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Abstract: Understanding the wetting behavior of nanostructures is important for surface design. The present

study examined the intrinsic wettability of nanopore structures, and proposed a theoretical wetting model. Using

this model, it was found that the wetting behavior of nanopore structures depends on the morphology of a

surface. To accurately predict the wetting behavior of nanopore structures, correction factors were introduced. As

a result, the proposed wetting model can be used to predict the wettability of nanopore structures for various

engineering purposes.
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1 Introduction

Understanding the wetting characteristics of surfaces
is important for microfluidics, self-cleaning, anti-icing,
bio-sensing, and filtration processes [1-11]. It is known
that a substrate with low surface energy will have a
large contact angle with deionized water, while high
surface energy on any given substrate will produce a
small contact angle [12]. This signifies that the contact
angle can represent a substrate’s surface energy. One
example can be found in Fujii et al. that report that
nanostructures of a surface influence wettability [13].
There are three models to explain the relationship
between surface energy and contact angle, as follows:
Young’s model, Cassie-Baxter model, and Wenzel’s
model. Young’s wetting model explains the wettability
of a perfectly smooth, flat surface when a liquid
droplet is placed on the surface [14]. Most surfaces
are not atomically smooth, and surface roughness
is a crucial factor in explaining a surface’s wetting
characteristics. Two models that have been widely
used to predict wetting characteristics for rough
surfaces are the Cassie-Baxter model and the Wenzel’s
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model [15, 16]. The Cassie-Baxter model is suited to
clarify the wetting state of heterogeneous surfaces
where air pockets are present between the liquid
droplet and the surface. Wenzel’s model can be used to
determine the wetting state of homogeneous surfaces
where full contact occurs between a liquid and solid,
with no air pockets.

In both the Cassie-Baxter and Wenzel’s models, the
contact angle is determined by the fraction of the
solid surface area that is in contact with the liquid,
that is, the fraction that is wet. As such, the contact

angle is affected by the surface morphology. Kim et al.

proposed a modified Cassie-Baxter equation in order
to predict contact angle values on microline patterned
surfaces [17]. Han et al. performed a quantitative
analysis of the effect of pore size distribution on the
wetting behavior of nanostructured surfaces, proposing
a modified version of Wenzel’s model [18]. Notably,
many studies have examined the wetting behavior of
highly-ordered nanopore structures using specifically
proposed wetting models [19-24]. As we have shown
in our previous study, the trapped air in the pores is
a critical parameter to determine the wetting behavior
of nanopore structures [22]. Applying the theory of
minimum interfacial free energy and force balance
mechanism, Yang et al. developed a wetting model to
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investigate the contact angle of a droplet on alumina-
based nanopore structures [23]. The relationship between
contact angle and surface morphology can be used as
a critical design parameter for surface wettability.
These classic wetting models, however, are not suited
for predicting the practical wetting behavior of water
droplets on micro/nanostructured surfaces [25, 26].
Defining the exact localized area of solid-liquid and
liquid-air interfacial sections near the triple-phase
contact line (TCL) is critical to understand the wetting
behavior. To verify the localized area at TCL, a detailed
analysis of surface morphology is needed. Luo et al.
developed geometrical models of surface profiles that
could predict the contact angle of microscale laser
patterned surfaces [27]. Ran et al. reported that the
wettability of nanoporous surfaces could be manipulated
by the shape of a hole [19]. Previous studies on
patterned structures, however, have not sufficiently
considered the form of nanoscale surface structures.
The present study established a new surface shape-
dependent wetting model of nanopore patterned
structures by employing correction factors. Correction
factors were determined for both shape and volume
to verify the wettability of nanopore structures. The
proposed model has been used to perform a numerical
simulation to calculate the contact angle values. These
values have been verified by experiments. Results
showed that when correction factors were introduced,
the proposed wetting model was able to effectively
predict the wetting behavior of nanopore structures.

