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Fabrication of superhydrophobic surfaces using structured colloids
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Abstract—We have introduced water-in-oil emulsion systems to generate confining geometries for the self-organiza-
tion of monodisperse silica nanospheres as building block particles. Then, through the slow evaporation of emulsion
phases by heating, these nanospheres were packed into structural colloids such as raspberry-shaped micro-particles.
The suspension of colloidal clusters was deposited onto glass substrate followed by surface modification of fluorine-
containing silane coupling agent to produce superhydrophobic surface with dual scale roughness. Similar self-assembly
approach was employed to fabricate macroporous micro-particles from composite micro-particles of polystyrene micro-
spheres and antimony-doped tin oxide nanoparticles by calcination. After deposition of the porous particles and fluorine
treatment with silane coupling agent, superhydrophobic surfaces which have potential applications such as self-cleaning
property could be obtained with contact angle of water larger than 150°.
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INTRODUCTION

Over the past few decades, colloidal soft matters have been stud-
ied extensively in the field of self-assembled colloidal structures for
versatile applications such as photonic band gap materials, colloi-
dal lithography, and porous supports [1-6]. In this context, a termi-
nology such as structured colloids has been developed to describe
the colloidal dispersion with regular complex structures and spe-
cific chemical compositions in the particulate system [7]. So far,
various types of structured colloids have been synthesized via colloi-
dal self-assemblies or chemical reaction routes for academic stud-
ies as well as practical uses [8-12]. Among them, the self-organization
of building block particles inside confining geometries can be advan-
tageous to fabricate structured colloids since further chemical reac-
tion is not required during the assembling step and the physical or-
ganization process may lead to complex colloidal architectures to
tune the final morphologies of colloidal dispersion.

Recently, emulsion-assisted approaches have been developed to
fabricate spherical assemblies of colloidal particles or colloidal clus-
ters using confining geometries of droplets [13-15]. As pioneering
researches, Velev et al. developed a facile method for preparing spher-
ical colloidal crystals of monodisperse nanospheres based on encap-
sulation of the building block particles in emulsion droplets and the
droplet evaporation [16-18]. These emulsion-assisted approaches can
be also expanded to the fabrication of the macroporous particles
using sacrificial templates of organic beads to form macro-voids
for various scientific and engineering researches such as separation
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medium, adsorption supports, catalytic materials, and light scatter-
ers [19-22].

Lotus effect has been studied for functional water-repelling coat-
ings since a superhydrophobic property is crucial for automobile
industries, clothing, etc. For these purposes, two types of fabrication
routes for nanostructures on substrates have been developed such
as (1) top-down lithographic technologies and (2) bottom-up deposi-
tion or growth of nano-materials [23-25]. In this study, the bottom-up
approach will be disclosed as a facile route to use structured colloids
such as supraparticles or macroporous micro-particles for the fabri-
cation of self-cleaning, superhydrophobic surfaces. Despite many
advances for nature-inspired, water-repelling surfaces, the simple
synthesis and use of structured colloids as coating materials has not
been studied extensively, though this approach can provide micro-
structures with multiple length scales to the films which can enhance
hydrophobic properties. For instance, raspberry-shaped particles
have been synthesized by coating organic microspheres with smaller
inorganic particles for the formation of surface protrusions to induce
multiple length scales in structured colloids [26,27]. However, the
synthesis protocol of these hybrid colloids is quite complicated since
it requires the separate synthesis of organic/inorganic particles as well
as the chemical reaction to form hybrid particles. Thus, it is still
challenging to develop a fabrication method of structured colloids
with simple routes for superhydrophobic surfaces.

We have synthesized two types of structured colloids such as supra-
particles and macroporous micro-particles by evaporation-induced
self-assembly. Specifically, for supraparticles of silica nanospheres,
water-in-oil emulsions were prepared by shear-induced emulsifica-
tion process, in which uniform silica particles were encapsulated.
Then, controlled aggregation of the silica nanospheres inside emul-
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sion droplets was induced during slow evaporation of the water drop-
lets. For the fabrication of macroporous micro-particles, polystyrene
microspheres were encapsulated with ATO (antimony-doped tin
oxide) nanoparticles inside water droplets and evaporation of the
droplet resulted in the formation of composite micro-particles. Then,
macroporous micro-particles were obtained by burning out the or-
ganic microspheres, leaving behind porous inorganic structures. Addi-
tionally, the supraparticles and macroporous micro-particles were
deposited on glass substrate, and surface treatment was performed
using fluorine-containing silane coupling agent to impose water-
repelling property for the fabrication of superhydrophobic surfaces.

