Volume 9 | Number 46 | 14 December 2017 | Pages 18113-18562

Nanoscale

rsc.li/nanoscale

ISSN 2040-3372

ROYAL SOCIETY
OF CHEMISTRY PAPER

Joseph S. Francisco, Xiao Cheng Zeng et al.
Controlling states of water droplets on nanostructured surfaces by design




ROYAL SOCIETY

OF CHEMISTRY

Nanoscale

View Article Online

View Journal | View Issue

Controlling states of water droplets on

".) Check for updates‘
nanostructured surfaces by designt

Cite this: Nanoscale, 2017, 9, 18240

Chongain Zhu,£*® Yurui Gao, 1€ Yingying Huang,® Hui Li, ©° Sheng Meng,®
Joseph S. Francisco*® and Xiao Cheng Zeng () 2

Surfaces that exhibit both superhydrophobic and superoleophobic properties have recently been demon-
strated. Specifically, remarkable designs based on overhanging/inverse-trapezoidal microstructures
enable water droplets to contact these surfaces only at the tips of the micro-pillars, in a state known as
the Cassie state. However, the Cassie state may transition into the undesirable Wenzel state under certain
conditions. Herein, we show from large-scale molecular dynamics simulations that the transition between
the Cassie and Wenzel states can be controlled via precisely designed trapezoidal nanostructures on a
surface. Both the base angle of the trapezoids and the intrinsic contact angle of the surface can be
exploited to control the transition. For a given base angle, three regimes can be achieved: the Wenzel
regime, in which water droplets can exist only in the Wenzel state when the intrinsic contact angle is less
than a certain critical value; the Cassie regime, in which water droplets can exist only in the Cassie state
when the intrinsic contact angle is greater than another critical value; and the bistable Wenzel-Cassie
regime, in which both the Wenzel and Cassie states can exist when the intrinsic contact angle is between
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the two critical values. A strong base-angle dependence of the first critical value is revealed, whereas the
second critical value shows much less dependence on the base angle. The stability of the Cassie state for
various base angles (and intrinsic contact angles) is quantitatively evaluated by computing the free-energy
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1. Introduction

The ability to control the wettability of a surface is crucial in a
variety of applications,'” including self-cleaning surfaces,"
microfluidics,> heat transfer” and water/oil separation.” It is well
known that the hydrophobicity of a surface depends on both the
chemical composition®?® and physical topography''* of the
surface. Given the limitations of controlling the wetting pro-
perties of a flat surface via chemical modification,>” physical
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barrier for the Cassie-to-Wenzel state transition.

modifications to create various micro- or nanostructured surfaces
have been extensively explored.”* In fact, nature provides the
first examples of microstructured superhydrophobic surfaces,
such as lotus leaves and water striders’ non-wetting legs.** >

The wettability of rough surfaces has been understood via
the classical Cassie model'” and the Wenzel model."" The
Wenzel model assumes that the liquid droplet wets the entire
rough substrate, whereas the Cassie model assumes that the
droplet is in partial contact with the rough substrate (i.e., the
topmost part of the substrate). In contrast to the Wenzel
model, the Cassie model allows for the possibility of 6, > 90°
when 6;, < 90°, where 0, and 6;,, are the apparent and intrinsic
contact angles of the corresponding rough and flat surfaces,
respectively.®®> Thermodynamic conditions can be used to
determine the wetting state of a droplet on a particular tex-
tured surface.”** The threshold value of the equilibrium
contact angle, 0., for the transition from the Wenzel to the
Cassie state is given by*®

((ps — 1)

cosec:(r_(p)
S

(1)

where r (>1) is the roughness factor, defined as the ratio of the
specific area to the projected area, and ¢; is the ratio of the
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area of the actual contact interface between the droplet and
the substrate to the area of the projected interface underneath
the droplet. If 6;, > 0., the droplet will be in the Cassie state,
and if 6;, < 0., the droplet will be in the Wenzel state. As r > 1
> @, the 6. value for this transition is necessarily greater than
90°, which indicates that a surface cannot exist in the Cassie
state for 6;, < 90°. These arguments highlight the challenge of
designing a superhydrophobic surface based on hydrophilic
materials (defined as materials with 6;,, < 90°).

