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As part of the evolutionary drive to survive and reproduce,
some organisms have developed unique surface morpholo-
gies. For example, mosquitoes have anti-fog compound eyes
that are decorated with small boss arrays,[1] and some desert
beetles have patterned wings that enable them to collect
water droplets from the atmosphere.[2] Geckos can climb
vertical walls and even hang upside down from the ceiling
because of spatula arrays on their footpads.[3, 4] Many
researchers have sought to mimic such natural surface
morphologies to develop useful materials. Artificial super-
hydrophobic surfaces, which are a representative group of
biomimetic materials, have great potential in a wide range of
industrial applications owing to their self-cleaning, anti-
fogging, and anti-biofouling properties.[5–8] Natural water-
repelling objects, such as sundews and lotus leaves, butterfly
wings, and duck feathers, have inspired researchers to explore
various morphologies, ranging from disordered[9–13] to highly
textured surfaces,[14–19] in efforts to prepare superhydrophobic
surfaces on solid films. However, most studies on super-
hydrophobic materials performed to date have focused on
methods for preparing flat solid surfaces in an inexpensive
and simple manner.[8]

Herein, we have sought to develop superhydrophobic
materials that do not require flat substrates. Taking inspira-
tion from superhydrophobic small objects, such as the scales
of butterflies or moths and the legs of water striders,[20, 21] we
fabricated and investigated superhydrophobic microspheres
with a complex surface morphology in conjunction with
hydrophobic surface moieties. The high mobility of the
superhydrophobic microspheres gives rise to unique interfa-
cial properties that cannot be achieved using conventional
superhydrophobic materials of solid film type.

To create the complex surface morphology on the micro-
spheres, we employed emulsion droplets (a Pickering emul-
sion) decorated with silica particles as a template.[22] Droplets

of the photocurable resin ethoxylated trimethylolpropane
triacrylate (ETPTA) containing silica particles were gener-
ated, and microspheres with silica particle arrays on their
surfaces were obtained after photopolymerization of the
droplet phase. Through subsequent selective removal of the
silica particles by a wet-etching process, we obtained micro-
spheres with surfaces covered with cavity arrays. Further to
creating the complex morphology, we incorporated a hydro-
phobic moiety on the surface to achieve superhydrophobicity,
which was achieved simply by applying reactive ion etching
(RIE) with sulfur hexafluoride. These procedures are sum-
marized in Figure 1a.

Highly monodisperse emulsion droplets were generated
in dripping mode using co-flowing streams of ETPTA
suspension and aqueous surfactant solution in a glass capillary
device composed of two coaxial capillaries.[23] Highly mono-
disperse emulsion droplets of ETPTA-containing silica par-
ticles (10 % wt/wt) and iron oxide nanoparticles (0.2% wt/wt)
were generated at the constant rate of 60 droplets per second
(Supporting Information, Figure S1 and Movie S1). After
droplet generation, the emulsion was left to stand for 10 min
to allow migration of the silica particles to the free interface
and protrusion into the continuous phase whilst the nano-
particles remained inside the droplets owing to their hydro-
phobic nature. The anchoring of silica particles at the droplet
interface reduces the total interfacial energy, which is
contributed from three interfaces between silica–ETPTA,
silica–water and ETPTA–water.[22] Next, the droplets were

Figure 1. a) Preparation of Janus microspheres with superhydrophobic
and hydrophilic faces. b–d) SEM images of the top surface of a RIE-
treated microsphere at three different magnifications. e) Side view of
microspheres bonded on a flat substrate with adhesive tape. f–h) Sur-
face morphologies of microspheres at the positions denoted in (e).
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photopolymerized by applying UV irradiation for 2 seconds.
This process resulted in microspheres decorated with a
hexagonal array of silica particles. The average contact
angle of the silica-decorated microspheres at the air–water
interface was 108, which is smaller than the angle of 378
observed for microspheres with a smooth surface owing to the
hydrophilic silica particle arrays (Supporting Information,
Figure S2 a–d). After removal of the silica particles by wet
etching, the microspheres exhibited two distinctive contact
angles depending on whether the cavities on their surfaces
were filled with water or air. When the cavities were occupied
with water, the average contact angle was 298. In contrast, the
average contact angle for microspheres with cavities occupied
with air was 728. These values for water- and air-filled cavities
roughly coincide with the values of 308 and 808, respectively,
obtained using the Cassie–Baxter relation,[5, 6] for which the
relative fractions of ETPTA and cavities were calculated from
an SEM image (Supporting Information, Figure S2 e–g).

