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In this study, a phase diagram is constructed for the impact of nanodroplets on
nanopillared surfaces via molecular dynamics simulations. Four impact regimes, i.e., first
nonbouncing (1NB), bouncing, second nonbouncing (2NB), and sticky, are discovered at
various pillar heights and Weber numbers. The impact regimes are compared with those
at the macroscale, and several significant differences are distinguished. The differences
are attributed to the significantly enhanced viscous effect, the modified viscous dissipation
mechanism, and the altered wetting transition mechanism. The impact regimes are found to
strongly depend on the properties of surfaces. On monostable Wenzel surfaces (small pillar
heights), the sticky regime is the only regime; on metastable coexisting Cassie—Wenzel
surfaces (moderate pillar heights), the 1NB and sticky regimes successively take place
with increasing Weber numbers; and on monostable Cassie surfaces (large pillar heights),
the sticky regime disappears, but two new regimes, i.e., the bouncing and 2NB regimes,
appear. The boundaries between the INB and sticky regimes, between the INB and 2NB
regimes, and between the bouncing and 2NB regimes are all related to the formation of a
partial wetting state, in which the central gaps beneath the nanodroplet are intruded and
completely wetted. The wetting transition at the nanoscale does not follow the macroscale
depinning mechanism. Therefore, a theoretical model is developed to understand the wet-
ting transition mechanism at the nanoscale and thus predicting the critical Weber number
for triggering the wetting transition, yielding Wel/?> ~ —h* cos 6;, which well describes the
boundaries mentioned above.
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I. INTRODUCTION

The impact of droplets on solid surfaces is a ubiquitous physical phenomenon in nature and
industrial applications. When impacting solid surfaces, droplets will deform and wet the surfaces.
The impact dynamics of droplets have attracted extensive interest due to their wide applications,
such as anti-icing [1,2], self-cleaning [3—5], inkjet printing [6,7], spray cooling [8,9], and so forth.
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FIG. 1. Impact regimes for macroscale droplets impacting textured surfaces.

In recent years, there is growing interest in the study of impact regimes of droplets on tex-
tured surfaces, especially on pillared surfaces, owing to their important role in applications of
superhydrophobic surfaces [10—13]. Impact regimes of droplets and dynamic behaviors in different
regimes on textured surfaces have been studied experimentally [14-24], theoretically [25-28], and
numerically [29-32]. Wetting states of droplets are particularly focused on in previous studies due to
their huge influence on the impact behaviors and resulting impact regimes. Wetting states on rough
surfaces can be divided into two different types, i.e., the Cassie state [33] and Wenzel state [34].
When droplets stay in the Cassie state, the trapped air pockets in the surface asperities decrease the
area of the liquid-solid interface, leading to low adhesive works and high apparent contact angles.
On the contrary, droplets in the Wenzel state that fully wet the surface asperities show lower apparent
contact angles, larger contact angle hysteresis, and preferences to adhere. Impacting droplets in the
Cassie state can bounce off from superhydrophobic surfaces [10—13]. However, previous studies
have demonstrated that the Cassie state is often metastable [14,15,35], and hence, external stimuli
such as impact [14-23], evaporation [36], electric field [37], and vibration [38] can cause the wetting
transition from the Cassie state to the Wenzel state, resulting in high adhesion and thus suppressing
rebounding.