However, some recent studies have suggested the possibility of
fabricating superhydrophobic surfaces from intrinsically hydro-
philic materials.">*?!?>2%374% Herminghaus found that the
leaves of plants such as Cotinus coggygria and Ginkgo biloba show
unexpectedly high non-wetting properties even for 6, < 90°.%°
Cheng et al. showed that the wax on lotus leaves has a 6, value of
~749° rather than a value of 6;, > 90° as expected.>* Recently, over-
hanging shelves on the tops of micropillars have been introduced
to render even a surface with 6;, = 0° (ref. 13) superoleophobic.
The superhydrophobic state of these textured surfaces is a meta-
stable Cassie state rather than the equilibrium Wenzel state.
Overhanging and trapezoidal microstructures have also been uti-
lized in several studies to realize highly non-wetting sur-
faces.'>'***2 In fact, overhanging and pillared structures can be
regarded as special cases of trapezoidal structures with ¢ = 0° and
@ = 90°, respectively (here, ¢ is the base angle of the trapezoid).

Despite the reported fabrication of superhydrophobic surfaces
from hydrophilic materials, the mechanisms of how the surface
geometry and the surface’s intrinsic hydrophobicity affect the
Cassie-to-Wenzel transition, especially the stability of the Cassie
state, have still been little studied. Herein, using classical mole-
cular dynamics (MD) simulations, we investigated three con-
ditions that can affect the transition between the Wenzel and
Cassie states on a surface with trapezoidal nanostructures: (i) the
base angle of the trapezoid structure, as measured from the top
to the inclined side; (ii) the intrinsic contact angle of a droplet
on the flat surface; and (iii) the impinging velocity of a water
nanodroplet. For a given trapezoid base angle, the following
three regimes exist: (i) the Wenzel regime, in which a water
droplet can exist only in the Wenzel state and when the intrinsic
contact angle is smaller than a certain critical value; (ii) the
Cassie regime, in which a water droplet can exist only in the
Cassie state and when the intrinsic contact angle is larger than
another critical value; and (iii) the Wenzel-Cassie regime, in
which bistable Wenzel and Cassie states can arise and when the
intrinsic contact angle is between the two critical values. For the
bistable Wenzel-Cassie regime, the free-energy barrier for the
Cassie-to-Wenzel state transition was computed to examine the
influence of the trapezoid base angle on the relative stability of
the Cassie state on surfaces with various wettabilities.

2. Methods

2.1 Simulation set-up

The surfaces considered in this study consisted of atoms
arranged in a cubic lattice with a lattice spacing of 4 A. The
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atoms of the solid surface remained fixed throughout the
simulations. The basal surface, which was situated at the
bottom of the simulation box, consisted of five layers of atoms
and was 20 A thick. Trapezoidal convexities with an upper
width of W = 24.0 A and a height of H = 14.0 A were used to
create the surface texture. The convexities were arranged on a
square lattice with a spacing of S = 40.0 A. The base angle of
the trapezoids was varied from 45° to 120°. A pre-equilibrated
water cube consisting of 24 256 molecules was used in our
simulations. The lateral size of the solid surface was 200 x
200 A. The length of the simulation cell was 270 A, three times
the side length of the water cube.

2.2 Simulation details

Owing to the large size of the system, the coarse-grained mw
water model,*® in which each water molecule is treated as a
single particle interacting through anisotropic short-ranged
potentials (the Stillinger-Weber potential), was chosen.
Although explicit hydrogen atoms and electrostatic terms are
not included, the mW model can correctly describe the
thermodynamic properties and phase behaviour of water both
in bulk and in confinement.**"*® The surface atoms interacted
with each water molecule through the 12-6 Lennard-Jones (LJ)
potential with ogw = 3.2 A, and egw was varied from 0.289
kJ mol™" to 1.544 k] mol™" on modelled surfaces ranging from
hydrophobic to hydrophilic. Periodic boundary conditions
were applied in three dimensions, and the equations of
motion were integrated using the velocity Verlet algorithm
with a time step of 10 fs. Simulations were performed using an
NVT ensemble, in which the temperature was controlled at
300 K using the Nosé-Hoover thermostat and the relaxation
time was 0.1 ps. All simulations were performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software.*’

2. Results and discussion

To measure the wettability of each modelled surface, we first
computed the intrinsic contact angle (6;,) of a water droplet on
the corresponding flat surface. To this end, a series of classical
MD simulations were performed (see ESI Fig. S1 and S27). The
intrinsic contact angle is defined as the angle between a line
tangent to the droplet at the three-phase contact point and a
line parallel to the flat surface (see ref. 50 for the detailed com-
putational method). In our simulations, the interaction para-
meter between a water molecule and an atom of the solid
surface (¢) was tuned from 0.289 kJ mol™" to 1.544 kJ mol ™,
and the corresponding computed 6;, values ranged from 58°
to 149° (ESI Fig. S371). According to a previous study, cos 8,
exhibits a linear dependence on &.°' The red dashed line in
ESI Fig. S37 represents a linear fit to all data points (with 6;,, > 0)
using the least-squares algorithm. The fitted straight line is
described by
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cos O, = 1.133¢ — 1.263. (2)

