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characteristic of surface structure im-
plying extreme water repellency and a
contact angle (CA) over 150°. Many resea-
rchers have produced biomimetic superhy-
drophobic surfaces with extremely high water
repellency for industrial applications such as
self-cleaning windows, windshield, exterior
paints, antifouling, roof tiles, and textiles.
One of the simplest ways for introducing
superhydrophobicity is to create geome-
tries with vertically aligned pillar textures
on a surface, which offers plenty of air pockets
between the pillars and maintains the so-
called Cassie—Baxter state.' Various attempts
have been made using nanostructures, such
as carbon nanotubes (CNTs) and nanopins.
For instance, vertically aligned CNT bundles
(ACNT)? have shown superhydrophobicity
with a CA of 158° while PAN nanofiber
bundles® and nanoneedle structures* that
had much lower densities than ACNT have
shown superior superhydrophobicity with
CA values of 173° and 178°, respectively.
Honeycomb like ACNT with uniform geo-
metry and a very low sliding angle of 3° has
also been fabricated. Furthermore, other re-
ports demonstrate that anisotropic dewetting
tendency on the surface of a rice leaf can be
imitated using the ACNT film and that ani-
sotropic dewetting induced by different roll-
off angles with respect to the rolling direction
can be manipulated by the microstructural
arrangement.®
Multiscale structures with microscale and
nanoscale regularities, which are similar to
downsized fractal structure of microscale
structures (e.g., lotus leaf, rose petal, feather,
and butterfly wing), can provide superhy-
drophobicity by provoking larger CA, smaller
contact angle hysteresis (CAH), smaller sliding

Superhydrophobicity is a distinctive
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ABSTRACT

Superhydrophobicity of multiscale hierarchical structures and bouncing phenomenon of a water

droplet on the superhydrophobic surface were studied. The multiscale hierarchical structures of

carbon nanotube/Zn0 and ZnO/carbon nanofiber were produced by the hydrothermal method.

The multiscale hierarchical structure showed superhydrophobicity with a static contact angle (CA)

larger than 160° due to increased air pockets in the Cassie—Baxter state. The water bouncing

effect observed on the multiscale hierarchical nanostructure was explained by the free energy

barrier (FEB) analysis and finite element simulation. The multiscale hierarchical nanostructure

showed low FEBs which provoke high CA and bouncing phenomenon due to small energy

dissipation toward receding and advancing directions.
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angle, and a higher dynamic bouncing ef-
fect due to their structural characteristics.
Sun et al. fabricated a multiscale structure of
a biomimetic artificial leaf by nanocasting
PDMS over the surface of a lotus leaf.’ In-
deed, many other dual-scale hierarchical struc-
tures mimicking the lotus leaf topography
have been prepared using solvent-induced
crystallization of typical polymers? solvent
etching,® anodization of fluorinated functional
materials,'® 3D microsphere/nanofiber net-
works,"! self-assembly,'>'® micropattern-
ing of electrospun mats,'* incorporation of
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microbeads/nanobeads,'>'® and nanostructures in a

micro-ordered array.'” The multiscale structures are full
of air pockets due to their structural uniqueness. The
air pockets in the hierarchical structure impede the
transition from the Cassie—Bexter state to the Wenzel
state and improve the morphological stability of a liquid
droplet.'® Consequently, the resulting multiscale rough-
ness of the hierarchical structure yields extreme super-
hydrophobicity rather than the single-scale roughness.

