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A Rubberlike Stretchable Fibrous Membrane with Anti-

Wettability and Gas Breathability

Seong J. Cho, Hyoryung Nam, Hyobong Ryu, and Geunbae Lim*

The fabrication of a stable, anti-wetting surface is a very challenging issue

in surface chemistry. In general, superhydrophobicity highly depends on the
surface structure. Moreover, mechanical deformation of the surface structure
can produce dramatic changes in the surface wetting state, and in some
cases, may even result in a complete loss of the surface's unique wettability.
However, the study of stable surfaces under mechanical deformation condi-
tions has been limited to flexible surfaces or small strain. Here, a mechani-
cally stable superhydrophobic membrane is presented, which possesses high
stretchability and gas breathability. The membrane, which consists of an
elastic polyurethane fibrous matrix coated with polyaniline hairy nanostruc-
tures and polytetrafluoroethylene, exhibites excellent superhydrophobic prop-
erties under >300% strain. The breathability and wettability of the membrane
is examined by examining various static and dynamic wetting parameters.
The robust membrane maintaines its anti-wettability (water contact angle
=160°, hysteresis =10°) for 1000 stretching cycles. It is also determined that
the stretchable and superhydrophobic surface suppresses the fragmentation
and rebound of impact droplets, compared with rigid superhydrophobic sur-
faces. Finally, underwater gas sensing is demonstrated as a novel application.

after heat treatment at 500 °C were uti-
lized for oil-water separation and as
high-performance automobile air filters.[*!
Tuteja et al. reported a superoleophobic
surface that forms a high contact angle
with organic liquids with surface ten-
sions much lower than that of water. A
liquid-independent anti-wetting surface
was achieved by fabricating re-entrant
structures using electrospinning and
micromachining.’ Recently, Deng et al.
reported a mechanically stable anti-wet-
ting surface on glass using candle soot as
a template.l'% The surface not only exhib-
ited anti-wettability, but also proved to be
extremely durable in its resistance to sand
abrasion. However, studies of mechani-
cally stable surfaces under dynamic condi-
tions, such as mechanical deformation of
the substrate, have been limited to flexible
surfaces or small strain.'’"! In general,
significant mechanical deformation dam-

1. Introduction

A stable superhydrophobic surface is essential for real-
izing various functional applications such as self-cleaning,!!
anti-icing,” low-drag surfaces,’! water harvest and liquid
separation.’] There have been a variety of reports on stable
anti-wetting surfaces.® Lim et al. reported thermally stable
superhydrophobic fabrics made using electrospinning and
methyltriethoxysilane.l Fabrics that remain superhydrophobic
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ages the surface, possibly changing its

micro/nanostructure; this structure plays

a crucial role in the superhydrophobicity
of the surface.l'®18 Wu et al. reported that the wetting state can
be changed by just curving a deformable substrate.['¥! However,
for deformable anti-wetting applications a mechanically stable
superhydrophobic surface is necessary. For instance, a gas-
breathable, waterproof fabric such as expanded polytetrafluoro-
ethylene (e-PTFE) has a very low yield strain of ca. 10%.'] If
e-PTFE were stretchable, the fabrics would be more comfortable
and more resistant to deformation during machine washing.
Recently, stretchable electronics have received great interest,
and various electronic material devices have been reported. To
our knowledge, however, there is no report on an anti-wetting
surface for packaging highly stretchable devices. Consequently,
the challenge has been to find surfaces that maintain their wet-
tability under dynamic deformation conditions.