Next, a second series of independent MD simulations were
performed, in which the surface was covered with a periodic
array of trapezoids, to investigate the effects of the trapezoid base
angle (¢) and the intrinsic contact angle (6;,) of the surface on
the wetting state of a water nanodroplet. Initially, a cuboid box of
24256 water molecules with dimensions of 90 x 90 x 90 A was
placed on top of the trapezoids (Fig. 1). The trapezoid base angle
(@) was varied from 45° to 120.0°. Here, four different systems
were studied, each equilibrated for 2 ns. Snapshots of the equili-
brated droplets at ¢ = 2.0 ns for ¢ = 45° on surfaces with different
intrinsic contact angles (6;,) are shown in Fig. 2ai-aiv.

Our results show that the final state of the droplet is
very sensitive to 6;, (Fig. 2a). For all cases with 6;, > 53.8°,
the droplet favours the Cassie state (Fig. 2ai and 2aii).
For all cases with 6, < 50.7°, the droplet adopts the Wenzel
state (Fig. 2aiii and 2aiv). Thus, we estimate the critical intrinsic
contact angle (6) to be approximately 52.8° + 1.0°, below
which only the Wenzel state exists. For ¢ = 60°, the value of

View Article Online
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0y is estimated to be 78.9° + 0.6°; for ¢ = 90°, €Y = 106.1° + 1.3%
and for ¢ = 120°, 65 = 126.0° + 1.5° (Fig. 2av-axvi). In addition
to recording snapshots of the equilibrated droplet, we also
monitored how the potential energy of the water molecules
changed with 6;, (ESI Fig. S47) to characterize the state of
the droplet. The 65 values obtained by analysing the variation
in the potential energy with 6, agree with those obtained
based on the snapshots. Clearly, the critical intrinsic contact
angle for the transition from the Cassie to the Wenzel state
(65Y) shows a large variation with respect to the trapezoid
base angle (¢), with 6 increasing as ¢ increases (solid black
circles in Fig. 3). By fitting an exponential curve to the
0y versus ¢ data, we deduced the following relation: cos &5 ~
—0.68 + 0.37 exp(1.77 cos ¢) (solid black line in Fig. 3).

In addition to the transition from the Cassie to the Wenzel
state, the reverse transition from the Wenzel to the Cassie state
was also observed in our MD simulations of water nano-
droplets on trapezoid-structured surfaces with the initial droplet
location at the bottom of the grooves (ESI Fig. S51). Snapshots
of the equilibrated droplets for ¢ = 45° are shown in Fig. 2bi-

Fig. 1 Top and side views of the initial water droplet (red cube) in the Cassie state on a surface with trapezoidal nanostructures (a, b). A zoomed-in
view of a surface structure is shown in (c). The width of the upper part of the trapezoid is W = 24.0 A, its height is H = 14.0 A, and the length of each
trapezoid unit is S = 40.0 A. The trapezoid base angle, ¢, was varied from 45° to 120°.

Bjn=1158" Bjn=127.5" Bjn=129.1°

Vii

i, =124.4°

6, =120.0° 0,=1215° 0j,=1458°

6j,=1458° 6;,=127.5° 6;,=124.4°

0jn,=127.5° 0j,=135.9° 0;,=137.7° 0;,=145.8°

Fig. 2 Snapshots of systems at t = 2.0 ns from MD simulations with (a) initial configurations with the water droplet (red cube) in the Cassie state
and (b) initial configurations with the water droplet in the Wenzel state. The intrinsic contact angle of the surface, 6;,, is shown below each snapshot.
Four trapezoid base angles, i.e., ¢ = 45° (ai—aiv, bi-biv), ¢ = 60° (av—-aviii, bv-bviii), ¢ = 90° (aix—axii, bix—bxii) and ¢ = 120° (axiii—axvi, bxiii—bxvi),

were selected for the MD simulations.
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Fig. 3 Variation of the cosines of the two critical intrinsic contact
angles, 65" (solid black circles) and 6;* (open red circles), with the
cosine of the trapezoid base angle based on the MD simulations. The
solid black and dashed red curves represent exponential fits to cos 65"
and cos 0p¢, respectively. When 6, < 65", the Wenzel state is the only
stable state for the droplet (above the solid black line), and when 6;, >
opc, the Cassie state is the only stable state (below the dashed red line).