According to the wetting states and impact outcomes, five impact regimes have been identified
for macroscale droplets on pillared surfaces, including first nonbouncing (1NB), bouncing, partial
penetrated bouncing (PPB), second nonbouncing (2NB), and sticky, as shown in Fig. 1. Bartolo
et al. [14] studied the impact of droplets on micropillared superhydrophobic surfaces and found that
droplets could bounce off surfaces only at intermediate velocities. They therefore discovered three
impact regimes at various impact velocities, i.e., INB, bouncing, and sticky. In the 1NB regime, the
droplets with low-impact velocities did not transition to the Wenzel state and eventually stayed on
surfaces in the Cassie state. As the impact velocity increased, droplets would overcome the adhesive
work to bounce off surfaces. However, when the impact velocity further increased and exceeded
a limit, a sharp decrease in the instantaneous contact angle hindered the rebounding, leading to
the occurrence of the sticky regime. Despite no direct experimental evidence, this result implied
that a sufficiently high impact velocity would cause the wetting transition from the Cassie state
to the Wenzel state, thereby preventing the droplet rebounding. To predict the critical velocity of
wetting transition, Bartolo et al. [14] considered the dynamic pressure, Pp ~ % /2, as the decisive
factor of wetting transition, where p is the liquid density and V is the impact velocity. When the
dynamic pressure of droplets exceeds the impalement pressure, Py, the substrate bottom will be
wetted, leading to the wetting transition from the Cassie state to the Wenzel state. In the subsequent
studies [17,21,22,29,30], two new impact regimes are identified, i.e., 2NB and PPB. The water
hammer pressure, Pwy, is believed to play an important role in the two impact regimes [20,21].
When impacting droplets come into contact with solid surfaces, the water hammer pressure, which
is often larger than the dynamic pressure, would be generated in the initial stage of spreading due
to the liquid compression. Hence, when a droplet impacts a pillared surface, the pressure near the
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center of the droplet is larger due to the water hammer pressure, whereas the pressure decreases
gradually away from the center. In case that the water hammer pressure exceeds the impalement
pressure while the dynamic pressure does not, only the liquid in the center of the droplet can intrude
into asperities, leading to a partial wetting state, which is an intermediate state between the Cassie
and Wenzel states. In such circumstances, two outcomes are observed. One outcome is that the
intruding liquid cannot leave the intruded asperities; the droplet merely bounces off the surface
partially, referred to as the PPB. The other outcome is that the intruding liquid extrudes from the
asperities, but the droplet stays on the surface instead of bouncing, referred to as the 2NB.

According to the difference in wetting states, textured surfaces can be divided into three cate-
gories. On some textured surfaces, referred to as Wenzel surfaces, the Wenzel state has the globally
energetic minimum so that the equilibrated droplet is always in the Wenzel state regardless of
its initial wetting state. On the contrary, on Cassie surfaces, the Cassie state is globally energetic
minimum, and hence, the equilibrated droplet is always in the Cassie state. The third category of
textured surfaces is called metastable Cassie surfaces or coexisting Cassie—Wenzel surfaces, on
which the equilibrated droplet can be either in the Cassie state or in the Wenzel state, depending on
the initial wetting state or external stimuli. It is worth noting that the above-mentioned five impact
regimes were observed merely on coexisting Cassie—Wenzel surfaces. However, on Cassie surfaces
or Wenzel surfaces, droplets can spontaneously transition to the globally stable state regardless
of their initial state and external stimuli. As a consequence, impact regimes may be different
from those on coexisting Cassie—Wenzel surfaces. This speculation has been verified by a recent
study [39], in which the impact of droplets was experimentally studied on a monostable Cassie
surface. Although the Cassie-to-Wenzel wetting transition had taken place, there were no liquid
residues in asperities after droplets bounced off the surface. This bouncing regime differs from both
the bouncing and PPB regimes. Therefore, more efforts should be devoted to revealing bouncing
regimes and corresponding impact dynamics on monostable Cassie and Wenzel surfaces.

