns on Ti surfaces were built by line-
by-line femtosecond laser microfabrication. The femtosecond laser was
generated from a Ti: sapphire regenerative amplifier (Institute of
Physics, CAS, Harmonic Laser). The center wavelength was 800 nm. The
repetition rate was 1000 Hz and its pulse width was 35 fs. The femto-
second laser beam was focused onto Ti sheets by a microscope objective
lens (10x, NA = 0.30, Nikon). The diameter of the laser beam is about 2
mm and the focal length is 16 mm. So that the focal spot size can be
calculated as 4 pm. The single laser pulse energy was about 300 pJ. The
irradiated speed was set at 5000 um/s and the distance of adjacent
irradiated lines was set at 20 pm. To weave square array patterns, the Ti
sheets were selectively ablated and controlled by a pre-set computer
program. As shown in Fig. 1, the gray mesh pattern denoted the laser-
irradiated stripe, while the blue domain was the untreated area. The
period (P) of the mesh array was programmed to 300 pm (P = 300 pm).
The width (W) of each laser irradiated stripe is consists of three laser
irradiated lines. Hence, the length (L) of the untreated square was
controlled as 300 pm — 20 pm x 3 = 240 pm (L = 240 pm) and the ratio
of the laser structured area was calculated as 36%. Thirdly, the resultant
sheets were stored in an opaque oven (Figure S1, Supporting Informa-
tion) at 100°C for 24 h to dark storage. After that, the laser-irradiated
area changed into superhydrophobicity while the wettability of the
untreated area is still hydrophilic. Finally, superhydrophobic/hydro-
philic micro-patterns on Ti sheets were obtained.

Characterization. The morphology of laser-irradiated Ti surfaces
was characterized by a Quantan 250 FEG scanning electron microscope
(SEM, FEI, America) and a Flex 1000 SEM (Hitachi, Japan). The element
content of the Ti sample was measured by an energy dispersive X-ray
spectroscopy (EDXS). The crystal structures of the untreated and laser-
irradiated Ti samples were analyzed with a powder X-ray diffractom-
eter (XRD, Rigaku, Smartlab, Japan). The 3D and the cross-sectional
profiles of the micro-patterns were observed by using a LEXT-
OLS4000 laser confocal microscope (Olympus, Japan). The wettability
of Ti surfaces was examined using a contact angle system (JC2000D4,
Powereach, China). The volume of each water droplet is about 7 pL.

Fog collection test. The center of micro-patterned Ti sheets was
faced to the nozzle of the humidifier, whose flow rate was about 0.2
cm3/s. The distance between as-prepared samples and the humidifier is
10 cm with a vertical incidence angle. A graduated cylinder was utilized
to collect water droplets that slide from as-prepared sheets. The weight
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of collected water was measured by a high-precision balance.
3. Results and discussion

A femtosecond laser is able to change the surface topography and
chemical composition on the Ti surface. Fig. 2a shows the SEM image of
the Ti surface after the line-by-line laser scanning process. Under the
action of laser etching, plasma ejecting and recrystallization of ejected
particles, abundant micro-protrusions are randomly formed on the sur-
face. The diameter of protrusions is in the range of several microns to
sub-microns, and each protrusion is modified with a great number of
nanoparticles, which realize the hierarchical micro/nanostructures.
During laser irradiation, the element contents of the Ti surface are also
changed (Fig. 2b). EDXS result presents that the atomic proportion of O
increases from 0% to 43.08% while the atomic proportion of Ti de-
creases to 56.92%. It can be seen that oxidized Ti occurs concurrently
during laser etching and plasma ejecting. Since Ti*" is a more stable
state in metallic oxide, the resultant micro/nanostructures are composed
of TiOy [36-38].