From a theoretical perspective, the surface rough-
ness morphology of multiscale nanostructures consist-
ing of pillars with different height and width is desired
not only to maximize CA but also to minimize the free
energy barrier (FEB).'®~2° Furthermore, it makes the
superhydrophobic state more stable and thus induces
a larger self-cleaning effect, higher dynamic bouncing
behavior, lower CAH, and smaller sliding angle. The
dynamic bouncing effect may depend on the velocity
of a dropping liquid, surface roughness morphology,
and liquid properties. Compared with references re-
lated to the CA, a limited number of studies on the
bouncing effect were reported. For example, Jung and
Bhushan fabricated various surfaces including flat,
nano-, micro-, and multiscale structures and proposed
a criterion for determining the transition from the
Cassie—Baxter regime to the Wenzel regime.?'?? In
addition, dimensionless numbers such as the Weber
number (We), the Reynolds number (Re), and the
Capillary number (Ca), have been used as a feasible
determinant of whether the liquid droplet would show
bouncing, sticking, or spreading behavior.*®

In the current study, two kinds of multiscale struc-
tures were fabricated to investigate the superhydro-
phobicity and water bouncing phenomenon: (i) in-
corporation of 20 nm diameter CNT and 250 nm ZnO
(CNT/Zn0), and (ii) combination of 20 nm diameter
ZnO and 150 nm carbon nanofiber (ZnO/CNF). The
prepared multiscale nanostructures®* were modeled
theoretically to predict the CA and CAH through the
thermodynamic approach using surface free energy.
The numerical results were compared with the experi-
mental results. To the best of our knowledge, this is the
first report that elucidates the underlying physics
behind the bouncing phenomenon of a water droplet
induced by the multiscale nanostructure with robust
theoretical tools such as the free energy barrier (FEB)
analysis and the level-set method.

RESULTS AND DISCUSSION

Hydrophobicity on the Various Structures. Many super-
hydrophobic surfaces in nature show hierarchical struc-
tures encompassing several micropattern and nanopat-
tern levels arranged in a tree-like structure. When
micropatterns are introduced onto a solid surface, a
single-scale microroughness structure is generated
due to the uniformity and regularity of the patterns,
which contributes to a transition from the hydrophilic
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state to the hydrophobic one. When a solid—air inter-
face exists due to air pockets under a liquid droplet, CA
increases because the air pockets act as air cushions,
and thereby the Cassie—Baxter regime' is generated. It
should be noted that a liquid droplet in contact with a
surface possessing microroughness may not be able to
maintain the Cassie—Baxter state because the single-
scale microroughness morphology is more susceptible
to liquid intrusion than hierarchical structures.'® Re-
cent studies prove that hierarchical structures with
multiscale roughness morphology have improved the
liquid stability and superhydrophobicity.'®2°

The present study has focused both on the hydro-
phobic nature of single-scale surface structures and on
the dual-scale hierarchical structures that have been
produced to introduce superhydrophobicity. For the
single-scale surface structures, CNT forest, CNF forest,
and ZnO pillars were explored, which had CA values of
120°, 120°, and 131°, respectively (see Figure 1). The
high hydrophobicity of the CNT and CNF forests is
associated with the nanoscale surface roughness of
entangled CNTs and CNFs.® As well as the CNT forest,
nanocomposites with CNTs protruding from the sur-
face also showed high hydrophobicity, indicating that
such CNT nanocomposites can offer hydrophobic sur-
faces by using a simple etching method (see Support-
ing Information, Figure 1). However, such forests and
nanocomposites do not show superhydrophobicity
due to their nonuniform surface roughness, low air—
liquid-surface ratio, and thermodynamically unstable
feature (i.e., time-dependent transition from the Cassie—
Baxter state to the Wenzel state®"). Vertically aligned ZnO
pillars have larger CA than either the CNT forest or the
CNF forest since much space exists between the aligned
ZnO pillars and the space forms air pockets supporting a
liquid droplet resulting in highly hydrophobic nature of
the surface.