Here, we report on the performance of a novel, durable,
superhydrophobic fibrous membrane under extremely harsh
deformation conditions. This membrane showed excellent
superhydrophobic properties under >300% strain, maintaining
its wetting behavior for 1000 stretching cycles. During the high
deformation application, nanocracks formed in the microfibers.
To better understand this effect, we analyzed the morphological
change and the wetting behavior of the cracks. Droplet impact
on solid surfaces is a key phenomenon encountered in prac-
tical applications, such as ink-jet printing, spray coating, water
cleaning or cooling, and the combustion of liquid fuels.l?"!
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Thus, along with the analysis of the mem-
brane’s static wetting properties, we also
investigated the behavior of impact droplets
on the membrane for various states of the
substrate under dynamic conditions, using
a high-speed camera. This is the first droplet
impact study on a stretchable, superhydro-
phobic surface, which has not to our knowl-
edge been described previously. Our results
showed that the stretchable membrane sup-
pressed fragmentation (e.g., splashing) and
bouncing of the impact droplet, compared
with  rigid, superhydrophobic surfaces.
Unlike typical superhydrophobic mem-
branes, the electrospun matrix has numerous
micropores in the membrane. These pores
allow the penetration of gas, acoustic waves,
and tiny particles; however, water is not
allowed to pass. To verify the breathability, we
evaluated the gas breathability using phenol-
phthalein (a pH indicator), ammonia solu-
tion, O, gas, and a sensor. Finally, we have
demonstrated underwater gas sensing as a
novel application.

Our functional membrane was fabricated
based on simple and economical processes,
and did not require high-vacuum equipment,
accurate optics, or high thermal processes.
The backbone of the stretchable membrane
was fabricated by electrospinning, which is
an easy and versatile method that is used to
fabricate continuous ultrafine fibers.?!l of
polyurethane (PU), one of the most elastic
polymers. Stable superhydrophobicity can be
achieved using nanostructures on the order
of 100 nm or less, as shown in the Lotus leaf
in nature.??l As such, for this study, the PU
fibers were coated with polyaniline (PANI)
hairy nanostructures using a dilute polymeri-
zation technique developed recently.?!] Dilute
polymerization is a simple, low-temperature,
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Figure 1. Highly stretchable, anti-wettable, and air-breathable nanostructured fibrous mem-
brane. a) High-resolution scanning electron microscopy (HR-SEM) image of a polyaniline
(PANI)-nanostructured polyurethane (PU) fibrous membrane. Scale bar: T um. b) Schematic
diagram of the membrane consisting of PU fibers, PANI nanostructures (=40-nm diameter),
and a polytetrafluoroethylene (PTFE) layer. c) Photograph showing the resistance to a water
jet. After jetting, there were no remaining droplets (Inset: after jetting). d) Optical images of
the superhydrophobic membrane under various strain, £ = AL/L-100, ranging from 0 to 300%.
The length of the membrane was restored to 1.5 times as long as the as-prepared length (v).
The 10-uL droplets maintained their spherical shapes due to the anti-wettability of the mem-
brane. Scale bar: 1T cm. e) Gas-breathability test using a phenolphthalein pH indicator solution
and ammonia as a volatile base solution. f) The phenolphthalein droplet became reddish due
to its reaction with ammonia gas, which passed through the porous membrane within a couple
of seconds. g) The membrane can conform to a cylindrical geometry (white dotted line) while
maintaining its anti-wettability and gas breathability.
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self-assembly method, which can be used to coat numerous
surfaces, regardless of material or morphology.?3! Finally, the
superhydrophobic fibrous membrane with enhanced stretch-
ability was obtained after dip-coating the membrane in polyte-
trafluoroethylene (PTFE), to achieve a low surface energy. The
resulting stretchable, functional membrane should prove to be
useful for many applications, including functional fabrics, gas-
sensor packaging, gas separators, and waterproof applications
of stretchable electronics.

2. Results and Discussion

Figure 1a,b shows a scanning electron microscope (SEM) image
and a schematic diagram of the anti-wettable, stretchable, air-
breathable nanostructured fibrous membrane, respectively.
Uniform PU fibers, with a diameter of ca. 1 um, were used to
form the elastic backbone structure, which was produced by an

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

electrospinning process. The PU microfibers were then coated
with PANI hairy nanostructures (diameter: 20-40 nm; length:
=100 nm), using a dilute PANI polymerization method,?* as
shown in Figure 1(a). This high-aspect ratio geometry mini-
mizes the contact area with the liquid, which is a necessary
condition for fabricating anti-wetting surfaces. The membrane
was then coated with PTFE, one of the lowest surface energy
materials available, to produce a highly stretchable, superhy-
drophobic membrane (the detailed experimental process is pro-
vided in the Experimental Section). The PTFE cover conformed
to the PANI-nanostructured fibers (Figure S1 in the Supporting
Information). The fiber diameter did not significantly affect
the wettability because the nanostructures conferred the supe-
rhydrophobic property.?’] However, some thin fibers (diameter
<200 nm) were hydrophobic, not superhydrophobic (Supporting
Information Figure S2). The membrane exhibited excellent
anti-wetting properties, demonstrating the ability to block
falling droplets or even water jets. After continuous jetting,