biv. The final state of the droplet is the Cassie state when 6;, >
129.1° (Fig. 2biii and 2biv), whereas the droplet favours the
Wenzel state when 6;,, < 127.5° (Fig. 2bi and 2bii), indicating
that the Cassie state is the only stable state when 6;,, > 128.3° +
0.8°. Additional simulations were performed to determine the
critical intrinsic contact angles (6}/) for other values of ¢ (ESI
Fig. S6, S71 and Fig. 2bv-bxvi). The calculated 6}° values for
@ =60°, ¢ =90° and ¢ = 120° are 122.9° + 1.5°, 123.8° + 2.3° and
136.8° + 0.9°, respectively. In contrast to the transition from
the Cassie to the Wenzel state, the critical intrinsic contact
angle for the Wenzel-to-Cassie state transition (6})°) shows only
a slight variation with the trapezoid base angle (¢) (see the
open red circles in Fig. 3).

Our MD simulations show that for a given ¢, there exist two
critical intrinsic contact angles, i.e., 65" and €. When 6;, < 6",
the Wenzel state is the only stable state for the droplet (phase
region above the solid black line in Fig. 3), and when 6;, > 6}\%,
the Cassie state is the only stable state (phase region below the
dashed red line in Fig. 3). Hence, both the Wenzel and Cassie
states can exist for the water droplet when 65 < 6;,, < & (region
between the solid black and dashed red lines in Fig. 3).

To gain more insight into the relative stability of the Cassie
state, it is important to obtain quantitative values of the free-
energy barrier for the transition from the Cassie to the Wenzel
state at a given base angle (¢) and different intrinsic contact
angles (6;,). Towards this end, “raining” simulations mimick-
ing macroscopic raining experiments were performed.'® Prior
to the raining simulations, MD simulations of a water nano-
droplet (24 256 water molecules) at a temperature of 7= 300 K
were performed for 1 ns to obtain the equilibrium configur-
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ations and initial velocities. Then, a nanodroplet was placed
60 A above the simulated surface with a downward velocity vq
imposed instantaneously on all water molecules (ESI
Fig. S8at). The raining experiments were performed in an
ensemble of constant volume and constant total energy (an
NVE ensemble). It is worth mentioning that a previous study
showed that the free-energy barrier separating the Cassie and
Wenzel state is not sensitive to the size of water nanodroplet
when water nanodroplet is large enough (greater than about
1700 water molecules),'® suggesting that conclusions drawn
from nanoscale droplet simulation for the relative stability of
Cassie/Wenzel states could be extended to microscale droplets.

When 6 < 0;, <0}, both the Cassie and Wenzel states can
be observed if the downward velocity vy is appropriate (ESI
Fig. S8, ESI Movies S1 and S27). In the raining simulations,
120 completely independent MD simulations were performed
for each given v4, and the numbers of events in which the
droplet was in the Cassie and Wenzel states were recorded
(Table S1t). Six or seven downward velocities were selected for
each given (¢, 6;,). For each given vq, the probability P,, for the
droplet to be in the Wenzel state was computed, as shown in
Tables S1 and S2.} According to a previous study,'® P,, can be
fitted to an exponential equation as follows:

AGew
e ) (3)

where Py, AG,, and ey are the pre-exponential factor, the free-
energy barrier for the Cassie-to-Wenzel state transition and the
kinetic energy (per molecule) of the centre of mass of the
droplet, respectively. The variation of In P,, with 1/e} is shown
in Fig. 4a for all 6;,, values considered for ¢ = 45°. A linear fit
to In P, versus 1/e; indicates a free-energy barrier of AG., =
0.122 kJ mol™" for 6;, = 60° (black line in Fig. 4a). For 6;, = 75°,
90°, 105° and 120°, the obtained free-energy barriers are AGey,
= 0.404 kJ mol™, 0.686 kJ mol™, 1.594 kJ mol™" and 3.724
kJ mol ™, respectively (Fig. 4a). These results indicate that the
intrinsic contact angle of the surface, 0;,, has a profound effect
on the stability of the Cassie state. Specifically, the free-energy
barrier for the Cassie-to-Wenzel state transition, AG.,, varies
exponentially with cos 0;,: AG%,*° = 0.682 exp(—3.384 cos 0;,) +
0.0015 (black line in Fig. 5).