Because of its scientific and engineering importance, the wetting transition has been extensively
studied in recent decades. Two kinds of mechanisms were proposed by Bartolo ef al. [14], who
studied the wetting transition on pillared surfaces. They presented that the impalement pressure
could be used as a criterion to determine whether the wetting transition would take place, and
hence, they measured the impalement pressures for various pillar heights. Based on the fact that
the impalement pressure increased with the pillar height at small heights while remained constant at
large ones, they believed that the impalement pressure was determined by different mechanisms, i.e.,
a sag mechanism for small pillar heights and a depinning mechanism for higher pillar heights. The
two mechanisms have been widely accepted to interpret the wetting transition on textured surfaces
[17,20,23,27,36,37]. In the sag mechanism, the curved liquid-air interfaces between pillars directly
touch the bottom of the substrate, whereas the contact lines are pinned at the tops of pillars until
the bottom of the substrate is wetted. Thus, the impalement pressure is determined by the pressure
that makes the liquid-air interfaces touch the bottom of the substrate, thereby increasing with the
pillar height. However, in the depinning mechanism, the pillar height is so large that the liquid-air
interfaces cannot directly wet the bottom of the substrate without depinning of the contact lines. The
critical pressure for depinning depends on the intrinsic contact angle of surfaces, spacing between
two adjacent pillars, and liquid surface tension so that the impalement pressure is independent of the
pillar height. It should be noted that parts of regime boundaries for impacting droplets on textured
surfaces are identified by the wetting transition, and hence, the two mechanisms provide useful
information to understand the transition between impact regimes.

With the rapid development of nanotechnologies, the impact of nanodroplets has received
increasing attention owing to its wide applications in nanoprinting [40], nanospray [41], and
nanocoating [42]. Up to now, experiments of nanodroplet impact still face huge challenges,
and hence, molecular dynamics (MD) simulations have become a popular and powerful tool.
MD simulations have been implemented to investigate various nanoscale phenomena, such as
evaporation of nanodroplets [43], coalescence-induced nanodroplet jumping [44], and thermal
fluctuations in nanoscale thin liquid films [45,46]. Recently, the impact dynamics of nanodroplets on
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smooth surfaces were investigated via MD simulations from many aspects, including the maximum
spreading radius [47-52], spreading time [53], bouncing condition [32], contact time [54,55], and
so forth. These studies indicated that the impact dynamics of nanodroplets greatly differ from
those of macroscale droplets owing to scale effects. Two scale effects have been clarified. One
is the increased viscous effect with decreasing droplet sizes, which can be characterized by the
Ohnesorge number, Oh = 1/(pDyy )'/?, describing the ratio of viscous to inertial-capillary forces.
For example, the Ohnesorge number increases from 0.003 32 to 1.05 when the diameter of a water
droplet decreases from 1 mm to 10 nm, showing a significantly enhanced viscous effect. The other is
the altered mechanism of viscous dissipation from macroscale to nanoscale droplets. The dissipation
occurs only in the boundary layer for the impact of millimeter-sized droplets but within the whole
droplet for the impact of nanodroplets [47-52]. For the impact of nanodroplets on nanostructured
surfaces, a new scale effect may be generated. The feature size of nanostructures is comparable
to that of nanodroplets. As a result, once the Cassie-to-Wenzel wetting transition takes place for
impacting nanodroplets, the decrease in the volume of droplets above nanostructures cannot be
neglected, which may modify the spreading and retraction dynamics of droplets. On the other hand,
impact velocities of nanodroplets in practical applications are significantly higher than those of
millimeter-sized droplets [40]; textured surfaces would be easier to be impaled by nanodroplets
to trigger the Cassie-to-Wenzel wetting transition. A recent study [30] has demonstrated that the
extrusion of liquid from asperities of pillared surfaces would dissipate a large amount of energy.
Thus, because the significantly increased volume ratio of the liquid intruded into asperities to
the nanodroplet would lead to extremely high viscous dissipation, the Wenzel-to-Cassie dewetting
transition may be suppressed; as a result, impact outcomes and corresponding impact regimes would
be altered as compared with millimeter-sized droplets. Moreover, several recent studies [56-59]
have shown that the Cassie-to-Wenzel wetting transition for nanodroplets follows neither the sag
mechanism nor the depinning mechanism, and an asymmetric wetting pathway was observed. This
would further lead to different impact outcomes and regimes for nanodroplets.