Adv. Funct. Mater. 2013, 23, 5577-5584
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there was no evidence of water residue. This
was attributed to the water contact being
in the form of a Cassie state, in which the
liquid droplet resides on a composite surface
composed of the solid and trapped air (see
Figure 1c and the movie in the Supporting
Information). According to the results of a
uniaxial tensile test performed by a universal
testing machine (UTM), our PU-based mem-
brane demonstrated rubber-like hyperelastic
properties over the entire strain range (Sup-
porting Information Figure S3). The nano-
structured membrane had a high maximum
strain break point (€. = ALpa/L-100 =
350%), as well as a low modulus (=1.4 MPa).
Interestingly, the membrane maintained its
superhydrophobic property over the entire
strain range tested, up to the breaking point,
as shown in Figure 1d. The wetting analysis
will be presented in more detail in a later
section. If the elongation stopped before the
breaking of the fibers, and the applied force

was removed, then the membrane tended
to revert back to its original shape. After the
first stretching cycle (€ = 0% — 300% — 0%),
the length of the membrane was restored to
1.5 times as long as the as-prepared length.
(Picture (v) in Figure 1d); after the second

and further stretching cycles, the length
was restored to that after the first stretching
cycle. This unrecoverable behavior exhibited
by the membrane after the first stretching
cycle was attributed to the slippage of crossed
fibers and the breakage of the fibers at junc-
tions.[?*l Another possible cause could be the
fracturing of the PANI structure (Figure 2) in
the early strain regime (€ < 40%; Supporting
Information Figure S3) due to a mismatch
between the PANI and PU moduli (PANI
modulus =1 GPa,” PU modulus =1.2 MPa from our experi-
mental results).

The stretchable and superhydrophobic membrane had a
microporous structure (>5-wm micropores), due to the stacking
of randomly oriented microfibers, as shown in Figure 1a and
Figure 2a. Therefore, the membrane demonstrated a selec-
tive breathability, i.e., it allowed gas flow, small droplets (e.g.,
moisture), and acoustic waves to pass through the pores; how-
ever, the membrane blocked water infiltration in aqueous envi-
ronments. To verify the gas breathability of the membrane, a
phenolphthalein pH indicator solution and an ammonia solu-
tion were used; the phenolphthalein solution turns a pink
color when reacting to a strong base. The ammonia solution
was used as a volatile base. Figure le shows the experimental
setup for the gas-breathability experiment. A 5-mL ammonia
solution was placed in a vial. The membrane was attached to
a cylindrical plastic holder to maintain its shape as it came
into contact with the ammonia vial. The phenolphthalein indi-
cator solution was dropped onto the membrane, as shown in
Figure le. The indicator droplet turned reddish in color upon
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Figure 2. a) SEM image of randomly oriented nanostructured PU fibers (as-prepared). Scale
bar: 10 um. b) PU fibers shown in (a), horizontally stretched by 200% (in the direction of the
yellow arrows). The stretched fibers were aligned in the stretched direction. Scale bar: 10 um.
c) Magnified image of (b). The PANI structures on the stretched fibers were slightly cracked (i);
however, the fibers oriented orthogonal with respect to the stretch direction were not cracked
(ii). Scale bar: 1 um. d) 0% stretched fibers oriented in one direction, produced by a parallel
collector. Scale bar: 1 um. (e) 100% stretched image of (d). Scale bar: T um. f,g) Interval spacing
and crack width, I+ and W+, respectively, as a function of strain.

dropping; the droplet color deepened over time as ammonia
gas passed through the membrane and reacted with the solu-
tion (see Figure 1f and the movie in Supporting Information).
We found that the membrane was easily deformable and could
conform to a three-dimensional structure, such as a cylindrical
vial, while maintaining its gas breathability (white dotted line
in Figure 1g). This deformability of the membrane could be
utilized in packaging applications requiring stretchable or com-
plex-shaped devices.