To modify the surface properties of the microspheres, we
applied RIE with SF6. To achieve this, a monolayer of
microspheres with cavity arrays was deposited on polydi-
methylsiloxane (PDMS) film, and a directional flow of
reactive ions of SF6 was then applied; during this process,
the strong adhesion of the microspheres to the PDMS
substrate prevented their movement (Supporting Informa-
tion, Figure S3). The RIE dramatically altered the surface
properties through both fluorination and creation of a
complex highly porous surface. Figure 1b shows a RIE-
treated microsphere with a moir� fringe. At higher magnifi-
cations (Figure 1c,d), we can observe the hexagonal arrange-
ment of cavities and enhanced porosity with larger and deeper
surface cavities in comparison with the microspheres before
RIE (Supporting Information, Figure S2e). To determine
whether RIE induces fluorination of ETPTA surfaces, we
applied RIE to a smooth ETPTA film and examined the RIE-
induced change in water contact angle and X-ray photo-
electron spectroscopy (XPS) data. The RIE treatment
increased the contact angle of a water droplet on the film
from 438 to 1008 and caused the emergence of a strong XPS
peak associated with fluorine at 685 eV (Supporting Infor-
mation, Figure S4).

In the RIE process applied to the microsphere monolayer,
the directionality of the reactive ion flow induces anisotropic
etching and thus gives rise to distinct surface morphologies
depending on the location on the microsphere surface with
respect to the reactive ion flow (Figure 1e). Unlike the top
surface of each sphere (Figure 1c,d), the side surface slightly
above the equator exhibits vertically aligned needle arrays
(Figure 1 f). On the other hand, the surface immediately
below the equator is less affected (Figure 1g), and the original
surface morphology remains intact in the region of the sphere
near the substrate (Figure 1h). Therefore, each microsphere
can have a superhydrophobic top hemisphere combined with
a hydrophilic bottom hemisphere (contact angle ca. 728).

We then prepared a monolayer of these Janus micro-
spheres at the air–water interface.[24, 25] As expected, the
superhydrophobic and hydrophilic surfaces of the micro-
spheres faced the air and water phases, respectively. The
monodisperse microspheres formed a hexagonal array at the

interface (Supporting Information, Figure S5); the contact
line was invisible because the contact angle exceeded 908. The
microspheres appear brown in color owing to the incorpo-
ration of iron oxide nanoparticles into the microspheres.
Upon dropping water onto the monolayer of Janus micro-
spheres at the water–air interface (Figure 2a,b; Supporting

Information, Movie S2), the water formed a spherical droplet
2.4 mm in diameter on the surface that is comprised of
superhydrophobic hemispheres. Because the hydrophilic
surfaces of the microspheres were strongly held by the
water phase, the microspheres did not attach to the surface of
the added water droplet. Figure 2c–f shows optical micro-
scope images of the monolayer of microspheres and an added
droplet of diameter 0.85 mm, respectively; the images in
Figure 2d–f were taken at three different focal planes. When
however we employed ETPTA microspheres with smooth
surfaces that were treated with the same RIE procedure,
droplets placed on the microsphere-anchored interface
immediately burst through into the water phase, regardless
of the droplet size. (For comparison, the behavior of water
droplets on superhydrophobic and smooth Janus microsphere
monolayers and magnetic manipulation of the superhydro-
phobic microspheres at the air–water interface can be seen in
the Supporting Information, Movie S2.)

Figure 2. a,b) Model (a) and optical image (b) of a water droplet
sitting on an air–water interface protected by a monolayer of Janus
microspheres. c) Optical microscope (OM) image of an array of Janus
microspheres anchored at an air–water interface. d–f) OM images of a
water droplet taken at three different focal planes parallel to the
equator of the droplet (d), microsphere array surface in the vicinity of
the droplet (e), and microsphere array surface below the droplet (f).
The dashed circles in (f) denote the contact line of the water droplet
on a microsphere.
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When droplets larger than 2.5 mm in diameter were
placed on an incompletely filled monolayer at the air–water
interface, the gravitational force on the droplet was sufficient
to cause most such droplets to fall into the water bath within a
few seconds by widening the interstices between the micro-
spheres. However, when a completely filled interface was
used, the microspheres at the interface created a highly
flexible superhydrophobic barrier. For example, a completely
filled microsphere layer prevented direct contact between a
hydrophilic glass stick and the underlying water phase
(Figure 3a,b). It can be clearly seen that the glass stick is

completely enclosed with aligned microspheres at the inter-
face, and that no microspheres remain on the surface of the
stick after removal. However, when the same experiment was
performed using RIE-treated smooth microspheres, the glass
stick immediately penetrated the microsphere layer and
entered the underlying water phase, and numerous micro-
spheres remained coated on the surface of the stick after its
removal (Figure 3 c,d). (The dynamic motion of a highly
flexible barrier comprised of superhydrophobic Janus micro-
spheres and the failure of the smooth microsphere layer
shown in the Supporting Information, Movie S3.)