Pure Ti is a kind of hydrophilic material. As is shown in Fig. 2c, a
water droplet on a flat Ti surface presents a water contact angle (WCA)
of 64° + 1°. After heat treatment and dark storage, the wettability re-
mains hydrophilic with a WCA of 69.5° £+ 1.5°. For laser-ablated sam-
ples, the hierarchical micro/nanostructures endow Ti surfaces with
superhydrophilicity. A water droplet will entirely spread out when
touching the surface (Fig. 2d). Surprisingly, the as-prepared surface is
gradually hydrophobic upon dark storage. Finally, the WCA is found to
be 157° + 1°, which indicates that the laser-ablated surface is able to
vary from superhydrophilicity to superhydrophobicity without any
chemical treatment. The underlying mechanism of this phenomenon is
resulted from the formation of TiO,, as is depicted in Fig. 2e. Femto-
second laser-induced hierarchical micro/nanostructures include abun-
dant TiOg, which is a typical photocatalytic and hydrophilic material.
During femtosecond laser microfabrication process, the valence bond
surrounding Ti*" is a highly unstable state, lattice oxygen interacts with
holes generating electron-hole pairs, which is easy to react with HyO and
form Ti-OH groups. The combination of ~OH groups and hierarchical
micro/nanostructures amplifies its hydrophilicity. It is worth
mentioning that Ti-OH groups are easily lost in the dark. Heat treatment
is able to accelerate this process. After being stored in an opaque oven at
100°C for 24 h, -OH groups on the laser-ablated samples are gradually
replaced by -O groups and other oxides with low surface energy. Hence,
the presence of low surface energy groups and hierarchical micro/
nanostructures endows the resultant surface with superhydrophobicity.

Through heat treatment and dark storage, the laser-ablated area on
Ti surface obtains superhydrophobic ability while the flat area remains
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Fig. 1. The schematic of femtosecond laser weaving process on a Ti surface for water harvesting.
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Fig. 2. (a) SEM image of the laser-ablated Ti surface. (b) EDXS result of the laser-ablated Ti surface. (c) The wettability of untreated Ti surface before and after dark
storage. (d) The wettability of laser-ablated Ti surface before and after dark storage. (e) Schematic illustration of the variation from hydrophilicity to super-

hydrophobicity via laser ablation and heat treatment.

hydrophilic. Hence, hybrid superhydrophobic/hydrophilic patterns on
Ti surfaces are able to realize via femtosecond laser selectively ablation.
The morphology of the laser-ablated hybrid pattern is depicted in Fig. 3a
and Fig. 3b. P is set as 300 pm and L is programmed to 240 pm. A uni-
form square array is formed by femtosecond laser weaving process
(Fig. 3c). The width (W) of laser irradiated micro-groove is 60 pm and its
depth is about 12 pm. Further magnified SEM image presents that
abundant nanoparticles with the size of 50 nm to 500 nm are decorated
on the groove (Fig. 3d).

As shown in Fig. 3f, localized XRD results on square arrays and pure
Ti are almost entirely the same. On laser irradiated micro-groove, the
peaks of Ti(110), Ti(101), Ti(210), Ti(220) are detected and the peaks
of Ti(111) and Ti(310) are also significantly enhanced, indicating the
formation of TiOs. According to Fig. 2c and Fig. 2d, flat Ti surfaces
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endow square arrays with hydrophilicity while rough TiO, particles
endow microgrooves with superhydrophobicity after dark storage. Be-
sides, ejected particles not only recrystallizes on the microgroove but
also the edge of the untreated area. The size and number of eject
nanoparticles decrease with the increasing distance (Fig. 3e). Owing to
the different wettability of TiO5 nanoparticles and flat Ti substances, the
wettability gradually varies from superhydrophobicity to hydrophilicity
with the decreasing of recrystallized nanoparticles. Hence, the laser-
induced square array pattern can be divided into three parts: super-
hydrophobic area, hydrophilic area, and transitional area, as shown in
Fig. 3e. The existence of the transitional area forms a gradient wetting
and a wetting driving force, which is more beneficial to the transport of
water droplets.
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Fig. 3. (a) 3D confocal microscopy image of the as-prepared square array pattern; (b) Cross-sectional profiles of the as-prepared square array pattern. (c-e¢) SEM
image of the as-prepared square array pattern. (f) XRD results of superhydrophobic area, hydrophilic area, and pure Ti.
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superhydrophobic samples are applied to collect fog in air. As controls,
untreated Ti sheets are chosen as hydrophilic samples and line-by-line
laser-structured Ti sheets are named superhydrophobic samples. A
commercial humidifier was applied to analyze the fog collection effi-
ciency of the above-mentioned samples. After 30 s, water mist is already
condensed into micro-droplets and spread out on the hydrophilic sam-
ple. Nevertheless, the water drop does not tend to slide off owing to the
high surface adhesion (Fig. 4a). On the superhydrophobic sample, water
mist is hard to capture and its water collection rate is inefficient.
Comparatively, the as-prepared sample shows a high efficiency of water
collection. A water droplet array occurs on the square array uniformly
while the rest of the surface remains dry. With the growth of water
droplets and the limitation of superhydrophobic edge, condensate water
is easy to slide down and detach the as-prepared surfaces, realizing the
collection of water mist in air. In the first 40 min, the collecting effi-
ciency of the superhydrophobic samples is measured higher than hy-
drophilic ones because much-collected water is still spread out on the
hydrophilic surface. As exhibited in Fig. 4b, the collected water of hy-
drophilic samples, superhydrophobic samples, and as-prepared samples
is about 580 mg/cm?, 620 mg/cm?, and 1100 mg/cm? respectively after
1 h. With the increase of time, the collection rate of the as-prepared
samples is holding at 1350 mg/cm? h, which is nearly twice as hydro-
philic samples and three times as superhydrophobic samples in the final.