2.1. Nanocracked Fibers

Due to the Young’s modulus mismatch and high strain condi-
tions, the generation of stress at the interface of the PANI-PU
structure caused the surface to deform or fracture. We observed
this change in the surface morphology using high-resolution
SEM (HR-SEM), as shown in Figure 2a-e. The electrospun
PU fibers were deposited onto a conductive collector as a
randomly oriented mat, due to their chaotic whipping nature
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(Figure 2a).1?%l As mentioned earlier, the pores between the ran-
domly oriented fibers play a crucial role in gas breathability.
The average pore size was ca. 10 um. As the membrane was
stretched uniaxially (in the direction of the yellow arrows in
Figure 2b), the randomly oriented fibers became aligned with
the stretched direction. The alignment of the fibers improved as
the strain on the fibers increased. In the PANI-nanostructured
layer, the highly elongated fibers became slightly cracked, as
shown in (i) of Figure 2c. However, the fibers that were oriented
orthogonal with respect to the stretch direction did not crack, as
shown in (ii) of Figure 2c. In other words, the angle between the
fiber orientation and the stretching direction critically affected
the formation of surface layer cracks. Additionally, the collected
fibers had a coiling or wavy morphology. These non-straight
morphologies created a difference between the apparent strain
(the strain of the membrane, which we applied and measured)
and the individual strain (the strain of a fiber). Cracks in the
nanostructure can affect the wetting behavior and mechanical
properties, such as durability. The ability to control and mini-
mize crack formation in micro/nanofabrications has become
a critical issue.’”l Thus, to analyze precisely the crack forma-
tion, we prepared one-directional oriented fibrous samples to
prevent the unexpected effects. The one-directional fibers were
fabricated using a patterned collector, discussed in our previous
works.[?82] Figure 2d,e shows 0 and 100% stretched fibers,
respectively. The PANI structure cracked repeatedly orthog-
onal to the stretching direction along the entire fiber length,
regardless of the membrane strain (Supporting Information
Figure S4). The morphology of the cracked PANI structure
was affected by the strain. In particular, the interval spacing
between adjacent cracks increased with increasing strain, as
shown in the graph of Figure 2f. The average interval distance
was ca. 520 nm at a strain of 300%, and the maximum interval
distance at the breaking point (&,., = 350%) was estimated to
be 550 nm, according to the data shown in Figure 2f. The width
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of the cracks at various strain values remained in the range of
300 to 400 nm.

The microscale fibers, the sub-microscale cracks, and the
nanoscale PANI nanostructures produced a multi-scale hier-
archical structure; this structure was essential to the stability
of the superhydrophobic surface.®l Hence, the structure could
maintain stable anti-wettability. To verify that the sub-micro-
scale gap was small enough to sustain anti-wetting, we calcu-
lated the maximum pressure (Ap,,,,) that the interface between
the water and the crack gap could maintain in a Cassie state,
using a simple geometric model and the Laplace equation (see
details in the caption of Supporting Information Figure S5). In
general, a superhydrophobic, self-cleaning surface is achieved
by the formation of a composite interface, such as a solid—air
interface like the one used for the Cassie state. According to our
model, Ap,,,, can be calculated theoretically as follows:

8y T*
where I, T*, and 7y are the average interval, the thickness of the
cracked structure, and the surface tension, respectively. For a
nanostructured membrane undergoing 300% strain (Figure 2f),
with I* = 520 nm, T* = 100 nm, and the surface tension, y =
72 mN m™! (water, 25 °C), Appay is 186 kPa. This pressure is
sufficient for blocking high-speed droplets, such as falling rain-
drops. (The terminal velocity of a typical raindrop is around
10 m s7!, corresponding to a dynamic pressure of 50 kPa.l3%).