In this study, the impact of nanodroplets on nanopillared surfaces is investigated via MD
simulations, aiming to construct a comprehensive impact phase diagram. With constant intrinsic
wettability, the pillar height is continuously increased to ensure that the surfaces cover Wenzel
surfaces, coexisting Cassie—Wenzel surfaces, and Cassie surfaces. Various impact regimes and
their boundaries are identified on these surfaces by changing impact velocities. The differences
in impact regimes between the nanoscale and macroscale are analyzed and underlying mechanisms
are discussed. Finally, a theoretical model is proposed to predict the critical velocity to trigger the
Cassie-to-Wenzel wetting transition for impacting nanodroplets.

II. SIMULATION METHOD

The schematic of the initial configuration of the simulated system is shown in Fig. 2(a). The
computational domain has dimensions of 24.53x24.53x25 nm? in the x-, y-, and z directions.
Periodic boundary conditions are applied in the x- and y directions, and a nonperiodic and fixed
boundary condition with a reflecting wall is set in the z direction to prevent loss of atoms. The
simulated system consists of a water nanodroplet and a nanopillared platinum surface. Initially, the
nanodroplet and the nanopillared surface are both generated by face-centered cubic crystals at a
temperature of 7y = 300 K. The lattice constant for the nanopillared surface is set the same as the
real platinum, ap, = 3.9242 A, and the interlayer distance of Pt atoms is L = ap;/2. The nanopillared
surface consists of a flat substrate and square pillars that are perpendicular to the substrate. The flat
substrate is extended to the borders of the computational domain in the x- and y directions and
has a thickness of 7L in the z direction. The square pillars are regularly distributed on the flat
substrate, whose height and width are denoted by & and w, respectively, with a pitch of p, as shown
in Fig. 2(b). The values of h are changed to obtain Wenzel surfaces, coexisting Cassie—Wenzel
surfaces, and Cassie surfaces. All the Pt atoms are fixed in their initial positions by spring forces
during the whole simulation to ensure the rigidity of the nanopillared surface. In our simulations,
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FIG. 2. (a) Schematic of the initial configuration of the simulated system and (b) structural parameters of
nanopillars.

the initial radius of nanodroplets ranges from 3 to 10 nm. Once the initial radius is first specified, the
water molecule number can be calculated by the liquid density (300 K) and volume. For example,
a water nanodroplet with 5-nm radius contains 17 510 water molecules. The water nanodroplet is
initially placed above the Pt surface with the spacing of at least 5 nm to avoid interactions between
Pt atoms and water molecules during the relaxation.

The coarse-grained water model (mW) [60] is employed to model the interactions of water
molecules. This model has been proven to accurately reproduce the surface tension, density, en-
ergetics, and structure of water. Moreover, the mW model shows higher computational efficiency as
compared with other water models such as the four-site transferable intermolecular potential model
(TIP4P) and the extended simple point charge model (SPC/E). The density and surface tension of
water predicted by the mW model at 300 K are p = 0.997 gcm™ and y = 66 mJ m~2, respectively,
which are very close to the real values. Based on these values, the Weber number, We = pVZRy/y,
describing the ratio of inertial to capillary forces, is calculated. Here, Vj is the impact velocity.

The interactions between the Pt-Pt and the Pt-water are described by the Lennard-Jones 12-6

potential, expressed by
on=af(2)" (%)),

where ¢ is the depth of the potential wall, r is the distance between particles, and o is the
distance when the potential equals zero. The constant values of opp, = 2.47x 107" m, owaer—pr =
2.82x107"m, and ep,.p; = 0.4095 eV are chosen. For the impact on structured surfaces, the effects
of surfaces on impact are reflected in the intrinsic contact angle and structural parameters. Therefore,
the values of ewayer—pe are adjusted to obtain various intrinsic wettability of the platinum surface,
which has been extensively adopted in previous MD studies [47-56].

