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Abstract: Gas-trapping, mostly superhydrophobic (SHPo), surfaces are useful for underwater applications only
while their plastron lasts. Because the plastron unfortunately disappears under most practical conditions, various
active approaches to supply ample gas have been reported, including the semi-active SHPo surface based on self-
regulated electrolysis. Here, we report two major advances: (i) self-powered plastron restoration mechanism that
obviates the need for external power; (ii) one-step molding process to mass-manufacture semi-active SHPo surfaces.
The advances clear major hurdles for real-world implementation.

INTRODUCTION

Trapping gas under water, textured hydrophobic surfaces, most of which being superhydrophobic (SHPo) —
abbreviated to differentiate it from superhydrophilic (SHPi)'? — have demonstrated great potential in many
underwater applications such as drag reduction® and anti-biofouling®. The trapped gas, called plastron’, may last
for a long time in shallow water as found in nature®® but not under typical engineering conditions due to gas
diffusion'*"!, flow dynamics'*"?, and numerous environmental factors'*'”. Since the loss of plastron would deprive
SHPo surfaces of their underwater functionalities altogether, how to preserve the plastron has been the most critical
issue for their underwater usage'®. A passive approach to address the issue is to make the surface structures more
robust against dewetting-to-wetting transition, such as hierarchical roughness'*?’, reentrant microstructure?' ** and
balancing pressure”. Textured surfaces infused with an immiscible liquid (instead of gas) would provide stability
against hydrostatic pressure®® but not against molecular diffusion (albeit slower than gas), shear drainage (more
susceptible than gas)", etc. Although attractive because no energy is consumed, these passive approaches would
have no remedy once the plastron is lost (with a rare exception®).

An active approach is to provide gas onto the SHPo surface and considered more practical because the plastron loss
is inevitable in real-world applications'. The main drawbacks of the active approaches would be the energy
consumption and the complexity of implementation, such as plumbing for gas distribution and wiring for
electrolysis. Even though the affinity between gas bubbles and SHPo surfaces made the bubble releasing method
more effective®?® and thermally-generated plastron worth investigating””** on SHPo surfaces, their energy
consumptions were still prohibitively high. Electrolysis was studied early for its relative energy efficiency’, but it
became especially attractive for SHPo surfaces when the plastron restoration was found self-regulatable’, i.e.,
starting electrolysis only when and where plastron is lost and ending electrolysis as soon as plastron is restored —
all automatically without any sensor or controller. This "self-regulated" or "semi-active" approach, schematically
explained in Fig. 1(a), was proven with SHPo post and grating microstructures photolithographically fabricated on
silicon wafer, using a DC power supply’'~2.
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Fig. 1. Self-regulated (i.c., semi-active) plastron restoration mechanisms on a microstructured surface. (a) Using
external power’'. (b) Self-powered with both electrodes inside microstructures. (c) Self-powered with only the
cathode electrode inside microstructures.

SELF-POWERED RESTORATION OF PLASTRON

The Concept. Although the self-active SHPo surface of Fig. 1(a)’'*? is elegantly simple and the most energy
efficient so far, its implementation (e.g., on boat hull) would require a power source and wiring to distribute the
electricity over (often large) service areas. Aiming to make the above semi-active surface easier to implement for
applications, this research paper reports two major achievements: (1) self-powering capability that would eliminate
the need for and wiring to any external power source and (2) one-step hot embossing process that would fabricate
the semi-active SHPo surfaces in a mass-manufacturing fashion. Figs. 1(b, c) explain the self-powered plastron
restoration mechanism. Acting as two electrodes connected to each other, electrode 1 and electrode 2 are chosen
from materials of two distinctively different electrode potentials. When a portion of microstructures is filled with
electrolyte (e.g., seawater), which electrically connects electrode 1 and electrode 2 and shorts the circuit, a galvanic
reaction ensues, and the reduction reaction on one of the two electrodes generates a gas (e.g., hydrogen) in the
water. If the microstructures are designed with a proper geometry’', the generated gas propagates laterally within
the microstructures rather than forming individual bubbles that leave their surface. The criteria for lateral gas
propagation inside hydrophobic microtrenches submerged in a liquid is shown below by slightly modifying and re-
arranging Equation S11 of Lee and Kim®":