APmax = 1)

2.2. Evaluation of Wettability

To evaluate the wettability of the membrane, a static contact
angle (CA) and contact angle hysteresis (CAH) at various strains
and stretching cycles were investigated using the sessile droplet
method (Figure 3a,b). CA and CAH are basic indices used to

__ - - s . - _
1 CA of the 0% cycle T
0t cycle 1,000t cycle
Hysteresis of the 0t cycle E_
r'd :
A AR S NN
0.1 1 10 100 1000 10000

Stretching Cycles

Figure 3. a) Static contact angle (CA) and b) CA hysteresis (CAH) of a PTFE-PU fibrous membrane (yellow triangles) and a PTFE-PANI-coated PU
fibrous membrane (red diamonds) under various strains. The PANI-nanostructured surface maintained its superhydrophobicity at high CA (>150°) and
low hysteresis (<10°), despite the high deformation of the membrane (strain of =300%). c) CAs (filled red diamonds) and CAHs (open red diamonds)
of the stretchable membrane after a stretching cycle (strain of 100% — 300% — 100%). The insets are SEM images of a 0-cycle stretched fiber and a
1000-cycle stretched fiber. Scale bar: 1 um. The membrane maintained its superhydrophobicity and fiber nanostructure after 71000 cycles.
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characterize wettability. In general, superhydrophobic surfaces
require a very high CA (>150°). Figure 3a represents the CAs
of a PTFE-PU fibrous membrane and PTFE-PANI-coated PU
fibrous membrane over the strain range of 0 to 300%. All of
the PTFE-PU membranes had a similar CA of =125°, regardless
of the strain. However, the average CA of the PANI-nanostruc-
tured PU membranes was 160.0°, due to the surface rough-
ness. The CAH dramatically decreased from 106.7 to 9.7° for
the PANI-nanostructured PU membranes (Figure 3b). The low
CAH implies that the water—solid contact resided in the Cassie
state, but not the Wenzel state. This was attributed to the low
adhesive force of the solid—-air composite interface in the Cassie
state.31] A high CA and low CAH are essential wetting prop-
erties for achieving unique functionalities of surfaces, such as
self-cleaning and low-drag reduction.

Practical application of our stretchable membrane required
the evaluation of its wettability while undergoing repetitive
mechanical deformation. A cyclical stretching experiment was
conducted for this evaluation. A cycle consisted of applying a
low strain (100%) and then a high strain (300%), followed by
the low strain (100%) once again. After repeated cycles, the
CA and CAH were measured by a method used in previous
works. Figure 3c shows the results of wetting behavior after
cyclical stretching. The measured points were the 1st, 10th,
100th, and 1000th cycle. Up to the one 1000th cycle, the CA
and CAH for our membrane sustained an average of 156°
and 8°, respectively, almost as high as those of the as-pre-
pared membrane (Oth cycle). Although not indicated on the
graph, the membrane maintained its anti-wettability with fur-
ther cyclical stretching. Despite numerous cyclical deforma-
tions, the morphology of the surface did not appear to have
changed, as shown in the insets of Figure 3c. The stability of
the membrane structure is related to crack formation. The
regularly formed cracks in the nanostructures of the fibers
helped to release the interfacial stress that occurred during
high deformation due to the modulus mismatch. Thus, the
PANI nanostructure and PU fibers were combined robustly,
and the fibrous architecture demonstrated stable anti-wetta-
bility against high deformation.

2.3. Dynamics of Droplet Impact

We also investigated how the stretchability affected the
dynamics of droplet impact and how the effect on stretchable
superhydrophobic surfaces differed from that of a rigid sur-
face. Before analysis, we introduced two dimensionless fac-
tors: the Weber number (We) and the maximum spreading
factor (D*), which were related to the impact dynamics of the
droplet. The We is the ratio of the kinetic energy to the surface
energy, pRyV2/v, where p, Ry, V;, and y represent the density,
the radius of the droplet before impact, the impact velocity, and
the surface tension, respectively. D, calculated as Rpya/ Ry with
Ry corresponding to the maximum radius of the spreading
droplet, indicates the surface tension energy transferred
from the kinetic energy of the impact droplet.3¥ Figure 4a
shows sequential images of a droplet (Vi 1.67 m s7; We: 53)
impinging on the stretchable membrane with a strain of 100%
and a rigid surface. The rigid surface was prepared using the

Adv. Funct. Mater. 2013, 23, 5577-5584
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same surface used for the stretchable membrane; however, the
membrane was supported by a rigid aluminum block. A variety
of phenomena were observed during the impact. In the case of
the stretchable membrane, at the moment of impact, the mem-
brane deflected downward with maximum deflection occurring
at =1.7 ms. Simultaneously, a lamella emerged from under the
droplet and spread further, reaching its maximum radius (R,,y)
at =4.7 ms. After spreading, the spread droplet bounced and
returned to its former spherical shape. Finally, the bouncing
droplet reached a maximum height (H,,,,). In the case of a
rigid membrane, there was no deflection, and the lamella struc-
ture had a wavy perimeter and splashed under high We condi-
tions (>44).