The key of water collection rate can be divided into two parts: cap-
ture and transportation. When water mist comes into contact with the
superhydrophobic sample, most of the water mist bounces off and repels
from the superhydrophobic surfaces, indicating the inefficiency of water
capturing. Although the water flow can be successfully captured by
hydrophilic and superhydrophilic surfaces, the water will quickly spread
out and form a water membrane on the whole surface. The obtained
water membrane is not only difficult to transport but also prevents
further contact between water mist and sample surfaces, leading to low
efficiency of collection rate. Compared to these samples, the collection
efficiency is greatly improved via femtosecond laser weaving hybrid
pattern. Hydrophilic square arrays are applied to capture water mist in
air and superhydrophobic microgrooves reduce the contact area be-
tween captured droplets and sample surfaces. The transition area pro-
vides a wetting gradient force that helps captured droplets converge in
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square arrays better. Meanwhile, the regular pattern causes water
droplets to be arranged in a square array, which is a benefit to their
regular and orderly transportation. Hence, water drops can be trans-
ported and slide down with a smaller volume and a less time cost.

The hybrid hydrophilic/superhydrophobic surfaces with different W
were also discussed, as shown in Fig. 4c. When W is controlled from 60
pm to 80 pm, the efficiency of the collection rate is significantly
enhanced. As W continues to increase, hydrophilic square arrays are too
small to capture enough water. On the contrary, superhydrophobic
barriers are difficult to form when W is small than 40 pm. Furthermore,
the influence of P is also investigated in Fig. 4d. 3D confocal microscopy
image of the as-prepared square array pattern with different P is shown
in Figure S2. With increasing P, The captured water on sample surfaces
increases while the transportability of water droplets becomes weaker.
Considering the balance between water capture and transport, the
sample with P = 300 pm and W = 60 pm leads to the highest efficiency of
collection rate.

It is worth mentioning that the ratio of the laser structured area is
only 36% on the whole surface so that the processing efficiency is also
improved compared with the existing femtosecond laser scanning
technology. As shown in Figure S3, a larger superhydrophobic/ hydro-
philic surface can also be fabricated by femtosecond select weaving
process. Furthermore, compared to other femtosecond laser-induced
water-collecting devices, the whole process does not need chemical
modification and any fluoride, which is more suitable to meet the eco-
friendly rules (Table 1).

4. Conclusions

In summary, a hybrid superhydrophobic/hydrophilic Ti surface for
water harvesting was prepared by femtosecond laser weaving process
and dark storage. During femtosecond laser selectively ablation, rough
TiOy micro/nanostructures were formed on laser-scanned area, pre-
senting superhydrophobicity, while untreated area remained intrinsic
hydrophilicity. By adjusting the width and ratio of laser-ablated area,
the efficiency of the water collection rate could be influenced signifi-
cantly. When W and P were controlled as 60 pm and 300 pm, the water
collection rate was optimized as 1400 mg'h/cm?, which was twice as
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Fig. 4. (a) Optical image of water harvest results of hydrophilic, superhydrophobic, and as-prepared samples. (b) The variation of collected water for different
samples along with the collection time. (c) Water-collection efficiency of the as-prepared samples with different L. (d) Water-collection efficiency of the as-prepared

samples with different P.
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Table 1
An overview of femtosecond laser-induced fog/water collection surfaces.
Surface Laser Processing Chemical Reference
structures modification
Venation Overall scanning PTFE 31
network
Janus membrane  Laser drilling and overall ~ fluoroalkylsilane 32
scanning
Leaf veins Overall scanning and fluoroalkylsilane 33
selective scanning
Nanoneedle Overall scanning NaOH, HCl, PDMS 34
structures
Square array Selective scanning None Our
method

untreated Ti surface. Compared to other laser-induced water collection
devices, our method exhibited a faster processing speed and did not need
any chemical modification. We believe that this fast and eco-friendly
method will make a new contribution to solving the shortage of water
resources in the future.
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