1+cosd, ..
HIW>— ’
2sinf . —2cosf

t,rec g.rec

where H is the trench depth, W is the trench width, 85, is the receding contact angle on the trench bottom surface,
Oq rec 1s the receding contact angle on the trench sidewall surface and 6, .. is the receding contact angle on the trench
top surface. Once the filling water is replaced with the gas, the electrochemical circuit is open and reaction stops.
Unlike the semi-active mechanism of Fig. 1(a)’!, which generates the gas electrolytically, i.e., using an electrical
power source as most other electrolysis approaches do, the semi-active mechanism of Figs. 1(b, ¢) would generate
the gas spontaneously (galvanically) rather than electrolytically by an electrical power source. One may view this
self-powered, self-regulated mechanism as a built-in battery consisting of an anode, a cathode, and a water
electrolyte that is unused most time (while dewetted) and used occasionally (only when and where wetted).
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Materials. Electrode materials selection is crucial to ensure a spontaneous gas generation when needed and no
reaction otherwise. For Fig. 1(b), both cathode and anode are located inside the microstructure. In this case, firstly,
the electrode potential of anode material should be smaller than that of hydrogen ion (proton) so the anode loses
electrons to the hydrogen ions on cathode to generate hydrogen. Secondly, the overall cell potential, which drives
the hydrogen generation on cathode, should be larger than the overpotential of hydrogen generation on cathode.
However, because the anode material is consumed by the reaction but not easily replaceable inside the
microstructure, we consider Fig. 1(b) as an alternative mechanism with limited utilities, such as disposable
applications for short-term services. Instead, we propose Fig. 1(c) as a main mechanism, where only the cathode is
located inside the microstructure to generate gas while only the anode is located outside in bulk water to provide
electrons. In addition to the two requirements prescribed for Fig. 1(b) above, Fig. 1(c) requires that, thirdly, the
electrode potential of cathode material should be larger than that of hydrogen ions on it so the cathode is not
consumed by the reaction. Lastly, the overpotential of hydrogen generation on anode should be larger than that on
cathode so hydrogen prefers to generate on cathode rather than on anode. By further restricting the materials
selection to enable Fig. 1(c), note the outside anode is now easily replaceable after being consumed.

Experimental Verification. To evaluate the proposed concept of plastron preservation before embarking to
develop mass-manufacturable processes, a single-trench sample was fabricated as shown in Figs. 2(a, b) by adapting
the process introduced in'®**. The sample was made narrow (~1 mm in width) and out of transparent Teflon FEP
to allow for side-view examination of the gas restoration. Nickel and magnesium were used as cathode and anode
material, respectively, in this device. The standard electrode potentials of magnesium and water are —2.37 V** and
—0.83 V*, respectively, while the overpotential for hydrogen evolution on nickel is ~0.2 V*°. Since the overall cell
potential of 1.54 V is higher than the overpotential for hydrogen evolution on nickel electrode (~0.2 V), spontaneous
hydrogen generation is ensured. A strip of nickel foil was embedded on the bottom of the single trench and
connected to a magnesium sheet placed in the surrounding water (not shown in the figure). The device was tested
in seawater with the self-powered and self-regulated gas restoration process, as shown in Fig. 2(c) and Video S1.
Air was trapped in the microtrench when the sample was initially submerged under seawater. When the trench was
intentionally flooded using a strong jet of water (t = 0 s), the spontaneous electrochemical reaction started right
away as the seawater touched the nickel electrode and closed the reaction circuit, verifying the self-initiating nature
of the self-regulated plastron restoration. Similarly to what was observed by Freeman et al.*’, the generated
hydrogen bubbles merged with each other to grow into larger bubbles (t = 1 s) until they reached the top edge of
the trench (t = 2 s). The electrochemical reaction then stopped as the gas insulated the electrode and opened the
reaction circuit, verifying the self-terminating nature of the self-regulated plastron restoration. Note the bubbles
grew only laterally, never vertically off the surface, as found critical for successful self-termination®'.
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Fig. 2. Self-powered, self-regulated gas restoration process inside a single microtrench. (a) Schematic drawing of
the single trench sample and dimensions. (b) Cross-sectional schematic of the sample in water. (¢) Side-view
snapshots of the gas restoration process. When submerged (top), air is trapped inside the trench. At t = 0 s, the air
is blown out of the trench by water jet. Att =1 s, hydrogen bubbles nucleate, merge, and propagate within the
trench. Att=2 s, plastron is restored and electrochemical reaction self-terminated.