The droplet behavior was affected by the initial conditions,
such as the substrate and We. Figure 4b shows that D* increased
with increasing We. This result is similar to the impact results
of a droplet on a rigid, superhydrophobic surface, reported
previously.?>33 Additionally, we found that D* was a func-
tion of strain in the case of a stretchable surface. According to
our experiment, as the strain on the membrane decreased, D*
decreased at the same We (Figure 4b). In terms of energy, the
low-strain membrane reduced the surface tension energy of the
droplet transferred from its kinetic energy; the kinetic energy
of the droplet was transformed into the elastic energy of the
stretchable membrane.

Due to the variable energy distribution of the stretchable
substrate, we observed differences in the splashing threshold
velocity, morphology of the reflected droplets, and coefficient
of restitution of the impact droplet. First, we observed that the
occurrence of the splash was highly affected by the strain on
the membrane; splashing could be suppressed by reducing the
strain. This tendency agreed well with the results of droplet
impact on a typical elastic membrane.}Yl The thickness of
the lamella at impact was inversely related to D, because the
volume of the droplet was constant. The thickness was highly
relevant to the occurrence of a splash, because a thin lamella
increased the instability close to the rim.?% Figure 4c reveals
the threshold We at which splashing occurred as a function of
strain; the Figure is divided into the splash regime (I), condi-
tional splash regime (II), and no splash regime (III). In the
splash regime (I), an impact droplet splashed, regardless of
the stretchability of the membrane; however, there was no
splash in region (III). Region (II) is the boundary between
regions (I) and (III); in this region, the occurrence of a splash
depended on the stretchability. For example, the conditions
shown in Figure 4a (with We = 53) correspond to region (II).
The We of both droplets impinging on the stretchable (¢ =
100%) and rigid surfaces are the same, but the occurrence of
splashing is totally different. The morphology of the droplets,
as well as the splashing, depended on the state of the surface.
For instance, the droplet in region (III) became elongated
and ejected a satellite droplet onto the rigid membrane; how-
ever, on the stretchable membrane, the droplet spread in all
directions and eventually merged before bouncing back (Sup-
porting Information Figure S6a). Bouncing is one of the most
unique properties of the superhydrophobic surface. In gen-
eral, some of the initial kinetic energy dissipates after impact.
The coefficient of restitution (COR) is a parameter that reveals
the height of the bounce and how much kinetic energy is
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Figure 4. a) Sequential optical images of droplet impact on a stretchable (100% stretched) and
a rigid superhydrophobic surface. (Impact velocity of the droplet: 1.67 m s™'; Weber number,
We: 53). The impinging droplet exhibited different behavior for the different surfaces. Under
the same We, the droplet splashed just after spreading on the rigid superhydrophobic sur-
face, which was supported by an aluminum block beneath the stretchable membrane; how-
ever, on the stretchable surface, the droplet spread in all directions but eventually merged as
it bounced back. b) Maximum spreading factor, D# = R,,,/Ro, with different We of various
strains. c) Threshold We for splashing vs. strain. This Figure is divided into the splash regime
(1), conditional splash regime (Il), and no splash regime (lll). In the splash regime (/), an
impact droplet splashed, regardless of the stretchability of the membrane; however, there was
no splash in region (/11). Region (1l) is the boundary between regions (/) and (//l); in this region,
the occurrence of a splash depended on the stretchability. Above the threshold We, the droplet
splashed as shown in the bottom sequential images of (a); but below the threshold, there was
no splash. The dashed line at 44 is the splash threshold on a rigid surface, and it is lower than
any other stretchable surface. More analysis and movies about the droplet impact can be found
in the Supporting Information.
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2.4. Evaluation of the Gas Breathability and
Underwater Gas Sensing