2 Experimental details
2.1 Preparation of nanopore structures

Nickel based metallic nanopore structures were
prepared for the wetting experiments. The metallic
nanopore structures are composed of nickel [28] and
had various pore sizes in the range of 150 to 380 nm.
The alumina nanopore structures were used as a
template to fabricate the metallic nanopore structures.
A pure aluminum foil (99.999%, thickness: 1 mm)
was used as a base material to fabricate the alumina
nanopore structures. Electropolishing was performed
with a mixture of ethanol and perchloric acid
(C,;HsOH: HCIO, = 4:1 by volumetric ratio) to get
rid of surface irregularities and the oxide film. The

temperature was maintained at 7°C and a 20 V DC
electrical potential was applied during the electro-
polishing process. By using deionized water and
ethanol, the electropolished aluminum was rinsed. To
perform a first anodization process, after rinsing, the
electropolished aluminum was treated with applying
195 V DC in 0.1 M phosphoric acid for 8 hours at 0 °C.
During the first anodization process, randomly formed
nanopore structures, which have uniformly dimpled
aluminum substrate at the bottom, were created on the
top surface. After the first anodization, the randomly
formed alumina nanopore structure was etched with
a mixed solution of chromic acid (1.8 wt%) and
phosphoric acid (6 wt%) for 5 hours at 65°C. The
etched substrate was rinsed with deionized water
and ethanol.

A second anodization process was performed with
the same anodizing conditions used in the first
anodization process for 10 minutes. Orderly arrayed
alumina nanopore structures were fabricated by the
second anodization process. The initial diameter of
the pores was about 100 nm, the inter-pore distance
was about 500 nm, and the total thickness was about
1 pum. The diameter of pores can be widened through
widening process with phosphoric acid (0.1 M) at
30 °C. The pore widening rate was about 0.6 nm/min.
A metal source (nickel) was deposited on top of the
alumina nanopore structures by using an electron
beam evaporator with 4 A/s deposition rate in a
vacuum of 5 x 107 Torr. Various pore size metallic
nanopore structures were fabricated on the top surface
of the alumina nanopore structures having different
pore diameters: 154 + 11 nm, 258 + 14 nm, and 379 *
18 nm. In order to fabricate a flat nickel substrate, the
nickel was deposited on the top surface of polished
silicon wafer.

2.2 Wetting experiments on nanopore stuructres

The metallic nanopore structures were used for the
wetting/electrowetting experiments. The contact angle
between water droplet and metallic nanopore structures
with various pore sizes was evaluated using a digital
camera (PowerShot SD750, Canon) combined droplet
shape measurement system. A single water droplet of
2 uL deionized water was dropped on the substrates
by a calibrated micropipette (VWR International).
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Contact angle measurements were done by repeating
10 times.

3 Theoretical approach: Analysis of
wettability on metallic nanopore
structures

Using the principle of energy conservation, it is possible
to solve the wettability of heterogeneous surfaces [29].
Based on both the energy balance concept and Young's
equation, the wetting model for metallic nanopore
structures can be defined with geometrical factors
of a liquid droplet on metallic nanopore structures. To
establish a basic wetting model for metallic nanopore
structures, the surface net energy of a flat surface
(a nonporous surface with no texture) should be
considered. In order to understand the wetting behavior
on the nanopore structures, the detailed shape of the
pore should be considered in terms of correction factors.
This will be discussed later. By combining the surface
net energy on both the flat surface and the metallic
nanopore structure, the following final equilibrium
equation can be obtained [17, 23, 30]:

(S, + f..)cosO+S,-S, - f.,
S

cosd =

@™

1

where 0’ is the apparent contact angle between a

(a) Yy

metallic nanopore structure and a liquid droplet, S, is
the area of liquid-solid interface on a flat surface, S;
is the area of liquid-solid interface on a metallic
nanopore structure, fi, is the area of liquid-solid on a
nanopore structure, 9 is the intrinsic contact angle
between a flat surface and liquid droplet, S, is the
area of liquid-vapor interface on a flat surface, S;
is the area of liquid—vapor interface on a metallic
nanopore structure, and fi, is the area of liquid-
vapor in a nanopore shape. These variables can be
verified by using the geometry of a liquid droplet on
a surface, as depicted in Fig. 1. All area terms are
represented by the interfacial contact length as the
one-dimensional geometry. S;, S;’, S,, and S, can also
be defined from Figs. 1(a) and 1(b):

S, =2r Cos[ﬂ —Ej @)
2

S, =2r cos(é’* —%J 3)

