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Dual-Responsive Janus Membrane by One-Step Laser
Drilling for Underwater Bubble Selective Capture and

Repelling

Sizhu Wu, Dong Meng, Chao Chen,* Lu-An Shi, Lili Zhou, Zhouchen Huang, Jiawen Li,

Yanlei Hu, and Dong Wu*

Achieving the dynamic control of underwater gas bubbles (UGBs) on smart
surfaces has aroused great attention for academic research and industrial
applications. To date, developing a kind of stimuli-responsive porous mem-
brane with asymmetric wettability which can be reversibly switched between
Janus and non-Janus systems, unfortunately, has been rarely demonstrated.
Here, a light/temperature-responsive Janus tapered-hole arrayed zinc foil
(TAZF) is unfolded by combining one-step laser drilling and a subsequent
heating which is successfully utilized for underwater bubble unidirectional
transport, that is, bubble “diode.” Moreover, this TAZF can reversibly switch
between Janus architecture and double-faced aerophobic by applying alterna-
tive heating and UV dispositions for selectively capturing or repelling bubbles.
The underlying mechanism revealed by X-ray photoelectron spectroscopy
spectrums is that the reversible graft and removal of hydroxyl (—OH) on the
top surface of TAZF dominates the wettability conversion. The quantitative
relationship among the UV and heating time and the water contact angle and
the underwater bubble contact angle (UGBCA) is also studied. This work pro-
vides insight for designing smart surfaces applicable in fast bubble capture,

transportation, collection, and gas/liquid separation.
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Achieving the controllable transport of
underwater gas bubbles (UGBs) is of
great significance for academic research
and industrial implement because of
their potential applications in solar desali-
nation,ll' wastewater treatment,”! and
minerals recovery.’l For example, selec-
tively repelling bubbles can prevent the
formation of a corrosive CO, solution on
behalf of prolonging the lifetime of ocean
vessels.! In contrast, capturing bubbles
can improve the gas diffusivity in aqueous
media so as to enhancing the heat transfer
efficiency in the ocean.’! Moreover, in a
typical aeration process, capturing fine
bubble can endow the microorganisms in
sewage treatment ponds with sufficient
dissolved oxygen, which renders profound
significance for promoting the oxidation
and decomposition of organic matter.l
In this regard, realizing the controllable
transport of UGB is highly crucial for
solving practical issues.

In the past decades, the unidirec-
tional fluid transportation on the basis of
asymmetric wettability of a Janus system has been extensively
studied.”! Inspired by the mechanism of liquid self-transport,
researchers have successfully realized the unidirectional trans-
port of UGB by taking advantage of bubble “diode,” which is
assembled by an aerophilic (AL) surface and another super-aer-
ophobic (SAB) surface.®] UGB could readily pass through the
Janus membrane from a SAB surface to an AL one, whereas
it would be blocked in a reverse direction. For instance, Chen
et al. successfully achieved the unidirectional penetration of
UGBs via a Janus copper mesh, which was uniformly coated
with hydrophilic TiO, nanoparticles on the top surface and
modified with hydrophobic dodecane thiol on the bottom sur-
face.”) Yong et al. realized selective passage of underwater bub-
bles by employing a Janus hierarchical through-microhole-array
polydimethylsiloxane (PDMS) sheet. The upper surface of the
Janus sheet is intrinsically hydrophobic and the lower surface
is converted to hydrophilic by oxygen plasma treatment.['% Pei
et al. manufactured an integrated Janus mesh with tunable
aperture, whose top and bottom surfaces were carefully modi-
fied by chemical etching and competent for UGB antibuoyancy
unidirectional transport.'!! Recently, Yan et al. constructed a
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Figure 1. Facile fabrication of Janus TAZF and its reversible wettability. a) Schematic diagram for illustrating the wettability modulating strategy com-
posed of one-step laser drilling (TAZF), heating (Heat-TAZF), UV irradiation (UV-TAZF), and re-heating (Re-Heat-TAZF), respectively. b,c) SEM images
for the top and bottom surfaces of the resultant TAZF. d) Comparison of WCA and UGBCA for the top and bottom surfaces of TAZF, Heat-TAZF,
UV-TAZF, and Re-Heat-TAZF, respectively. Dynamic clips for UGBs ejected from e) AB surface to AL one and f) AL surface to AB one of Heat-TAZF,

respectively. The scale bar is 100 um.