To surpass the hydrophobicity limitation of the
single-scale structure, hierarchical structures with a
dual-scale of CNT/ZnO or ZnO/CNF were created, and
the resulting hydrophobicity was investigated with a
theoretical model. Hexagonal ZnO structures with a
mean diameter of 20 nm have been fabricated on the
CNF using the hydrothermal method. They created
additional nanoscale surface roughness generating
more air pockets, and subsequently a CA of 162° was
obtained (Figure 2a,b). The hierarchical structures can
lead to a hierarchical FEB structure, which results in the
stable superhydrophobic state.'® On the other hand,
the CNT/ZnO hybrid structure has larger mean dia-
meter (ZnO diameter of about 250 nm) than the ZnO/
CNF structure (CNF diameter of about 150 nm) and
yields a higher CA of 167.5° (vs 162°). In such a hierar-
chical structure, CNTs are networked with the ZnO pillars
(Figure 2¢,d). Many analytical approaches have been em-
ployed to predict the CA of superhydrophobic surfaces
with single or multiscale roughness structures.'®~2" For
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Figure 1. Single-scale surface morphology of (a) CNF forest, (b) CNT forest, (c) ZnO nanopillars, and (d) enlarged view of the
ZnO nanopillars. Each system displays high hydrophobicity with the contact angle of 120°, 120°, and 131°, respectively.

Figure 2. Multiscale hierarchical nanostructure: (a) ZnO/CNF hierarchical nanostructure showing superhydrophobicity with
the contact angle of 162°, (b) enlarged view of the ZnO/CNF in which ZnO nanopillars are successfully grown onto the CNF, (c)
CNT/ZnO hierarchical nanostructure showing higher superhydrophobicity with the contact angle of 167.5°, and (d) enlarged
view of the CNT/ZnO in which CNTs are well networked with ZnO.

instance, the fractal formula can be used to analyze the
CA of multiscale hierarchical structures®* based on the
fact that the hierarchical structures mimicking the lotus
leaf have characteristics similar to that of the Koch
curve in fractal geometry.

The multiscale hierarchical roughness structure
fabricated in this study consisted of two different size
pillars, micropillars and nanopillars, constructed on the
base micropillars (Figure 3a). Thermodynamic analysis
was carried out to explain the synergistic effect of the
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dual-scale roughness structures on CA. For the multi-
scale hierarchical system, the corresponding geome-
trical constitutions and free energy differences are
expressed as below:?”

L2 .
Oisinlzﬁi — (L7 cot; + (L; +Ly)- a sin6p)

2

= OjiLj — 12 C0t0j (1)
sin%9;
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Figure 3. (a) Schematic illustration of the multiscale hierarchical system prepared in this study and (b) schematic cross-
sectional configuration of a liquid droplet on the system.
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where 0y is Young's CA, 0, is the angle between the two
nanopillars, and the subscripts stand for the location of the
droplet (Figure 3b). Here, g, b, and d are the width of the
nanopillar, the interspacing between the nanopillars, and
the interspacing between the micropillars, respectively.
For a graphite sheet®® and a flat ZnO film,* CAs are 98.3°
and 100°, respectively. Equations 1, 3, 5, and 7 were
derived by considering the geometrical constitution of
the multiscale hierarchical nanostructure. When the edge
of the meniscus of a water droplet moves from position i to
j, the free energy (FE) difference is given by eq 2. The two
FEs at each position characterized by surface tension and
arc-length of the meniscus are F;=y"/° + y*[° + Cand ;=
7°P + v + C where C is the FE portion that remains
unchanged during the calculation. The FE differences from
position j to k, k to I, and / to m were derived in a similar
fashion. Equations 2, 4, 6, and 8 were used repeatedly to
calculate the FE barriers and the equilibrated CA (ECA).
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Figure 4. (a) Normalized free energy (FE) of the single-scale
and dual-scale structures. The enlarged graphs show the
variation in the local energy barriers indicating metastable
and unstable regions. (b) Normalized receding and advan-
cing free energy barriers (FEB) of the single-scale and dual-
scale structures. The insets are the enlarged normalized free
energy barriers (FEB).

From this, it is noticed that the dual-scale hierarchi-
cal structure has lower normalized free energy than
the single-scale structure (Figure 4a). The single-scale
structure has the fluctuated high free energy barrier
(FEB), indicating that it is not easy to yield high CA (see
the inset graph). On the other hand, the dual-scale
structure shows the low FEB and the minimum FE is
found at the CA over 150°, meaning high CA. The
receding and advancing FEBs can give a complemen-
tary explanation on the results of the free energy of the
single-scale and dual-scale structures (Figure 4b). The
single-scale structure has monotonous variations in
both of receding and advancing FEBs and the receding
FEB rises rapidly. However, the dual-scale structure
shows large fluctuations in both FEBs, and the receding
FEB of the dual-scale structure is much smaller than
that of the single-scale structure. Such a small receding
FEB is the reason for the increase in the ECA of the dual-
scale structure.