EXPERIMENTAL

1. Materials

Tetraethylorthosilicate (TEOS, 99%, Aldrich) and ammonium
hydroxide (NH,OH, 28%, Aldrich) were used as silica precursor
and basic catalyst to synthesize monodisperse silica nanospheres
by modified Stober method. HPLC grade ethanol was purchased
from Sigma-Aldrich. For the fabrication of colloidal aggregates of
silica nanospheres, hexadecane as continuous phase and hypermer
2296 as emulsion stabilizer were purchased from Sigma-Aldrich
and Croda inc., respectively. The commercial suspension of poly-
styrene microspheres (1 pm in diameter) and ATO (antimony-doped
tin oxide) nano-colloid was obtained from Polyscience and Sukgyung
AT Co. Litd., respectively, for the synthesis of macroporous ATO
micro-particles. De-ionized water was obtained using Pure Water
System (Human Power, Scholar). Surface modification of coating
films composed of structured colloids was performed using (hepta-
decafluoro-1,1,2,2 -tetrahydrodecyl) triethoxysilane (HDFTHDTES,
97%, Aldrich) and methanol (99.5%, Samchun Chemicals).
2. The Synthesis of Monodisperse Silica Nanospheres

Monodisperse silica nanospheres with 250, 410, and 520 nm in
diameter were synthesized by modified Stober method using TEOS
and ammonia as silicon source and catalyst, respectively. Mono-
sized silica nanospheres with 750 nm in diameter were fabricated
by seeded growth method. The detailed synthesis conditions can
be found in our previous report [28].
3. The Evaporation-driven Self-assembly of Silica Nanospheres
Inside Water-in-oil Emulsions

To synthesize self-organized silica aggregates, aqueous suspen-
sion of silica nanospheres (2 ml, 3.6-4 wt%) was mixed with hexa-
decane solution containing hypermer 2296 (0.3 wt%, 16 ml), fol-
lowed by emulsification via mechanical shearing using homogenizer
at 8,000 rpm for 40 seconds and 10,000 rpm for 20 seconds. The
obtained complex fluid system composed of water droplets con-
taining silica nanospheres was self-assembled after evaporation of
water molecules by heating at 90 °C for 50 minutes and 100 °C for
10 minutes. The silica nanospheres assembled into silica aggregates
were sedimented under gravity and washed with hexane followed by
drying at room temperature. The silica clusters were resuspended in
water medium by vortex mixing and mild sonication for 20 seconds.
4. The Fabrication of ATO Microspheres and Macroporous
ATO Micro-particles from Water-in-oil Emulsions

For the synthesis of ATO (antimony-doped tin oxide) microspheres,
aqueous dispersion of ATO nanoparticles purchased from Sukgyung
AT Co. Ltd was diluted with de-ionized water to obtain 4 wt% of

ATO dispersion. 1 ml of this mixture was dropped onto 8 ml of hexa-
decane with 0.3 wt% of emulsifier, Hypermer 2296, followed by
the mechanical agitation at 8,000 rpm for 40 seconds and 10,000 rpm
for 20 seconds using homogenizer (PRO 200, Pro Scientific Inc.)
to obtain the water droplets containing ATO nanoparticles. For the
self-assembly of ATO nanoparticles into spherical morphologies, the
emulsion droplets were slowly evaporated by microwave heating
to remove water molecules selectively. During the emulsion evap-
oration and shrinkage, ATO nano-colloid was self-assembled into
ATO microspheres suspended in hexadecane. After sedimentation
of ATO microspheres, the flocculated particles were washed with
hexane and dried at room temperature, followed by redispersion in
water medium.