Janus porous aluminum mesh by a combination of fluorosilane
modification and femtosecond laser drilling, which had also
contributed to the deep understanding of a Janus system for
UGB unidirectional transport.l'Z Though these previous explo-
rations have greatly advanced the experimental and theoretical
guidance for manipulating UGBs, several drawbacks arise sub-
sequently. 1) Fabricating methods for a classical Janus architec-
ture by chemical etching or fluorination are so tedious and not
environment-benign.-12l 2) Surface wettability modification by
oxygen plasma tends to be unstable for maintaining the Janus
performance because the low molecular weight chains diffuse
from the PDMS and cover up the thermodynamically unstable
surface.’%3 3) Achieving the switchable unidirectional pas-
sage and double-faced blockage for UGBs, that is, reversible
dynamic control between Janus and non-Janus system, by a
single Janus membrane has rare investigations. In this view,
developing a more facile, environment-friendly and reliable
stimuli-responsive Janus membrane with dynamically revers-
ible wettability is a potential need.

Herein, we report a dual UV/thermal-responsive Janus
underwater air bubble “diode” on the basis of a single TAZF
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which was fabricated by one-step laser drilling and a subse-
quent heating process (Heat-TAZF). In aqueous medium, the
resultant Heat-TAZF allows the passage of UGB marching
from an aerophobic (AB) surface toward an aerophilic (AL)
surface with an ultrashort period of 0.5 s, whereas it repels
the UGBs from passing through in an opposite direction
(Figure S1 and Movie S1, Supporting Information). Sig-
nificantly, the reversible switching between double-faced AB
and recovery Janus architecture could be readily achieved by
virtue of alternant UV-irradiation (UV-TAZF) and re-heating
(Re-Heat-TAZF) dispositions, that is, the reversible con-
version between double-faced repelling and unidirectional
transport of UGBs. The underlying mechanism revealed by
X-ray photoelectron spectroscopy (XPS) spectrums is that
the reversible graft and removal of hydroxyl (—OH) on top
surface of UV-TAZF and Re-Heat-TAZF dominates the wet-
tability conversion. Additionally, the quantitative relationship
among the UV and heating time and the water contact angle
(WCA) and the UGBCA has been systematically studied. This
work provides insights for guiding researchers to achieve the
controllable manipulation of gas bubbles in aqueous media,
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and extends the application of UV/thermal-responsive Janus
membrane with tunable wettability.