ONE-STEP MOLDING PROCESS

As the self-powered plastron restoration mechanism confirmed above made the semi-active SHPo mechanism easier
to implement, next we develop a one-step hot embossing process to fabricate the semi-active SHPo surfaces (both
the existing externally powered®'** and the current self-powered versions) in a manner scalable for large areas and
low cost. Teflon FEP was chosen as the base material due to its good thermal formability in addition to the excellent
hydrophobicity and corrosion inertness expected of a PTFE material. Compared with PTFE hydrophobic coatings
widely used”™*" %7 SHPo surfaces made entirely of a PTFE material would not suffer from the peeling off or
deterioration of the coated thin film, making them more reliable and robust. The hot embossing process is explained
in Fig. 3 and Video S2. To start, the electrodes in the form of a mesh or grating were sandwiched between a mold
and a Teflon FEP film, as shown in Fig. 3(a). The reusable silicon mold was fabricated using standard
semiconductor processes as detailed in Supporting Information with Fig. S1. The mold was then heated up to ~15
°C above Teflon FEP melting point (~260 °C) while pressing the Teflon FEP film against the mold at ~ 80 kPa, as
shown in Fig. 3(b). A hot-embossing apparatus was custom-built as summarized in Supporting Information with
Fig. S2. Note the molten Teflon FEP would flow around the electrodes and into the trenches on the mold. After the
trenches were filled with the molten Teflon FEP, the hot embossing pressure was maintained while the entire hot
embossing fixture (mold, Teflon FEP, and glass stock; see Fig. S3) was actively cooled down. It was found critical
to keep the hot embossing pressure applied during the cooling phase to ensure the electrodes were pressed against
the mold. If not, the molten Teflon FEP could seep between the electrodes and mold and cover the electrodes,
interfering the electrode-water contact when the microstructure is wetted. After cooling down, the Teflon FEP film
was freed from the mold, i.e., demolded, as shown in Fig. 3(c), to obtain the semi-active SHPo surface shown in
Fig. 3(d), which corresponds to Figs. 1(b, c). Wire electrodes are preferred in this process so that their exposed area
could be small, as shown in Fig. 3(d). Since most of metal surfaces are hydrophilic, it is desired to minimize the
electrode exposure, whose hydrophilic property would hinder the desired gas propagation inside the hydrophobic
trench®'. In addition, an ample space is desired between electrodes so that the molten polymer flows around the
electrodes easily to fill the trenches on the mold as shown in Fig. 3(b) and Video S2.
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Fig. 3. One-step hot embossing process to make a semi-active SHPo surface with electrodes imbedded but exposed
in microstructures. (a) Electrodes are sandwiched between mold and polymer film (Teflon FEP used). (b) The
polymer is melted and flows past the electrodes into the microstructures (trenches used) on the mold while electrodes
are pressed against and stay on the mold. (¢) The polymer is cooled down and demolded. (d) Final surface (obtained
here is a whole-Teflon SHPo film) with electrodes at the bottom of trenches. (¢) SEM images of the SHPo surface
showing an imbedded but exposed electrode and nanograss around it on the trench bottom.

The demolding step should be well-controlled to keep the integrity of the microstructures as studied before®® and
discussed in Supporting Information. A typical semi-active SHPo surface obtained by the above process is shown
in Fig. 3(e), which shows the electrode imbedded underneath and exposed on the bottom surface of microtrenches.
Furthermore, the inset SEM shows the “nanograss” on the bottom surface of the microtrenches. Molded from the
nanoholes made on the top surface of the mold by a silver-assisted silicon etching (see the Supporting Information
for details), the nanograss was proven critical for lateral gas propagation within the microtrenches that ensures
plastron restoration with self-termination®'. Compared with the smooth surface of Teflon FEP which has water
receding contact angle <100°, the nanograss surface of Teflon FEP was estimated to have >150°, significantly
promoting the lateral gas expansion. Moreover, the nanograss tended to stay locally dewetted even when the
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microtrenches were wetted, thanks to its nanoscale structural pitch'®, which may help fight contamination or
biofouling under practical conditions. Lastly, it is worth noting that the entire fabrication process involves only one
hot-embossing step scalable for mass-manufacturing despite the multi-functionalities on the device, i.e., (i) trench
geometry being very large and deep (both in ~100 pm range) to provide an appreciable drag reduction®® and ensure
plastron restoration®', (ii) bottom surface of trenches covered with nanograss but nowhere else’'*?, and (iii) metal
electrodes imbedded underneath but exposed on the bottom surface of trenches.