For the synthesis of macroporous ATO (antimony-doped tin oxide)
micro-particles, aqueous dispersion of ATO nanoparticles purchased
from Sukgyung AT Co. Ltd. was diluted with de-ionized water to
obtain 0.6 wt% of ATO colloid. This colloidal dispersion was mixed
with amidine-coated polystyrene (PS) microspheres (Invitrogen, 2.6
Wt%, 1 um in diameter) in 1 : 1 volume ratio. 1 ml of this mixture
was dropped onto 8 ml of hexadecane with 0.3 wt% of emulsifier,
Hypermer 2296, followed by the mechanical agitation at 8,000 rpm
for 40 seconds and 10,000 rpm for 20 seconds using a homogenizer
(PRO 200, Pro Scientific Inc.) to obtain the aqueous emulsion drop-
lets containing PS microspheres and ATO nanoparticles. For the self-
organization of PS beads and ATO nanoparticles, the water drop-
lets were selectively evaporated by using a microwave oven. Dur-
ing the emulsion evaporation and shrinkage, PS microspheres and
ATO nano-colloids were self-organized into composite micro-par-
ticles. Calcination process at 500 °C for 5 hours using box furnace
(EM Tech, Korea) was performed to remove organic PS particles
from the composite micro-particles to obtain porous ATO micro-
particles. The heating rate was maintained as 1 °C/min.

5. Film Generation Using Structured Colloids Composed of
Silica Nanospheres or ATO Nano-colloid

The aqueous dispersion of silica aggregates was dropped onto
glass substrate and water medium evaporated at room temperature.
For surface modification of silica clusters on glass substrate, the
coating film was immersed into methanol solution containing (hep-
tadecafluoro-1,1,2,2 ~tetrahydrodecyl) triethoxysilane (HDFTHDTES)
for 3 hours to prepare superhydrophobic surfaces.

The aqueous dispersion of the composite micro-particles com-
posed of PS microspheres and ATO nanoparticles was dropped onto
a cover glass followed by calcination at 500 °C to fabricate porous
ATO film on glass. To prepare superhydrophobic surface, the porous
ATO film was immersed into methanol solution containing HDFTH-
DTES for 3 hours to modify the porous surface with the fluorine-
containing molecules. Similarly, an aqueous dispersion of ATO micro-
spheres was dropped onto glass substrate followed by evaporation
of water at room temperature. The surface of ATO micro-particles
on glass was modified using HDFTHDTES for 3 hours for the at-
tachment of fluorine-containing molecules.

6. Characterizations

The morphologies of the colloidal aggregates composed of silica
nanospheres were observed using field emission scanning electron
microscope (FE-SEM, Hitachi-S4700). ATO nanoparticles were
observed by transmission electron microscope (JEOL, JEM-2010)
and size distribution of the ATO nano-colloids was obtained using
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(Delsa™, Nano, LS13320). The contact angle of water droplet on
porous surface was measured using contact angle measurement sys-
tem (Erma inc., model G-1).

RESULTS AND DISCUSSION

The fabrication process of structured colloids such as silica supra-

Meanedisperse

silica nanospheres

particles is illustrated schematically in Fig. 1. Monodisperse silica
nanospheres can be encapsulated inside water droplets after the emul-
sification by mechanical agitation of two immiscible fluids such as
aqueous suspension of silica particles and hexadecane with emul-
sion stabilizer using homogenizer. During heating this complex fluid
system, the evaporation of water from emulsion droplets induces
huge capillary force due to the shrinkage of the emulsions, and the

Evaperatien-induced
self-assembly
11 >

Silica supraparticle

Fig. 1. Schematic of water-in-oil emulsion droplet containing silica nanospheres. After evaporation-driven self-assembly, the nanospheres
can be self-organized into silica supraparticles with raspberry shape.

Fig. 2. SEM image of silica supraparticles fabricated using silica nanospheres with (a) 250 nm, (b) 410 nm, (c) 520 nm, and (d) 750 nm in
diameter. Scale bars indicate 1 pm for (a) to (c), and 5 um to (d). The inset of Fig. 2(a) shows the TEM image of silica supraparticles
fabricated using 250-nm silica nanospheres. Scale bar in this TEM image is 300 nm.
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inward capillary pressure pulls the silica nanospheres together caus-
ing the self-assembly of silica nanospheres. As a result, silica supra-
particles can be fabricated after the self-organization process.