Figure 1a shows the wettability tuning strategy for an air
bubble “diode.” First, one-step laser drilling was utilized for
fabricating a single non-Janus TAZF with top/bottom dia-
meter, WCA and UGBCA of 141/60 um, 0°/30°, and 150°/136°,
respectively. This TAZF exhibited double-faced repelling UGBs
(Figure 1b—d). Once it was subjected to a heating process, the
Heat-TAZF had been dramatically modified to a Janus perfor-
mance, the corresponding top/bottom WCA and UGBCA of
which were modified to 154°/79° and 29°/111°, respectively.
This resultant Heat-TAZF was then carried out for investigating
the penetration behavior of UGBs. As shown in Figure lef, the
underwater bubble was inclined to permeate from AB surface
to AL surface, whereas the bubble tended to be blocked in an
opposite direction (Movie S2, Supporting Information). Exposed
to UV-irradiation, the TAZF was then modified to a non-Janus
membrane for double-faced repelling UGBs once more and
the measured top/bottom WCA and UGBCA for UV-TAZF
changed to 33°/61° and 148°/116°, respectively. On this basis,
another re-heating operation imparted the remedy of Janus
TAZF with top/bottom WCA and UGBCA of 150°/68° and
38°/125° (Figure S2, Supporting Information), signifying that
the dynamic conversion between Janus and non-Janus property
could be readily realized by alternative thermal/UV treatment.
Notably, the change amplitude of wettability on the top sur-
face of TAZF is far larger than a bottom one, which should be
attributed to the relatively sufficient roughness, specific surface
area, and —OH attaching sites on top surface compared to a
bottom one (Figure S3, Supporting Information). For UV treat-
ment, the much rougher top surface enabled more abundant
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—OH adsorption than a flat bottom one, which thus leaded that
the hydrophilic wettability (WCA = 30°) for top surface is better
than that (WCA = 61°) for bottom one. For heat treatment, the
desorption of —OH had been achieved on both the top and
bottom surfaces. While the rougher top surface imparted the
more active entrance of air so as to harvest a super-hydrophobic
Cassie mode in comparison with a flat bottom surface with a
hydrophilic Wenzel mode. So, the dynamic conversion between
Janus and non-Janus system should be dominated by the top
rough surface of TAZF.

The mechanism for the reversible conversion of wettability
via UV light and heating was systemically investigated. Con-
vincingly, the conversion of the chemical functional groups on
material's surface is recognized as the main reason,! which
contributes to the dynamic interconversion between adsorp-
tion and desorption of hydroxyl groups (Figure 2a). For clarity,
typical XPS spectrums were carried out for monitoring the con-
tent variation of oxygen atom on the top surface of four-state
TAZF (Figure S4, Supporting Information). Accordingly, peak-
differentiating and imitating had been successfully conducted
to the raw XPS spectrums of oxygen atom, where the peaks
located at 530.4 and 532.0 eV should be assigned to the binding
energy of Zn-O and Zn-OH (Figure 2b—e), respectively.'’] As
shown in Figure 2f, (1)) once the pristine TAZF was heated,
the relative content of Zn-OH decreased sharply from 83.2%
to 48.0%, while Zn-O had increased from 16.8% to 52.0%,
which indicates that the top surface of TAZF had realized a
conversion from hydrophilic to hydrophobic performance.
2) Once the Heat-TAZF suffered from UV-irradiation, the rela-
tive content of Zn-OH increased slightly from 48.0% to 55.2%
in contrast to that of Zn-O decreased from 52.0% to 44.8%,
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Figure 2. a) Schematic mechanism for the wettability reversible conversion between hydrophilicity and hydrophobicity by applying alternative UV and
temperature triggers on top surface of TAZF. XPS spectrums for the observation of O1s peak’s evolution on top surfaces of b) TAZF, c) Heat-TAZF,
d) UV-TAZF, and e) Re-Heat-TAZF, respectively. f,g) Comparison for the relative content of Zn-O and Zn-OH on top surfaces of TAZF, Heat-TAZF,

UV-TAZF, and Re-Heat-TAZF, respectively.
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Figure 3. (a) and (b) show the evolution of WCA with UV-light and heating time, respectively. (c) and (d) show the evolution of BCA with UV-light and

heating time, respectively.