The velocities and positions of particles are updated by the Velocity-Verlet algorithm with a time
step of 0.002 ps. The canonical ensemble (NVT) with Ty = 300K is applied to the Pt surface in
the whole simulation. The simulation can be divided into two stages. In the first stage, the center
of mass of the droplet is fixed to its initial position, and the droplet is first relaxed for 300 000
time steps with the Nosé-Hoover thermostat in the NVT ensemble at 300 K and then is run in
the microcanonical ensemble (NVE) for 200 000 time steps to achieve equilibrium. After that, an
additional velocity component in the z direction, V}, is imposed on all the water molecules in the
nanodroplet, making the nanodroplet impact the nanopillared surface. The MD code is first validated
by comparing the maximum spreading factor between the present and previous simulations for a
water nanodroplet impacting smooth surfaces. As shown in Fig. S1 in the Supplemental Material
[61], the present results are in good agreement with the previous simulations [47,49]. The validation
is further implemented for the impact of a water nanodroplet on nanopillared surfaces. As shown
in Fig. S2 [61], the simulated spreading factors on nanopillared surfaces agree well with previous
results.
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FIG. 3. Measurement of the intrinsic contact angle: (a) the circle fitting of the boundary of the water
nanodroplet and (b) the intrinsic contact angles 6; as a function of ewyer—p.

III. RESULTS AND DISCUSSION

A. Intrinsic wettability

A series of MD simulations are performed to evaluate the intrinsic contact angles of the Pt
surface at various values of ewaeerpt. The intrinsic contact angle is defined as the contact angle of
an equilibrated water nanodroplet on a smooth surface. The boundary of the nanodroplet is defined
as the isodensity line with a half density of liquid water at 300 K, as shown in Fig. S3 in the
Supplemental Material [62]. The intrinsic contact angle is measured by a circle-fitting procedure of
the boundary, as shown in Figs. 3(a) and S4 [63]. The dependence of the intrinsic contact angle on
Ewater—pt 18 shown in Fig. 3(b).

B. Impact regimes

The simulations are implemented with the fixed parameters of w = 5L, p = 10L, and 6; = 116°
and the variable parameters of 4 ranging from 6L to 25L and We varying from 0.2 to 40.2 to obtain
various impact outcomes. Higher Weber numbers are not considered here because our simulations
indicate that no new impact regime occurs when We ranges from 40.2 to the splashing threshold.
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FIG. 4. Snapshots of impact outcomes for a nanodroplet impacting nanopillared surfaces: (a) sticky, (b)
nonbouncing, (¢) second nonbouncing, and (d) bouncing. The time when the nanodroplet just touches the
surface is taken as T = 0. The surface properties are w = 5L, p = 10L, and 6; = 116°.

Moreover, splashing has been well studied for both millimeter-sized [64] and nanoscale droplets
[48,65], and hence, it is not involved in the present study. The snapshots of impact outcomes are
shown in Fig. 4. Four kinds of outcomes are identified, i.e., sticky, INB, 2NB, and bouncing. The
impact phase diagram is constructed in the We-h coordinate system, as shown in Fig. 5(a). For
comparison, the same form of the phase diagram for millimeter-sized droplets is constructed based
on theoretical models proposed by Bartolo et al. [14] and Deng et al. [21] and plotted in Fig. 5(b).

Except for the PPB regime, the other four regimes, i.e., sticky, INB, 2NB, and bouncing, which
were found for the impact of millimeter-sized droplets, are observed for the impact of nanodroplets.
However, the regime boundaries show significant differences, as shown in Figs. 5(a) and 5(b). In
this section, the condition and feature of each impact regime will be described in detail, and the
difference between the macroscale and nanoscale will be revealed.