We used silica nanospheres with 250, 410, 520, and 750 nm as
building block particles for the fabrication of silica supraparticles
according to the self-assembly strategy shown in Fig. 1. Fig. 2(a)
to 2(d) contains the resultant SEM images of silica supraparticles
assembled with silica nanospheres having 250, 410, 520, and 750
nm in diameter, respectively. The morphology of each supraparticle
resembles raspberry shape and spherical aggregates of silica nano-
spheres with various size ranges could be successfully prepared by
emulsion droplets as confining geometries for self-organization pro-
cess. The inset in Fig. 2(a) shows the TEM image of silica supra-
particles fabricated using 250-nm silica nanospheres, indicating that
the two-dimensional projection of the raspberry shaped particles
composed of silica building block particles can be viewed by TEM
observation.

Silica supraparticles shown in the SEM images of Fig. 2(a) to

2(d) were deposited on glass substrate by drying the suspension of
the supraparticles at room temperature. After the coating step, the
films were immersed in the methanol solution with fluorine-con-
taining silane coupling agent, (heptadecafluoro-1,1, 2,2,-tetrahydro-
decyl) triethoxysilane (HDFTHDTES, 1 vol%) for 3 hours to prepare
superhydrophobic surfaces. Three ethoxy groups of HDFTHDTES
can react with the surface hydroxyl groups of silica supraparticles
by alcoholysis reaction, and the anchoring group containing fluorine
atoms can increase the hydrophobicity of the coating film [29,30].
Since the original silica supraparticles are coated with hydroxyl groups,
the covalent binding of HDFTHDTS on the surface of the supra-
particles can be formed due to the reaction between the hydroxyl
groups of silica particles and the ethoxy groups of the silane cou-
pling agent via the following scheme [31]:

=Si-OH+(EtO),-Si-X— EtOH+=Si-O-Si(OE#),X

Here, X represents the functional groups of HDFTHDTS which con-
tains hydrocarbon chain with fluorine atoms. Thus, the surface treat-
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Fig. 3. (a) Schematic for the surface modification process of coating film composed of silica supraparticles for the fabrication of superhydro-
phobic surfaces. (b) Surface and (c) cross-sectional SEM image of coating film composed of supraparticles with 450-nm silica nano-
spheres. Scale bars are 10 um and 20 pum, respectively. (d) EDS result of coating film composed of supraparticles with 450-nm

silica nanospheres after fluorine coating.

Korean J. Chem. Eng.(Vol. 30, No. 5)



1146 Y.-S. Cho et al.

ment with HDFTHDTS can change the hydrophilic nature of silica
supraparticles into hydrophobic property. Fig. 3(a) contains this coat-
ing and surface treatment procedure schematically and the detailed
reaction mechanism during the surface treatment procedure is omitted
in the schematic figure for convenience.

The surface and cross-sectional SEM images of the coating film
composed of the supraparticles with 410-nm silica nanospheres are
shown in Fig. 3(b) and 3(c), respectively. From the surface SEM
image, it is clear that the silica supraparticles are packed densely
forming coating film with dual length scales of nanospheres and their
aggregates (supraparticles), and the film thickness could be meas-
ured as about 25 pm from the cross-sectional SEM image. After the
treatment of the coating film with fluorine-containing silane coupling
agent, the compositions of the film were detected by EDS method,
as summarized in Fig. 3(d) and Table 1, which show that 4.15 wt%
of fluorine atom was recorded for superhydrophobic property.

The measured contact angles of water droplets on the coating

Table 1. EDS result of coating film composed of 450-nm silica nano-
spheres after the treatment with fluorine-containing silane

coupling agent
Element Wit%
O 51.32
F 4.15
Si 44.53
Totals 100
(@ I ©=1542" () Io=151_2'

I - )

e=1514" (d) ¥ o-1539"

@ |

Fig. 4. Photographs of contact angle measurement result for coat-
ing film of supraparticles with constituent silica particles
having (a) 250 nm, (b) 410 nm, (c) 520 nm, and (d) 750 nm
in diameter. (e) contact angle measurement result of water
droplet on bare glass substrate treated with the fluorine-
containing silane coupling agent.