which indicates that the successful graft of hydroxyl group
endowed the TAZF with a hydrophilic property once more.[*®
3) Once the TAZF was subsequently reheated, the relative
content of Zn-OH decreased slightly from 55.2% to 43.3% in
comparison with that of Zn-O increased from 44.8% to 56.7%,
which indicates that the discharge of hydroxyl group contri-
butes to a hydrophobic top surface.l'”l In addition, the relative
ratio of Zn-OH and Zn-O also demonstrated that the revers-
ible dynamic control between Janus and non-Janus TAZF could
be readily achieved by applying alternative thermal/UV treat-
ment (Figure 2g). Since the surface chemical compositions is
highly dependent on UV and heating time, we also explored
the effect of heating time and UV irradiation time on the WCA
and UGBCA for top/bottom surface of TAZF. Figure 3a shows
the WCA and UGBCA variation as a function of heating time,
where we could detect that the WCA of top surface increased
exponentially with the elevation of heating time when the WCA
reached its plateau at 25 min and stabilized at 155°. Simultane-
ously, the WCA of bottom surface tend to achieve its maximum
of 80° within 15 min and there was no change even though
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more heating time was supplied. It is well known that the theo-
retical WCA and UGBCA should be supplementary angle,!'"!
which was also demonstrated in our experimental measure-
ments (Figure 3b). The measured UGBCA for the top surface
decreases exponentially from 150° to 31° within 25 min heating
time, whereas the UGBCA of the bottom surface tended to
decrease from 145° to a constant 111° within 15 min heating
time. Accordingly, the heating time of 25 min was selected as
an optimized thermal-heating condition for harvesting a Janus
Heat-TAZF. In sharp contrary, non-Janus UV-TAZF could be
donated from the elevation of UV-irradiation time by virtue
of the graft of hydroxyl group. Figure 3c,d revealed the wetta-
bility recovery process under the aid of UV-irradiation. Appar-
ently, the WCA of top surface decreases sharply from 156°
to 30° within 9 h UV-irradiation, whereas it was decreased
slightly from 79° to 61° for the bottom surface (Figure 3c). In
comparison, the double-faced AL performance was recovered
for a non-Janus UV-TAZF within 4 h (Figure 3d). Though the
time-consumptive treatment in terms of UV-irradiation is com-
paratively inefficient, some improvements such as elevating

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a,b) The schematic of the mechanism of the bubble unidirectional transport on Heat-TAZF. c—e) In situ observation of dynamic behavior of

bubble on the TAZF, Heat-TAZF, UV-TAZF, respectively.

the light power intensity'® and utilizing alcohol-assisted UV
irradiation method!'") are convinced to further shorten its cor-
responding time scale. In short, the result indicates the top
surface is much more sensitive to UV/thermal-stimulus in com-
parison with a bottom one of TAZF. This verified that a rough
top morphology subjected to much more severe laser ablation
should possess much larger specific surface area and more
hydroxyl group attaching sites than a flat bottom one. So, the
reversible conversion between Cassie model and Wenzel model
on top surface of Heat-TAZF and UV-TAZF could be realized
by alternately applying a thermal or UV stimuli on-demand
(Figure S5, Supporting Information). In addition, the dura-
bility test was conducted and the result verified that current
Janus TAZF had good wettability stability for at least 1 month
(Figure S6, Supporting Information). Thus, the reversible con-
version between Janus (AL top surface and AB bottom surface)
and non-Janus (SAB top surface and AB bottom surface) TAZF
could be readily achieved by selectively applying a thermal/UV-
trigger. Utilizing a TAZF with the optimized heating and UV-
irradiation time, the reversible control between double-faced
repelling UGBs and unidirectional self-transport of UGBs were
demonstrated. As shown in Figure 4c, the original non-Janus
TAZF exhibited double-faced blockage for UGB due to the
absence of a giant wettability gradient force (Fyet.graq). Once it
was subjected to heating treatment, the enormous wettability

Adv. Mater. Interfaces 2019, 1901176

1901176 (5 of 7)

change on top surface allowed the formation of Janus Heat-
TAZF with a giant Fegraa, Which had greatly endowed the gas
bubbles in aqueous media with unidirectional self-transport
property (Figure 4d). Thereafter, Janus Heat-TAZF can recover
to a non-Janus UV-TAZF for double-faced repelling UGBs by
UV-irradiation (Figure 4e and Movie S3, Supporting Informa-
tion). Additionally, the underlying mechanism for UGB unidi-
rectional transport dependent on a Janus Heat-TAZF could be
revealed according to a classical equation!2”

1 1
PLaplace = y(R__R_)
1 2

where yis the surface tension of water (7.2 x 102 N m™), R; is
the radius of curvature for UGB, and R, represents the radius of
curvature for the air film. Accordingly, the injected UGBs tended
to penetrate from an AB surface to an AL surface because of an
upward Pppce (R2>>R1) indicated by Equation (1) (Figure 4a).
In contrast, the UGBs would be repelled in an opposite direc-
tion when Ppj,c. Was too small to overcome an intrusion
pressure deriving from water resistance (Figure 4b).