The synergistic interaction between nanoscale and
microscale structures leads to an increase in the
ECA. The multiscale hierarchical system can solely
have superhydrophobic nature with a maximum ECA
of 175° and a minimum ECA of 150° (Figure 5a).
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When the nanostructure is downsized, the resulting
ECA is increased. Both of the nanostructure size and
the pillar gap are important for obtaining high ECA. The
existence of nanostructure is an indispensable requi-
site for high ECA. This theoretical interpretation will be
helpful in designing superhydrophobic multiscale hier-
archical surfaces in a more systematic manner.

Water Bouncing Effect. When a liquid droplet collides
with a solid surface, it can exhibit bouncing, sticking,
spreading, or pinning behaviors.3° These behaviors
vary according to the roughness and chemical compo-
sition of the solid surface and are also affected by such
properties of the droplet as velocity, viscosity, and
density.?" For instance, depending on the droplet velo-
city, the behavior can be classified into three distinct
regimes: nonbouncing regime due to low kinetic en-
ergy, bouncing regime following the Cassie—Baxter
prediction, and sticky regime in which “touch-down”
scenario may be achieved above a critical velocity.3?
Jung and Bhushan stated that the droplet velocity
should be smaller than the critical velocity in order to
develop a heterogeneous interface and water bounc-
ing (i.e, V < func(ypy, H, 1/D), where H is the pillar
height, and D is the distance between piIIarsN). In all
our experiments, each falling droplet had identical
kinetic energy because the droplet velocity and drop-
let volume were fixed. Nevertheless, different dy-
namic behaviors were observed, including sticking
phenomenon in the case of CNT and CNF forests and
bouncing behavior over the CNT/ZnO and ZnO/CNF
hybrid structures (Figure 5). Dimensionless numbers,
We (We = pRV?/y.\) and Ca (Ca = uV/y.y), have been
employed by other researchers®® to understand the
correlation among the three regimes aforementioned.
However, these numbers are not appropriate to de-
scribe different behavior in the regimes where iden-
tical dimensionless numbers are obtained due to the
same droplet velocity V and liquid properties (p, yLv, t);
that is, no variation is expected in the dynamic behav-
ior of the droplet. Therefore, effects of the different
surface roughness structures on the liquid bouncing
even with the same We and Ca values need to be
explained through a new approach like numerical
simulation. Such liquid bouncing takes place due to
small dissipation of the kinetic energy of the droplet.3
In this case, the kinetic energy can be transferred to the
surface energy, and higher CA induces bouncing off
like a solid springback.

The fundamental mechanism of liquid bouncing
has yet to be fully understood because many factors
are involved in it. In the present study, the threshold of
FEB is adopted to explain the energy dissipation and
surface energy conservation of a droplet on single-
scale and multiscale nanostructures, and the resulting
bouncing phenomenon due to the conserved surface
energy is confirmed by the numerical analysis. The
kinetic energy of a liquid droplet is converted into the
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Figure 5. (a) Contact angle as a function of the ratio
between micropillar size and nanopillar size and the density
of nanopillars on the micropillar. The region between the
two dashed lines represents ECAs obtainable in this system.
(b) Normalized FEB as a function of system sizes; a:b:d =
80:200:1000 nm (1A and 1R), 40:100:500 nm (2A and 2R),
20:50:250 nm (3A and 3R), and 10:25:125 nm (4A and 4R).
The shaded regions in the inset graph indicate the CAH
index proposed in this study.