May, 2013

films of silica supraparticles prepared using silica nanospheres with
250, 410, 520, and 750 nm are included in the photographs of Fig.
4(a), 4(b), 4(c), and 4(d), respectively. All samples exhibited super-
hydrophobicity with contact angles larger than 150°. For control
experiment, the contact angle of 92.9° was measured for plain glass
substrate after the surface treatment with the same silane coupling
agent, as shown in the photograph of Fig. 4(e). These results indi-
cate that silica supraparticles on glass substrate can generate super-
hydrophobic surfaces due to their coating structure with dual length
scales such as (1) building block particles and (2) supraparticles.
This superhydrophobic effect can be interpreted using the following
Cassie-Baxter equation [32,33]:

cos@=f(1+cosf)—1 Q)

where, f, 6, and 4. denote the surface area fraction of solid particles

\
CNN 15,04V 12 Sragm x20,0k SE(U)
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Fig. 5. (a) and (b) SEM images of silica supraparticles fabricated
using bimodal silica nanospheres with 520 nm and 1 pym
in diameter. Scale bar in (a) and (b) indicate 10 pm and 2
Lm, respectively. (c) Contact angle measurement result of
water droplet on hydrophobic film composed of silica supra-
particles with bimodal constituent particles.
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on glass substrate, water contact angle on flat surface, and coated
surface, respectively. For instance, the surface area fraction (f) of
silica materials on coated film of supraparticles with constituent silica
nanospheres having 210 nm in diameter can be calculated as 10.5%
using 6=92.9° and §=154.2° from Eq. (1).

Silica supraparticles were also fabricated using bimodal dispersion
of silica nanospheres with 520 nm in diameter and silica microspheres
with 1 um in diameter. Aqueous suspension of the bimodal silica
particles were emulsified as dispersed phase and silica supraparti-
cles could be synthesized by assembling the bidisperse colloids via
evaporation-driven self-assembly described in the experimental sec-
tion. Fig. 5(a) and 5(b) contain the SEM image of the resultant silica
supraparticles of which the constituent particles have bimodal parti-
cle sizes. Using the suspension of these supraparticles, coating film
was prepared by dropping and drying procedures, followed by the
surface modification of the supraparticles using HDFTHDTES. Fig,
5(c) contains the photograph of the contact angle of water droplet
on the surface of the coating layer of the supraparticles. The contact
angle was measured as 143°, which is a smaller value compared to
the films made of supraparticles fabricated using monomodal silica
nanospheres shown in Fig. 3. This can be attributed to the reduced
multi-scale roughness since the silica nanospheres with 520 nm in
diameter are packed between the voids of the silica microspheres
with 1 um in diameter for the supraparticles shown in the SEM image
of Fig. 5(a) and 5(b).

Instead of silica supraparticles, silica nanospheres with 410 nm
in diameter were coated on glass substrate by vertical deposition
method and the coating film was treated with HDFTHDTES for
the attachment of the silane coupling agent on the coated surface,
as depicted in the schematic drawing of Fig. 6(a). The microstruc-
ture on the surface of coating film is contained in the SEM image
of Fig. 6(b), and the contact angle of water droplet on the coating
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layer is included in the photograph of Fig. 6(c). Only 92.3° of contact
angle was measured, and the hydrophobicity was similar compared
to the bare glass substrate treated using HDFTHDTES without silica
nanospheres. Since the coating film in Fig. 6(b) has single length
scale of silica nanospheres, only single scale roughness can be ex-
pected and the hydrophobicity was not enhanced unlike the super-
hydrophobic coatings using silica supraparticles.