In summary, a dual UV/thermal-responsive Janus under-
water gas bubble “diode” on the basis of a single TAZF has
been fabricated by combining one-step laser drilling and a sub-
sequent heating process. In aqueous medium, the resultant

1)
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Heat-TAZF allows the penetration of UGB from an AB sur-
face toward an AL surface within an ultrashort period of 0.5 s,
whereas it would block the UGBs from passing through in an
opposite direction. Moreover, the reversible switching between
double-faced AB and Janus architecture could be easily achieved
by virtue of alternant UV-irradiation and heating dispositions,
that is, the reversible conversion between double-faced repelling
and unidirectional transport of UGBs. The underlying mecha-
nism clarified by XPS spectrums is that the reversible graft
and removal of hydroxyl group on top surface of UV-TAZF and
Heat-TAZF dominates the wettability conversion. Additionally,
the quantitative relationship among the UV and heating time
and the WCA and the UGBCA has been systematically inves-
tigated. Significantly, the top rough topography with more spe-
cific surface area and hydroxyl groups attaching sites has been
demonstrated a dominant factor in determining the wettability
variation of TAZF in comparison with a flat bottom one. The
current fabrication process of the Janus system is more facile,
time-saving, and environment-benign, which is expected to
provide new insight for the design of synergetic light/thermal-
responsive surfaces for applications in ultrafast bubble capture,
transportation, collection, and gas/liquid separation.

Experimental Section

Nanosecond Laser Fabrication: The Zn foil (99.5% purity, 50 um
thick) was purchased from New Metal Material Tech. Co., Ltd., Beijing,
China. The uniform conical micropore arrays with a space of 200 um
were drilled by using a frequency-tripled, Q-switched, single-mode
neodymium dope yttrium aluminum garnet nanosecond laser (Spectra-
Physics) with 355 nm wavelength, 10 Hz repetition rate, 10 ns pulse
width, and 50 mw laser power.

Switchable Wettability Strategy: The TAZF wrapped with opaque tin foil
was heated for 30 min at 250 °C on a heating plate (Lab Tech, EH35A
plus). For UV light irradiation, a 70 W UV LED lamp with a wavelength
of 365 nm was placed above the top surface of TAZF at a distance about
2 cm as the light source.

Characterization: The surface morphology was characterized by
using a field-emission scanning electron microscope (Hitachi S-4300,
Japan). Surface roughness, 3D image, and cross-sectional profile were
measured by using a WYKO noncontacting optical profiling microscope.
The contact angles of the water droplet and underwater gas bubble were
measured using a CA100C contact-angle system (Innuo, China) with the
sessile drop method. The average values were obtained by measuring
five drops at different locations on the same surface. All the contact
angle measurements were conducted at 10% humidity and 20 °C
temperature. A high-speed (FASTCAM SA6, Photron, USA) camera was
used to record the time that underwater bubbles (40 uL) penetrate from
the AB surface to the AL surface on the Heat-TAZF. The high-speed
videos were taken using a typical rate of 6400 frames s™' and shutter
speed of 1/200 000 s.

Underwater Bubble Unidirectional ~ Penetration Test: Putting a
homemade glass rack in plastic container filled with deionized (DI) water
(40 mL) and fix the objective TAZF on it. The underwater bubbles were
continuously provided by an injection syringe below the TAZF. Photos
were taken continuously using a computer-controlled charge-coupled
device camera to show the real-time images of the bubbles on TAZF.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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