Finally, we computed the free-energy barriers for systems
with ¢ = 60° for purposes of comparison. In this case, surfaces
with intrinsic contact angles (6;,) of 90°, 100° and 110° were
used (Fig. 4b). The raining simulations indicated a free-energy
barrier of AG.,, = 0.309 k] mol™" for #;, = 90°. This barrier is
appreciably lower than the free-energy barrier (AG., = 0.686
kJ mol ") obtained for ¢ = 45° when 6, = 90°, indicating that the
trapezoid base angle can strongly affect the stability of the
Cassie state. Further simulations showed that the free-energy
barriers for the Cassie-to-Wenzel state transition are AGe, =
0.584 k] mol™" and 1.398 kJ mol™* for 6;, = 100° and 6;, =
110°, respectively, when ¢ = 60°, both being much higher than
that for 6;, = 90° when ¢ = 60°, thereby further proving the
strong effect of the intrinsic contact angle on the stability of

Py, = Py exp (—
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Fig. 4 Straight-line fits to In P,, (probability of the Wenzel state) versus the reciprocal of the kinetic energy of the centre of mass of a water droplet
with 24 256 water molecules. Trapezoid base angles of ¢ = 45° (a) and ¢ = 60° (b) were used in the raining simulations. In addition, several intrinsic

contact angles were selected for the simulated solid surfaces.
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Fig. 5 Variation of the calculated free-energy barrier for the Cassie-to-
Wenzel state transition versus the cosine of the intrinsic contact angle as
obtained from MD simulations for ¢ = 45° (black squares) and ¢ = 60°
(red circles). The solid black and red lines represent exponential fits to
cos 0. The difference between the free-energy barriers for ¢ = 45° and
@ = 60° is plotted as the dashed blue line.

the Cassie state. From the exponential curve fitted to the
results for AG.,, versus cos 6;, when ¢ = 60°, one can deduce
the following function: AGYZ,%" = 0.386 exp(—4.040 cos 6;,) +
0.148 (red line in Fig. 5). The difference between the free-
energy barriers for ¢ = 60° and ¢ = 45° (AGZ,;*° — AGY, %)
was also calculated as a function of cos 6, (dashed blue line in
Fig. 5). Interestingly, this difference increases as 0;, increases,
indicating that the base angle (¢) plays a more important role
in determining the stability of the Cassie state as the intrinsic
contact angle increases.

Lastly, we performed another series of MD simulations to
study the influence of the length of each trapezoid unit on the
wetting transition. Here the trapezoid base angle is fixed at ¢ =
90°. Two conditions are considered: one with fixed W = 24 A

18244 | Nanoscale, 2017, 9, 18240-18245

(ESI Fig. S9a-cf) and another with fixed S — W = 16 A (ESI
Fig. S9d-ft). The initial location for the water cube is on top of
the pillars. Snapshots of the equilibrated droplet at ¢ = 2.0 ns
for these systems are shown in Fig. S9.1 When W is fixed, the
critical intrinsic contact angle for the Cassie-to-Wenzel state
transition shows a large variation with respect to the § — W,
with 6§ increasing as S — W increases (ESI Fig. S9a-ct).
However, when the S — W is fixed, the critical intrinsic contact
angle for the Cassie-to-Wenzel state transition (65)) is esti-
mated about the same, which is equal to 106.1° + 1.3°, regard-
less of the value of W (ESI Fig. S9d-f+).

3. Conclusions

MD simulations of a water nanodroplet on a nanostructured
surface covered with a periodic array of trapezoids were per-
formed to examine the effects of the base angle of the trapezoids
and the intrinsic contact angle of the surface on the wetting state
of the droplet. For a given trapezoid base angle, there exists a
critical intrinsic contact angle below which water droplets on the
surface can exist only in the Wenzel state. A strong base-angle
dependence of this critical intrinsic contact angle is observed.
Moreover, MD simulations with the water droplet being initially
in the Wenzel state show that there is another critical intrinsic
contact angle, above which water droplets on the surface can be
stable only in the Cassie state. In contrast to the first critical
intrinsic contact angle, this second critical intrinsic contact angle
shows little dependence on the trapezoid base angle.

When the intrinsic contact angle of the surface is between
the two critical intrinsic contact angles for a given base angle,
water droplets on the surface exist in a bistable Wenzel-Cassie
regime. The free-energy barrier for the transition from the
Cassie to the Wenzel state, as computed based on raining simu-
lations, exhibits a strong dependence on both the base angle of
the trapezoids and the intrinsic contact angle of the surface.
Specifically, the free-energy barrier for the Cassie-to-Wenzel state
transition varies exponentially with the cosine of the intrinsic

This journal is © The Royal Society of Chemistry 2017
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contact angle of the surface for a given base angle. The quanti-
tative results obtained from the simulations indicate that the
Cassie state can be achieved on such a nanostructured hydro-
philic substrate by suitably controlling the trapezoid base angle.
Hence, our findings will benefit the future design of superhydro-
phobic surfaces fabricated with hydrophilic materials for practi-
cal applications in nanofluidics and surface coatings.
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