Since macroporous ATO can be used for the fabrication of opti-
cally transparent and conductive electrode materials, it is possible
to apply ATO nanoparticles for the synthesis of macroporous micro-
particles as coating materials for superhydrophobic surfaces [34].
For this purpose, we used ATO nanoparticles as starting material to
synthesize macroporous ATO micro-particles by evaporation-driven
self-assembly approach. Fig. 7(a) and 7(b) contain the schematic
illustrations of self-assembly strategy for the fabrication of struc-
tured colloids such as microspheres and macroporous micro-parti-
cles from ATO nanoparticles, respectively. Small ATO nanoparticles
can be trapped inside water emulsion droplets and they can be as-
sembled collectively into spherical micro-particles after evapora-
tion of water from the droplets, as displayed in Fig. 7(a). After the
self-organization of the nanoparticles, ATO microspheres can be
obtained since the nanoparticles can be assembled due to van der
Waals force and the particles aggregate into spheres with micron
sizes by surface tension induced from shrinking emulsions. On the
other hand, organic templates such as PS microspheres can be added
inside water droplets with small ATO nanoparticles, as illustrated
schematically in Fig. 7(b). Emulsions shrink due to evaporation of
water droplets by heating resulting in the formation of composite
micro-particles composed of PS microspheres and ATO nanoparticles.
After calcination PS microspheres can be removed and macroporous
inorganic micro-particles can be fabricated.

The building block particles for the synthesis of macroporous

(a)
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Fig. 6. (a) Schematic for the surface treatment of coating film composed of silica nanospheres. (b) SEM image of coating film composed of
silica nanospheres with 410 nm in diameter. Scale bar indicates S pm. (c) Contact angle measurement result on the coating film
composed of 410-nm silica nanospheres treated with fluorine-containing silane coupling agent.
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Fig. 7. (a) Schematic for the fabrication of ATO microspheres from water-in-oil emulsion droplet by evaporation-driven self-assembly
(EISA). (b) Schematic representation for the fabrication of macroporous ATO micro-particles by EISA and subsequent calcina-
tion.
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Fig. 8. (a) SEM image of polystyrene microspheres with 1 um in diameter. Scale bar indicates 5 pm. (b) TEM image, (c) powder X-ray
diffraction result, and (d) particle size distribution of ATO nano-colloids. Scale bar in (b) is 20 nm.
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ATO micro-particles are displayed in Fig. 8(a) and 8(b). PS micro-
spheres with 1 pum in diameter, which are shown in Fig. 8(a), were
adopted as sacrificial templates during the fabrication of porous ATO
particles. Fig. 8(b) contains the TEM image of ATO nanoparticles
having primary particle size of about 20 nm. Characterization of
the ATO nano-colloids was performed using powder X-ray dif-
fraction (XRD) technique and size measurement of the colloidal
dispersion. The crystallinity of ATO nanoparticles was confirmed
by powder XRD analysis, which is contained in Fig. 8(c) showing
the feature characteristic of SnO, tetragonal domain. The secondary
particle size of ATO nano-colloid was measured by DLS (dynamic
light scattering) system, and the measured value was about 80 nm
as included in the size distribution of the colloidal dispersion in Fig.

Mean particle size = 1.62 um

Population (Arb. un

00 05 10 15 20 25
Particel size (nm)
Fig. 9. (a) and (b) SEM images of ATO microspheres fabricated
by EISA process. Scale bar in (a) and (b) is 10 and 1 pm,

respectively. (c) Particle size distribution of ATO micro-
spheres.

8(d). From the histogram in Fig. 8(d), we can roughly conclude that
about four primary particles form one aggregated secondary parti-
cle in the ATO colloid.

The morphology of ATO microspheres assembled with ATO nano-
particles shown in the TEM image of Fig. 8(b) is contained in the
SEM image of Fig. 9(a) and 9(b). After self-organization of ATO
nanoparticles, ATO microspheres with spherical shapes could be
obtained since the shrinking emulsion droplet induces surface ten-
sion force which maintains the morphology of ATO micro-parti-
cles as spheres. From the magnified SEM image in Fig. 9(b), the
individual ATO microsphere is comprised of small ATO nanopar-
ticles, implying that the controlled and collective aggregation of
nanoparticles resulted in the formation of spherical microstructures.
The size distribution of ATO microspheres was obtained by meas-
uring the diameters of 330 particles from the SEM image in Fig.
9(a), and the histogram is plotted in Fig. 9(c). Mean particle size
was measured as 1.62 um and the standard deviation was 0.4 um
due to the broad size distribution of the ATO microspheres. Since
the ATO micro-particles were assembled from polydisperse water-
in-oil emulsion droplets fabricated by mechanical shearing using
homogenizer, the final ATO microspheres also exhibit polydisperse
particle size, as displayed in the histogram of Fig. 9(c).