surface energy and dissipation energy when the liquid
droplet bounces off the surface. The dissipation energy
is determined by the surface geometry. For example, a
low FEB can cause the dissipation energy of a droplet to
decrease during deformation on the surface, and thus
much of the kinetic energy is transferred into the
surface energy. In this sense, the bouncing phenom-
enon on the multiscale hierarchical nanostructures can
occur. On the other hand, the single-scale nanostruc-
ture has the similar advancing FEB but much higher
receding FEB than the multiscale hierarchical nano-
structure, which causes high energy dissipation and
water sticking rather than bouncing (Figure 4b). This
FEB characteristic can also be found as the entire sys-
tem is downsized. Both the advancing FEB and reced-
ing FEB decrease with the system size (Figure 5b). The
decrease in the FEB threshold makes it easier for a
droplet to move toward advancing and receding direc-
tions, which decreases the energy dissipation signifi-
cantly. In addition, CAH can be determined from the
difference between the CAs of advancing FEB and
receding FEB.?’ This is the maximum CAH where the
vibrational energy of a system is ignored. However,
since real systems possess nonzero vibrational energy
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during experiments, the presence of vibrational energy
yields low CAH. Furthermore, now that the vibrational
energy is not measurable, CAH cannot be determined
quantitatively. Please note that the three intersecting
curves, that is, the advancing FEB curve, receding FEB
curve, and x-axis, form the shaded regions (see the inset
graph). Here, we introduce a new physical parameter,
“the CAH index” that indicates the area of the shaded
region. The CAH index can help one understand the CAH
characteristics of a complicated surface structure by pro-
viding more quantitative information, even in the case
where vibrational energy is not known. The CAH and
sliding angles of the dual-scale hierarchical nanostruc-
tures are lower than those of the single-scale nanostruc-
tures (Supporting Information, Figure 2). The results
demonstrate that the surface morphology can also affect
the dynamic motion of a liquid droplet. Additionally, a
negligible difference was found in either the CAs or the
CAHs measured between before and after the hydropho-
bic coating. This may be because the superhydrophobicity
is determined mainly by the physical surface morphology
but not by the chemical composition of the surface,
especially in case of the Cassie (composite) state. 34

The liquid droplet bouncing from the hierarchical
surface was also demonstrated by FE simulation using
the level set method. The simulation procedure was
explained in detail in the Supporting Information. As
illustrated by the experimental and simulation results,
the liquid droplet with a CA of 120° does not bounce
off, but it undergoes sticking and shaking motions
(Figures 6a—c). When the CA is small enough, the
energy dissipation due to the viscous nature of the
liquid droplet becomes large and the energy transfer
to the surface energy is minimized. Consequently,
sticking occurs rather than bouncing off. On the con-
trary, the liquid droplet can bounce off as the CA in-
creases since its kinetic energy is conserved by the
surface deformation and not dissipated during the im-
pact against the surface (Figures 6d—6f). These results
are also consistent with the results of the thermody-
namic analysis presented above.

Adhesion, which can explain the bouncing effect
quantitatively, is expressed as follows:

Ws = yy(1+ cos) (9)

where Ws, is the work of adhesion, and y,y is the
surface tension of the liquid. The work of adhesion in-
creases with decreasing CA. As a result, surfaces with low
CA values have better wettability because more energy is
dissipated from the inherent kinetic energy during collid-
ing with the solid surface due to the liquid spreading>'
Overall, the bouncing phenomenon of a liquid
droplet can occur when the following conditions are
satisfied: (i) kinetic energy is transferred to surface
energy,® (i) inherent properties of the liquid droplet,
e.g., surface tension, viscosity, and density, are appropri-
ate for the bounce-off regime in the Ca and We
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Figure 6. Experimental and simulation results of two distinct dynamic phenomena of a water droplet: (a) sticking of the droplet on
the CNF forest, (b) sticking of the droplet on the CNT forest, (c) simulation results of the sticking droplet with a contact angle of
120°, (d) bouncing of the droplet over the ZnO/CNF multiscale hierarchical nanostructure, (e) bouncing of the droplet over the
CNT/ZnO multiscale hierarchical nanostructure, and (f) simulation results of the bouncing droplet with a contact angle of 165°.

correlation,?® and (iii) the kinetic energy dissipation is
reduced by the superhydrophobic surface with hierarchi-
cal structures and stored in the surface deformation
instead. A comprehensive understanding of such condi-
tions is critical to materialize various applications such as
liquid-repellent windshield, self-cleaning windows, exter-
ior paint, and antifouling agents for roof tiles and textiles.