The micropores in the fibrous membrane
provide excellent gas breathability. To
evaluate the breathability, we set up a gas
chamber connected to an O, gas source,
as shown in Figure 5a. The chamber was
divided by our gas-breathable membrane,
and the O, concentration in each space was
measured by an O, gas sensor, with the con-
centration controlled by a valve. Figure 5b
plots the O, concentration that passed
through the membrane (Sensor 2) versus the
reference O, concentration in the supplied
gas (Sensor 1). The O, concentrations in the
two spaces show excellent linearity over the
entire concentration range. This implies that
the membrane has superior gas breathability.
Additionally, to compare breathability at var-
ious strains, the O, concentrations measured
with Sensors 1 and 2 were compared after
blowing O,-mixed air (O, concentration of
24-26%) into the chamber. In the stretched
condition, the breathability was main-
tained regardless of the strain, as shown in
Figure 5c. The diffusion in the porous mem-
brane was due mainly to molecular collisions
because the pores (>5 um) were much larger
than the molecular mean free path of the dif-
fusing gas (in this case, the mean free path
of oxygen at atmospheric pressure and room
temperature was approximately 100 nm). The
scale of the pores did not change significantly
when the membrane was stretched. There-
fore, the pores allowed efficient gas diffu-
sion through the membrane regardless of the
membrane strain.

A stretchable, gas-breathable superhydro-
phobic membrane would have many applica-
tions. Here, we demonstrated a novel func-
tional membrane packaging for an under-
water gas sensor as one application. Gener-
ally, a gas sensor operates in a gaseous envi-
ronment. Therefore, it is difficult to measure
gas under water, as in bubbles. Figure 5d
shows an O, gas sensor packaged in our
membrane. The membrane adhered tightly
to the gas sensor thanks to its stretchability.
When the sensor was immersed in water,

dissipated. The COR is defined as /Hy./H, where H, and
H,.x are the initial height and maximum bounce height,
respectively. According to optical analysis, the rigid membrane
has a high COR (0.28), compared with the elastic membrane
(0.21-0.27), and the COR tended to decrease as the strain
increased (Supporting Information Figure S7). In summary,
the stretchable, superhydrophobic membrane tended to sup-
press splashing, ejection, and bouncing, compared with the
rigid superhydrophobic surface.

wileyonlinelibrary.com
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the membrane appeared silver because of the total reflection
of air trapped on the superhydrophobic surface (Cassie state),
as seen in Figure Se (the inset image is the membrane in air).
The superhydrophobic surface had a high contact angle and a
very low contact angle for a bubble, almost 0°, so that a bubble
in water was readily absorbed on the membrane (Figure 5f).
Figure 5g shows the detection of O, bubbles underwater using
the packaged gas sensor. The O, concentration increased with
the number of bubbles captured. Furthermore, because of the

Adv. Funct. Mater. 2013, 23, 5577-5584
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Figure 5. a) Schematic of the set-up used to evaluate air breathability. b) A plot of the O, concentration that passed through the membrane (Sensor
2) versus the reference O, concentration in the supplied gas (Sensor 1). ¢) O, concentrations at various strains. The concentration in the membrane
was remarkably consistent with the reference concentration. d) Image of the functional membrane packaging for an underwater gas sensor. ) Pack-
aged sensor in water. The shiny surface is due to the trapped air on the superhydrophobic membrane. The inset shows the same membrane in (f).
The moment when the O, bubble in water was absorbed into the membrane. g) Detection of O, bubbles underwater using the packaged gas sensor.

excellent waterproofing arising from the superhydrophobicity
of the membrane, the gas sensor and electric circuit were never
exposed to water during the underwater testing.