After the self-organization of ATO nanoparticles and PS micro-
spheres inside water droplets, composite micro-particles of PS and
ATO were obtained as displayed in Fig. 10(a), in which the included
SEM image shows the ATO nanoparticles are packed between PS
microspheres assembled due to capillary force. Calcination process
was performed to fabricate macroporous ATO micro-particles from
the composite micro-particles, and the resultant morphology of the
porous ATO particles is contained in the SEM image of Fig. 10(b)
to 10(d). Each macroporous particle possesses windows with about
500 nm in diameter, which originate from the macropores generated
by the removal of PS microspheres with 1 um in diameter, as can
be observed from the SEM image of Fig. 10(b). The overall shape
of the macroporous ATO micro-particles is close to spherical mor-
phology as shown in the SEM image of Fig. 10(c), and the skeletal
frameworks surrounding air voids are composed of small ATO nano-
particles with primary particle size of 20 nm in diameter, as displayed
in the magnified SEM image of Fig. 10(d).

For comparison, ATO microspheres or macroporous ATO micro-
particles were deposited on glass substrate and the coating films
were immersed in the methanol solution containing 1 vol% of fluo-
rine-containing silane coupling agent, HDFTHDTES for 3 hours,
followed by drying of the film. Fig. 11(a) illustrates this coating and
surface treatment for binding of the silane coupling agent on the
film surface schematically. Contact angles of water droplets were
measured on the films of ATO microspheres and macroporous ATO
micro-particles of which the surfaces were treated chemically with
HDFTHDTES. As contained in the photograph of Fig. 11(b), the
water contact angle was measured as 125.1° on the coating film com-
posed of ATO microspheres, implying that only a slight increase of
contact angle was achieved (29.2°) compared to plane glass sur-
face treated with the fluorine-containing silane coupling agent. We
can expect Wenzel state from the coating film composed of ATO
microspheres in which water droplet can penetrate into the voids
between the microspheres, causing relatively small contact angle [35].
Since the sliding angle of water droplet on the substrate is rela-

Korean J. Chem. Eng.(Vol. 30, No. 5)



1150 Y.-S. Cho et al.

b

CNN 1506V 12.6mm =100k SE(U) oy

Fig. 10. (a) SEM image of composite micro-particles composed of polystyrene microspheres and ATO nanoparticles. (b) to (d) SEM images
of macroporous ATO micro-particles. Scale bar in (a), (b), (¢), and (d) is 3 pm, 5 pm, 1 pm, and 500 nm, respectively.
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Fig. 11. (a) Schematic for the surface treatment of coating film composed of ATO microspheres or macroporous ATO micro-particles
using fluorine-containing silane coupling agent. (b) and (c) contact angle of water droplet on the film composed of ATO microspheres
and macroporous ATO micro-particles, respectively.

tively large for Wenzel mode, we tried to measure the sliding angle we slowly inclined the coating film with water droplet on its surface
for the coating film of ATO microspheres [36]. The measurement just before the sliding of the droplet during the measurement, drop-
of sliding angle of water droplet on the coating film composed of ATO let pinning was observed, indicating that the water droplet is strongly
microspheres was performed by using sliding angle measurement adhered on the coating film, as shown in the photograph of Fig. S2.
system equipped with digital angle meter shown in Fig. S1. Though This can be explained by the formation of the capillary force after
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the infiltration of the droplet between the ATO microspheres in the
coating film, which confirms the Wenzel state for this case.

The roughness factor of the coating film composed of ATO micro-
spheres can be interpreted using the following Wenzel equation [37]:

cos@.=rcosb, )]

where 1, €, and € denote the roughness factor, water contact angle
on the rough, and flat surface, respectively. For our sample, the value
of r was calculated as 11.36 from Eq. (2). Since the roughness factor
has been defined as the ratio between the true surface area and its
horizontal projection, the value of r (11.36) for the coating film of
ATO microspheres indicates that the porous surface was produced
after the deposition of the microspheres [38]. For comparison, we
can consider the coating film composed of square lattice of cylindri-
cal pillar structure, in which the roughness factor r can be defined
as the following equation:

r=1+mdh/p? &)

where, d, h, and p denote the pillar diameter, pillar height, and the
pitch of the square lattice [39]. For the case of close packed micro-
grooves with d=20 pm, h=60 um, and p=20 pum, the roughness
factor can be easily calculated as r=10.425, which is comparable to
the value of our coating film.