On surfaces with pillar heights lower than #; = 5.5L, as shown in Fig. 4(a), the nanodroplet wets
the bottom of the substrate and remains in the Wenzel state in the whole impact process regardless
of We. The nanodroplet cannot bounce off the surface and eventually stays on the surface. Sticky is
the only impact regime for i < h;.

When pillar heights exceed h,, a different outcome occurs. At higher We, the nanodroplet remains
in the sticky regime, whereas at lower We, the nanodroplet does not wet the bottom of the substrate
and remains in the Cassie state during the whole impact process, without bouncing off the surface,
leading to the different regime of 1NB, as shown in Fig. 4(b). The nonbouncing in the INB regime
can be attributed to the low initial kinetic energy of the nanodroplet at small We, which makes the
nanodroplet neither intrude into gaps between nanopillars nor rebound from the surface. However,
once the Cassie-to-Wenzel wetting transition is triggered at higher We, the liquid cannot dewet from
the gaps, and finally, the nanodroplet stays in the Wenzel state without rebounding, falling into the
sticky regime. Thus, the boundary between the two regimes is identified by the occurrence of the
Cassie-to-Wenzel wetting transition.
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FIG. 5. Impact phase diagrams: (a) for the impact of nanodroplets and (b) for macroscale droplets. The
surface properties employed in this work are w = 5L, p = 10L, and 6; = 116°.

As pillar heights further increase and exceed hy = 7.5L, the sticky regime disappears but a
different regime appears. Like in the cases with h; < h < h,, nanodroplet is always in the Cassie
state at low We, and finally stays on the surface without rebounding. When the impact velocity
reaches a threshold, the central gaps beneath the nanodroplet are completely intruded by liquid,
forming a partial wetting state (or mixed-wetting state). Subsequently, accompanied by the extrusion
of liquid from the central gaps, the droplet returns to the Cassie state but does not bounce off the
surface, leading to a different 2NB regime, as shown in Fig. 4(c). The difference between the INB
and 2NB regimes lies in whether or not a partial wetting state is generated during the impact.

After pillar heights exceed i3 = 12.5L, the INB and 2NB regimes still exist at low and high We,
respectively, but a different bouncing regime is generated at moderate We. As shown in Fig. 4(d), in
the bouncing regime, a small amount of liquid intrudes into the central gaps beneath the nanodroplet
but does not touch the bottom of the substrate, and hence, neither the partial wetting state nor the
Wenzel state is formed. After that, the intruding liquid extrudes from the central gaps so that the
nanodroplet returns to the Cassie state and finally bounces off the surface. As shown in Fig. 5(a),
there exist a lower limit and an upper limit of We to separate the bouncing regime from the INB
regime and the 2NB regime, respectively. Intriguingly, the lower limit of We remains constant,
whereas the upper limit increases with increasing the pillar height. Because the liquid only partially
intrudes into the central gaps in both the 1NB and bouncing regimes, forming neither the partial
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FIG. 6. Snapshots of an impacting nanodroplet in the 2NB regime at We = 27.2. The black dots denote
the depinned contact line and the dashed rectangle shows the wetted gaps. The surface properties are w = 5L,
p=10L,and 6;, = 116°.

wetting state nor the Wenzel state, the transition from the 1NB regime to the bouncing regime
would not depend on the wetting transition, and hence, the lower limit of We is independent of
the pillar height. The transition from the 1NB regime to the bouncing regime is similar to that on
smooth substrates, which has been well investigated in previous studies [66,67]. On the contrary,
the difference between the bouncing and 2NB regimes lies in whether or not the partial wetting
state is generated so that taller pillars require higher We to achieve the partial wetting state. As
a consequence, the upper limit of We strongly depends on the pillar height and monotonously
increases with the pillar height.