The Janus microspheres with both superhydrophobic and
hydrophilic surfaces can be used to make liquid marbles: each
marble is comprised of a water droplet completely covered
with Janus microspheres and their hydrophilic surfaces are
directed toward the center of the droplet.[26, 27] By rolling a
water droplet on a pile of microspheres, a microsphere-
decorated spherical droplet could be created (Figure 4a,b).
The optical microscope images of the liquid marble (Fig-
ure 4c,d) show the hexagonal arrangement of the micro-
spheres at the interface, which form a contact angle of
approximately 1208. Such liquid marbles could be handled

with tweezers (Figure 4e–h). Because the close-packed
monolayer of microspheres at the interface can support
unequal stresses, liquid marbles (that is, interfacial composite
materials) can have mechanical properties quite different
from those of simple water droplets and solid materials.[28] For
example, when a marble was picked up with tweezers, it
deformed owing to the applied mechanical force, and it
maintained the deformed shape when held by the tweezers
(Figure 4h). When liquid marbles whose surfaces were not
completely covered with microspheres were picked up with
tweezers, they sometimes slipped off the tweezers by deform-
ing their shape without bursting of the water drop. Upon
dropping a liquid marble onto a table from a height of 1 cm,
the liquid marble took on an oblate spheroid shape (Fig-
ure 4 i). However, marbles dropped from a height of 10 cm
height burst on the table surface (Figure 4 j). In the latter case,
the high inertia of the water drop induces deformation of the
interface shape in the interstices between the microspheres,
leading to contact between the water and the table surface.
(The preparation of a liquid marble, blowing or magnet-
induced control of the motion of a marble, and picking up a
liquid marble with a pair of tweezers are shown in the
Supporting Information, Movie S4, and drying behavior of
liquid marbles is described in Figure S6.)

In conclusion, we have prepared Janus microspheres
composed of superhydrophobic and hydrophilic surfaces by a
process that commences with photocurable Pickering emul-
sion droplets. When the Janus microspheres were placed at an
air–water interface, they acted as a highly flexible super-
hydrophobic barrier in which the hydrophilic surfaces were
strongly held and aligned along the interface. The membrane
of Janus microspheres remained stable when a water droplet
was placed on it, and even maintained its integrity under a
dynamic disturbance induced by a hydrophilic glass stick.
Furthermore, the Janus microspheres could be used to
prepare liquid marbles that could be manipulated with

Figure 3. a) The response of a Janus microsphere monolayer to
intrusion by a hydrophilic stick, thus demonstrating how the mono-
layer acts as a flexible barrier at the air–water interface. b) Sequential
images of an air–water interface protected with a monolayer of Janus
microspheres with porous surfaces. c) Failure of a Janus microsphere
monolayer when subjected to poking by an external stick. d) Images
showing the breakdown of a protective layer composed of Janus
microspheres with smooth surfaces.

Figure 4. a,b) Model (a) and optical image (b) of a liquid marble
composed of a water droplet coated with Janus microspheres. c,d) OM
images showing the surface of a liquid marble in the top (c) and
edge (d) regions. The arrows denote the contact line of the micro-
spheres at the air–water interface. e–h) Images showing a liquid
marble being picked up with a pair of tweezers. The spherical liquid
marble shown in (e) deformed after pressing with the tweezers.
i) Liquid marble after being released from the tweezers in a height of
1 cm. j) Failure of a liquid marble that was dropped onto a substrate
from a height of 10 cm.
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magnets or tweezers. We believe that superhydrophobic small
objects have great potential in size-dependent semipermeable
membranes along interfaces between immiscible fluids, buoys
for water floating micromachines, and various superhydro-
phobic coatings, especially in the context of rain- and tear-
resistant makeup.

Experimental Section
Silica particles 245 nm in diameter were prepared by sol–gel
chemistry using the St�ber method. An ethanolic suspension of the
silica particles and iron oxide (a-Fe2O3) nanoparticles (< 50 nm,
Aldrich) was mixed with ETPTA resin (Aldrich) containing a
photoinitiator (Irgacure2100, Ciba Specialty Chemicals). After
mixing was complete, the ethanol was selectively evaporated for
12 h at 70 8C; the quantities of silica particles and a-Fe2O3 nano-
particles were chosen such that their weight fractions in the final
ethanol-free ETPTA suspension would be 10% and 0.2% (wt/wt),
respectively. The suspension was sonicated for 30 min prior to its use
for droplet generation.

Monodisperse droplets were generated using a microfluidic
device composed of two coaxial capillaries. For stable droplet
generation in the dripping regime, the flow rate of the dispersed
phase (photocurable suspension) was kept low relative to that of the
continuous phase (aqueous surfactant solution of 1 wt.% ethylene
oxide–propylene oxide–ethylene oxide triblock copolymer, Pluronic
F108; BASF). Ten minutes after droplet generation, the prepared
monodisperse droplets were photopolymerized by UV irradiation for
2 seconds.

To create a complex surface morphology, we treated the micro-
spheres with 5% HF (Sigma–Aldrich) for 5 min. The resulting
microspheres with porous surfaces were washed several times with
water and dried. To provide fluorine groups and higher porosity on
the microsphere surfaces, RIE (VSRIE-400A, Vacuum Science) with
100 sccm SF6 was applied to a monolayer of microspheres on a PDMS
film for 30 seconds at 150 W.
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