On the other hand, water contact angle increased drastically for
the coating layer made of macroporous ATO micro-particles, which
is larger than 150° (151.2°) as displayed in the photograph of Fig.
11(c). The formation of superhydrophobicity can be explained by
the concept of Cassie-Baxter effect, which can be applicable to the
macroporous ATO surface with multiple length scales containing
air void [40,41]. For this case, the water droplet cannot penetrate the
porous ATO film since air is assumed to be filled inside the porous
layer, and Eq. (1) can be applicable to calculate the value f'(the surface
area fraction of solid particles) as 13.03% from Eq. (1).

Fig. 12(a) to 12(d) contain the time-lapsed images of rolling water

(a) Osec | (b) l 0.01 sec

«»

0.03sec (d) L

0.06 sec

C

Fig. 12. (a) to (d) Time-lapsed images of rolling water droplet on
superhydrophobic surface with macroporous ATO micro-
particles after the treatment using fluorine-containing silane
coupling agent. The movie file of the rolling water droplet
is contained in the supporting information.

© !
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Table 2. Contact angles of water droplets on the coating films of
supraparticles, nanospheres, and macroporous micro-par-

ticles
Film type Water contact angle
Bare glass with F-coating’ 92.9°
Silica supraparticles 154.2°
(silica nanosphere=250 nm)
Silica supraparticles 151.2°
(silica nanosphere=410 nm)
Silica supraparticles 151.4°
(silica nanosphere=520 nm)
Silica supraparticles 153.9°

(silica nanosphere=750 nm)
Silica supraparticles 143°
(silica nanosphere=520 nm,
silica microspheres=1 pum)
Silica nanospheres (410 nm) 92.3°
ATO microspheres 125.1°
Macroporous ATO micro-particles 151.2°

“F-coating stands for the surface treatment with fluorine-containing
silane coupling agent

droplet on superhydrophobic surface composed of macroporous
ATO micro-particles after the treatment with HDFTHDTES. Since
the coating film was slightly oblique, the water droplet injected from
syringe impinged on the superhydrophobic surface maintaining its
spherical morphology, and moved in lateral direction without spread-
ing behavior within a short time interval. This water-repelling phe-
nomenon is recorded and included as supporting movie file.

As summary, the contact angles of water droplets on various sub-
strates are displayed in Table 2. Using silica supraparticles or macro-
porous ATO micro-particles, the coating films exhibited superhy-
drophobic properties with contact angles larger than 150°. A few
exceptions were observed for coating films obtained by using bimo-
dal dispersion of silica particles, possibly due to the reduction of multi-
scale roughness. The film made of ATO microspheres had small
contact angle such as 125.1°, in which Wenzel model is applicable.

CONCLUSIONS

Monodisperse silica nanospheres were self-organized into colloi-
dal clusters which resemble raspberry-shaped micro-particles by
evaporation-driven self-assembly inside water-in-oil emulsions. Dur-
ing the droplet shrinkage by heating, the silica nanospheres encap-
sulated inside the emulsion droplets were self-assembled into colloidal
supraparticles which could be used to fabricate coating films with
dual-scale roughness for the fabrication of superhydrophobic sur-
faces. The water-in-oil emulsion system used in this study could
also provide confining geometries for the self-organization of the
polymer microspheres with antimony-doped tin oxide nanoparticles,
and composite structured micro-particles were obtained by evapo-
ration-driven self-assembly process. After calcination, the resultant
macroporous micro-particles could be used as inorganic frameworks
to generate superhydrophobic film after surface modification with
fluorine-containing silane coupling agent.
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Fig. S1. Photograph of sliding angle measurement system equipped Fig. S2. Photograph of pinning of water droplet on the coating film
with digital angle meter. composed of ATO microspheres.
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