S, =2r0 @)
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where 7 is the liquid droplet radius on a flat nonporous
surface, 1" is the radius of a liquid droplet on a metallic
nanopore structure. It is possible to resolve fi; and fi.,
from Fig. 1(c):

(b) y

Fig.1 Schematic diagrams of liquid droplet’s geometries (a) on a flat nonporous surface, (b) on a metallic nanopore structure, (c) detail
for the metallic nanopore structure, and (d) definition of the unit area of the metallic nanopore structure.
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where z is the shape correction factor, a is the pore-
to-pore distance (interpore distance), d is the pore
diameter, and h is the absorption depth of a liquid
droplet in the pore. The actual shape of metallic
nanopore structures is of crown shape [31]. Due to
the shape difference between the schematic model
and the actual features, the shape correction factor
“z” should be considered to calculate f.

Figure 2 shows the geometric difference between
the actual shape and the schematic model of a metallic
nanopore structure. The discrepancy in the total
length of the outline between the crown shape and
the triangle shape is not significant. To simplify, for
the calculation of the shape correction factor, we
assumed that the total length of the outline of the
crown shape is the same as the length of the outline
of the triangle shape. The shape correction factor “z”
can be determined under the assumption that the
length of the outline of the crown shape is the same
as the length of the outline of the triangle shape by:

LA+ J(a-dy +4r

8
a—d+2h ®)

where ¢ is the distance from the top to the bottom of
the crown shape. The height value is the key parameter

(a) (b)

for determining the geometrical correction factors.
The exact value of the height should be given/known
to calculate each correction factor, but this value is
not limited. As Fig. 2(a) shows, the height value of t is
about 300 nm. The height value can be manipulated
by the condition of the deposition process. In this
study, the nickel was deposited on the top surface of
all nanopore structures under identical conditions,
and thus the height was fixed to 300 nm. Thus, we
assumed that the value is fixed for all other pore size
structures.

The air pockets between the water droplet and
the nanopores are critical factors to determine the
wettability of nanopore structures. The air pockets
affect the depth of the absorbing water droplet on
nanopore structures, and the air pockets operate to
resist absorbing water into the pore [22,32]. The
absorption depth of the liquid droplet in the pore can
be expressed under the assumption that the size of
the single pore is much smaller than the size of the
liquid droplet [19]:

4Ly cos@

=—— 9
Pid+4ycos6

where P, is the atmospheric pressure, y is the surface
tension of the surface, and L is the pore depth. In order
to determine fi,, it is assumed that the liquid-air
interface is flat. The variables of d, P, y, L, 6, and a
are all known values. Using Egs. (2)—(9), it is possible
to set Eq. (1) as a function of 6, 7', and r. In order

Schematic
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Fig. 2 SEM image and schematic diagram for calculating the area of the liquid—solid interface at the nanopore shape and the area of

liquid—vapor interface in the nanopore shape. The SEM image in (a) shows a cross-section of a metallic nanopore structure, and (b) is a

simplified cross-section geometry of a pore shape.
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to determine 6, r'and r should be verified with the
volume conditions of liquid droplets. The volume
conditions are determined from Figs. 1 and 2:

flat = ¢ 3
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where Vj,, is the volume of a liquid droplet on a flat
nonporous surface, Vianopore is the volume of a liquid
droplet on a metallic nanopore structure, and « is the
volume correction factor. The « is used to determine
the volume difference between the schematic model
and the crown shape of the actual shape. The volume

" 17

correction factor “a” is defined as the ratio of the
volume of a liquid droplet inside the actual (crown-
shape) nanopore structure to the volume of a liquid
droplet inside the simplified (schematic) nanopore
strucutre. By using the volume correction factor “a”,
it is possible to compensate the volume difference
between the actual shape and the simplified shape of
nanopore structures. The volume of liquid droplets
on both a flat nonporous surface and a metallic
nanopore structure is the same, and thus has a constant
value of 2ul. Wettability behavior on a metallic nanopore
structure can be verified by calculating 6", which can
be numerically solved. All the parameters used in the
model are shown in Table 1.

Table 1 Parameters used in the model for contact angle prediction

of metallic nanopore structures.