CONCLUSION

Single nanoscale structures, which show high hydro-
phobicity with a CA of 120—131°, were constructed with
CNT forest, CNF forest, and ZnO pillars. To increase the CA
further up to the level of superhydrophobicity, multiscale
hierarchical structures were also prepared with CNT/ZnO
and ZnO/CNF, and the resulting superhydrophobicity and
dynamic effect (i.e., bouncing effect) were analyzed. It was
found that the multiscale hierarchical structures showed

METHODS
Fabrication of Zn0 Pillars. ZnO nanorods were grown on

p-type Si(100) substrates using the hydrothermal method.3¢
The Si substrates were cleaned by soaking in the solution

LEE ET AL.

superhydrophobicity with CA values higher than 160° by
means of the synergistic interaction of the first-level and
the second-level hierarchical structures. The thermody-
namic analysis accounted for the necessity of the multi-
scale hierarchical structures for superhydrophobicity. In
contrast to the single-scale structures, the prepared
multiscale hierarchical structures exhibited the bouncing
phenomenon of a water droplet. To better understand
such a phenomenon theoretically, FEB was analyzed and
the FE simulation was carried out by using the level set
method. As CA increases, the adhesion work, wettability,
and energy dissipation of the droplet decrease. Conse-
quently, the kinetic energy of the droplet can be con-
verted into the surface deformation energy. Overall, the
multiscale hierarchical structure is expected to serve as an
indispensable platform to implement not only super-
hydrophobicity but also extreme water repellency.

(H,S04:H,0, = 4:1) at 110 °C for 15 min and then in DI water
for 5 min. ZnO seed nuclei for the growth of ZnO nanorods were
prepared in 30 mM zinc acetate [Zn(C,Hs0,),] ethanol solu-
tion at 90 °C for 15 min. The solution was then spin coated
onto the Si substrates at 1500 rpm for 60 s. Subsequently,
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the seed-coated substrates were thermally annealed at 100 °C for
5 min for removal of the residual solvent. In this stage, the
generated ZnO did not grow into the form of nanorods but it
rather existed as a nucleus for growth of the ZnO nanorods.
For the main growth, the Si substrates were immersed in an
aqueous solution consisting of 25 mM zinc nitrate hexahydrate
[Zn(NO3),+-6H,0], 25 mM hexamethylenetetramine [CgH,N4]
(HMT), and DI water. The main growth of the ZnO nanorods
occurred at 90 °C for 60 min.

Fabrication of Multiscale CNT/Zn0 and ZnO/CNF. Prepared CNF and
CNT were used as a platform for the growth of ZnO nanorods.
ZnO seed nuclei for ZnO nanorod growth were prepared in
30 mM zinc acetate [Zn(C,H30,),] ethanol solution at 90 °C for
15 min. The CNF and CNT were then immersed in the seed
solution and the seed coated CNF and CNT were annealed at
300 °C for 5 min. After ZnO seed formation, ZnO nanorods were
formed by the continuous supply of zinc ions and hydroxyl
radicals in the aqueous solution consisting of 25 mM zinc nitrate
hexahydrate [Zn(NOs),-6H,0], 25 mM HMT, and DI water. The
main growth of the ZnO nanorods was carried out at 90 °C for
30 min for CNF and 60 min for CNT. After the growth procedure,
the aqueous solution including the grown ZnO nanorods was
filtered using a microfilter paper (pore size, 1 um). Finally, the
CNF and CNT with ZnO nanorods were collected on the micro-
filter paper and dried at 40 °C for several hours in air.
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