SELF-POWERED SURFACE FABRICATED BY ONE-STEP MOLDING

The developed hot-embossing process has been used to fabricate the proposed semi-active SHPo surfaces larger
than ~1 cm x 1 cm in size and containing 40 trenches with 100 pm pitch, 50% gas fraction, 150 um depth (i.e.,
grating height), and 1 cm length — much larger than the single trench sample of Fig. 2 (~1 mm x 4 mm in size with
1 mm long trench). Copper and magnesium were used as cathode and anode material, respectively, in this device.
The standard electrode potentials of magnesium and water are, again, —2.37 V** and —0.83 V**, respectively, while
the activation overpotential of hydrogen evolution on copper is ~0.14 V*°. Since the overall cell potential of 1.54 V
is higher than the overpotential for hydrogen evolution on copper electrode (~0.14 V), spontaneous hydrogen
generation is ensured. Following the two different electrode arrangements shown in Figs. 1(b, c), two different
plastron-restoration samples were fabricated and tested in seawater. Although successful, the results for Fig. 1(b) is
presented in the Supporting Information with Fig. S4 due to its secondary value. Realizing Fig. 1(c), the main
sample had copper wires embedded underneath the microtrenches and a magnesium sheet outside the microtrenches,
as shown schematically and with a picture in Fig. 4(a). The completed whole-Teflon sample was submerged in
seawater to test the plastron restoration. When submerged initially as shown in the bottom picture of Fig. 4(a), the
sample had the plastron appearing as dark horizontal lines. This is opposite to the usual silvery appearance reported
on an opaque material, because the light from behind was seen through the transparent sample but reflected back
by the water-air interfaces, making the plastron appear dark. The device was tested in seawater with the self-
powered and self-regulated gas restoration process shown in Fig. 4(b) and Video S3. Att=0 s, a number of trenches
were flooded by squirting water with a pipette, and hydrogen was generated right away on the copper electrodes,
verifying the self-powering and self-initiating nature of plastron restoration. The generated hydrogen then started
to propagate along the microtrenches (e.g., t = 70 s) with no bubbles leaving the surface. The gas generation stopped
when all trenches were refilled with gas practically everywhere (> 99% of area) (e.g., t = 100 s), verifying the self-
terminating nature of plastron preservation. We have also explored samples as large as 4 cm x 4 cm, which is the
wafer size used for the mold. While gas generation and propagation were confirmed in practically all trenches, the
gas coverage (< 80% of area) was not satisfactory. The manual fabrication in research lab apparently lacked the
level of uniformity and quality control needed to obtain large areas, calling for professionally prepared fabrication
next. Furthermore, considering the large numbers of plastron-generation cycles expected for marine applications,
long-term experiments to assess various secondary effects, such as the potential salt accumulation at anode (e.g.,
magnesium hydroxide), should be performed in future studies.
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Fig. 4. Self-powered semi-active surface made by the one-step hot embossing process. (a) A schematic view and
pictures of the whole-Teflon sample. (b) Plastron preservation process confirms the self-powering and self-
regulation.

SUMMARY

We have proposed and confirmed a self-powered SHPo surfaces that restore lost plastron in a self-regulated manner.
A one-step hot embossing process has been developed to fabricate semi-active SHPo surfaces out of a Teflon FEP
film. Although successfully tested mostly with relatively small samples (1 cm x 1 ¢cm), the developed fabrication is
scalable for large areas and mass manufacturing. The self-powered plastron restoring mechanism made the semi-
active SHPo surface easier to deploy, and the one-step molding process allowed the semi-active SHPo surface to
be large and of low cost, together breaking two major bottlenecks toward real-world applications.
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