3. Conclusions

We have successfully developed a novel, superhydrophobic
nanostructured fibrous membrane with a rubberlike stretch-
ability and gas breathability. This membrane was fabricated
using simple, economical processes, including electrospinning
and dilute polymerization. The membrane maintained excel-
lent superhydrophobicity under harsh dynamic conditions,
such as cyclical stretching. The membrane’s high durability and
superhydrophobicity were attributed to regularly formed cracks
in the fibers of the nanostructures. These cracks in the fibers
helped to release the interfacial stress that occurred during the
high deformation and minimized the contact area between the
liquid—solid interface, due to the hierarchical architecture con-
sisting of microfibers, nanostructures on fibers, and ordered

Adv. Funct. Mater. 2013, 23, 5577-5584
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cracks. We also observed that the stretchable membrane exhib-
ited unique impact behaviors, such as the suppression of
splashing, ejecting, and bouncing, compared with the typical
hard superhydrophobic surface. However, the impact behaviors
on stretchable superhydrophobic surfaces are not fully under-
stood; thus, further study is needed. Lastly, we evaluated the
gas breathability and demonstrated underwater gas sensing as
a novel application. Our unique membrane will provide new
insight into dynamic droplet manipulation and the develop-
ment of functional clothes, packaging of stretchable electronics,
and gas-liquid exchange applications.

4. Experimental Section

Electrospun  Polyurethane ~ Fibrous Membrane: A thermoplastic
polyurethane elastomer (PU) (Pellethane 2363-80AE, Lubrizol, USA) was
used as received, without further purification. The PU was dissolved in a
13 wt% mixture of tetrahydrofuran (THF) and dimethylformamide (DMF)
(60/40, v/v). Electrospinning was conducted at room temperature and
low humidity (relative humidity of 30-40%). The electrospinning setup
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and procedure were the same as those used in our previous work.?%)
After electrospinning, the membranes were affixed to a plastic holder
to maintain their shape during the post-process. Aligned fibers were
produced with a trenched collector.222°]

Surface Modification: Polyaniline (PANI) nanofibrous structures were
synthesized on the electrospun PU membrane using dilute chemical
polymerization.sl The PU membrane was immersed in an aqueous
solution containing 1 M HCIO, (Samchun Pure Chemical, Korea),
6.7 mM ammonium persulfate (APS, Sigma Aldrich, USA), and 10 mM
aniline monomer (Sigma Aldrich, USA). The aniline monomers were
polymerized at a temperature of 0-4 °C, with 12 h of agitation (shaking
of the mixture). After synthesis, the membranes were rinsed in a
deionized (D) water flow to remove the remaining PANI residue. The
membranes were then dried using N, gas and placed in a desiccator
for 1 day. Finally, the prepared membranes were dip-coated in a 2%
PTFE solution (Teflon AF 601S1-100-6, Dupont, USA) which was diluted
in FC-75 (Acros Organics, Belgium) and cured on a 65 °C hotplate for
10 min.

Measurements for Characteristics: Contact angle (CA) and contact
angle hysteresis (CAH) were measured according to the trajectory of
5-uL DI water droplets with respect to the nanostructured surface, using
a droplet-shape analysis system (DSA 100, Kruss, Germany) and the
sessile droplet method. CAH was calculated from the difference between
the advancing contact angle and the receding contact angle. The velocity
of the 10-uL droplets in the impact experiment was controlled by varying
the height of the pipette (0.5-10 pL, BioHIT, Finland). The impacts
were recorded using a high-speed camera (Fastcam SA3, Photron,
USA) at 3000 frames per second and 1/20000 s shutter speed, with
backlighting for improved contrast. The diameter of the droplet and
height were analyzed optically. The horizontality of the membrane was
calibrated using an X-Y tiling stage. For evaluation of gas breathability,
a phenolphthalein pH indicator solution and an ammonia solution (a
volatile base) were used. Phenolphthalein (Sigma Aldrich) was dispersed
in a 1 wt% mixture of DI water/methanol (90/10, v/v). The ammonia
solution (30% in water, Samchun Chemical, Korea) was used without
further processing. The stress—strain curves of the electrospun PTFE-PU
fibers and PTFE-PANI-coated fibers were obtained with a universal
testing system (Nano Bionix, MTS Nano Instruments) at a crosshead
speed of 27 um s™' at room temperature. The O, concentration was
monitored with a digital oxygen indicator (XO-326ALA; New Cosmos
Electric, Japan) and DO-5Z (KRK, Japan).
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