P, 0 a L H t Vs V
(N/m®)  (nm) (nm) (degree) (nm) (N/m) (mm)

101300 500 1000 84.5 300 1.77 2.00

4 Results and discussion

Simulation and experimental results for different
contact angles on the three different nanopore
surfaces are shown in Fig.3. A consistent trend of
over-predicting the contact angles can be seen, as well
as the fact that both model and experiment show an
increasing trend (of contact angle) with pore diameter.
The deviations between the results are nearly equal
across all pore sizes. The first divergence is seen between
the simulation results as calculated without and with
correction factors. The contact angle values calculated
using the proposed wetting model that accounted for
correction factors (z: Eq. (8) and a: Eq. (12)) are closer
to the actual experimental results, compared to the
wetting model without correction factors (z=a=1). That
is, the gaps between the results of the two different
simulations point toward the importance of correction
factors. The second divergence is between the simulation
results as calculated with the inclusion of correction
factors and the actual experimental results. Surface
energy variation, a result of oxidation effects or surface
irregularities, is likely the primary reason for the
discrepancies between the simulation results and the
experimental results [21, 23].

The results show that variations in surface energy
affected the error occurrence in a linear manner.
Concretely, the effect of surface irregularities on the
simulation results can be verified by images of the
nanopore structures’ surfaces. Figure 4 shows
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Fig.3 Comparison of contact angle model predictions and
experimental measurements of metallic nanopore structures versus
pore size. Error bars show + one standard deviation.
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Fig. 4 TEM images of (a) alumina and (b) metallic nanopore
structures. The scale bar represents 200 nm.

transmission electron microscopy (TEM) images of
both alumina (a) and metallic (b) nanopore structures
illustrating the different pore shapes. As the figure
shows, the shape of each nanopore is different. The
thickness of both samples, i.e., the metallic nanopore
structures and the alumina nanopore structures, was
about 500 nm. The pores of the alumina nanopore
structures are clean, sharp, and nearly perfectly circular,
whereas the pores of the metallic nanopore structures
are irregular, uneven, and jagged. TEM images indicate
that the molecules of nickel were irregularly deposited
and progressively clogged the pore shape of the original
substrate. It is difficult to control the uniformity of pore
shape of nickel-based metallic nanopore structures
during deposition. As such, the presence of surface
irregularities is greater in the nickel-based metallic
nanopore structures than in alumina nanopore
structures. Such surface irregularities can increase the
uncertainty of the simulation results.

Figure 5 shows the modeling and experimental
results for the contact angles on alumina nanopore
structures (y =0.072 N/m), based on data from the
study published by Buijnsters et al. [21]. As the figure
shows, the discrepancy between the simulation and
experimental results is not significant. The reason
is that, as mentioned earlier, the alumina nanopore
structures have fewer surface irregularities, owing to
their sharply defined pore shape. This result provides
evidence that surface irregularities are the cause of
the divergence between simulated and actual contact
angle values. Thus, to compensate, surface irregularities
can be used as an external parameter. This study argues
that the proposed wetting model is well-suited to
predicting the wettability of nanopore structures.
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Fig. 5 Comparison of contact angle model predictions and

experimental measurements of alumina nanopore structures (from

Buijnsters et al. [21]) versus pore size. Error bars show + one

standard deviation.

5 Conclusions

In the present study, an improved wetting model was
developed to simulate the intrinsic contact angle
of highly ordered nanopore structures. Geometrical
correction factors for shape and volume were intro-
duced as critical elements for accurate calculation of
contact angles. The experimentally measured contact
angles were compared with the proposed wetting
model results. The results showed that, when correction
factors were applied, the wetting model worked well
to simulate the wetting behavior of nanopore structures.
Furthermore, to further improve the simulation results,
an understanding of surface irregularities, in terms of
surface energy variation, can be applied as an external
parameter. The liquid-solid-air energy balance at the
interface of water droplet, surface, and air pockets
varies according to pore shape. This demonstrates
that pore shape can be used to manipulate the contact
phenomena that determine wettability. This study
offers an improved wetting model for predicting the
physical wetting behavior of nanopore structures,
useful in designing surfaces for water treatment
applications.
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