Although the same four impact regimes are observed for the macroscale and the nanoscale
impact, several significant differences between them can be distinguished by comparing Figs. 5(a)
and 5(b). (1) The 2NB and sticky regimes can coexist on the same surface at different We for the
macroscale impact, whereas they separately occur on the surfaces with taller and shorter pillars
for the nanoscale impact. (2) The PPB regime is observed for the macroscale impact but not for
the nanoscale impact. The partial wetting state is formed in the PPB regime for the macroscale
impact; however, only a very small proportion of gaps beneath the center of the impacting droplet
are completely wetted [17,21,29,30]. Because of the relatively low-energy dissipation generated by
the liquid intrusion, there is still sufficient kinetic energy to lift the droplet to depart from the surface,
with the intruding liquid remaining in the gaps [17,21]. Owing to small sizes, a larger proportion of
gaps are completely intruded in the 2NB regime for the nanoscale impact. For example, as shown
in Fig. 6, nearly half of the gaps beneath the nanodroplet are wetted. Both intrusion and extrusion
of liquid need to overcome energy barriers [56]; thus, the intrusion into and the extrusion from
the larger proportion of gaps would dissipate an enormous amount of energy. Furthermore, recent
studies [47,49,51,53,55] have shown that the viscous dissipation in the bulk nanodroplet is signif-
icantly enhanced at the nanoscale. As a result of the two special energy dissipation mechanisms,
once the partial wetting state is generated for the nanoscale impact, the nanodroplet can only return
to the Cassie state but cannot bounce off the surface. Thus, the PPB regime cannot be observed
for the nanoscale impact. It is worth noting that dissipation can also arise from contact-line friction.
However, this dissipation is relatively insignificant on nanostructured superhydrophobic surfaces, as
compared to the viscous dissipation in the bulk nanodroplet. (3) According to the theoretical model
proposed by Bartolo et al. [14], when the depinning mechanism dominates the wetting transition,
the critical impact velocity for the wetting transition remains constant, independent of the pillar
height. Therefore, the critical We separating the bouncing regime from the PPB regime and the
critical We separating the 2NB regime from the sticky regime at relatively taller pillars both remain
constant. As shown in Fig. 6, depinning of the contact line is observed in the 2NB regime for the
impact of nanodroplets; however, the critical We between the bouncing and 2NB regimes does not
remain constant but increases with the pillar height, which is contradictory to the theoretical model
of Bartolo et al. [14].

C. Wetting states

The enhanced viscous effect and the altered viscous dissipation mechanism at the nanoscale are
two potential reasons for different impact regimes between the macroscale and nanoscale impact.
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FIG. 7. Schematics of the simulation systems with the initial wetting state of a nanodroplet being (a) the
Cassie state and (b) the Wenzel state.

Moreover, wetting states may also contribute to this difference. This speculation can be initially
verified by the following fact. It was reported that the 2NB regime and sticky regimes could coexist
on one textured surface by increasing impact velocities for the macroscale impact [17,21,22,29,30].
However, this coexistence merely occurs on a coexisting Cassie—Wenzel surface, never on a Cassie
or a Wenzel surface. On a Cassie surface, the Cassie state is the globally energetic minimum state,
and hence, the final droplet is never in the Wenzel state. Likewise, the final droplet on a Wenzel
surface is never in the Cassie state. Therefore, the 2NB regime and sticky regimes are impossible
to coexist on a Cassie or a Wenzel surface. Recent experiments [39,68] also demonstrated that the
impact of milliliter-sized droplets on a monostable Cassie surface shows different impact regimes
from those on a coexisting Cassie—Wenzel surface, i.e., the sticky regime disappears and a different
bouncing regime with the Cassie-Wenzel-Cassie wetting transition is observed. This result supports
that impact regimes depend on wetting states of textured surfaces. Based on this fact, the dependence
of wetting states on pillar heights is studied in this section.

The wetting states of a water nanodroplet on a nanopillared surface with various intrinsic contact
angles were identified by Chen et al. [69]. They found that the surface is the Wenzel surface, the
coexisting Cassie—Wenzel surface, and the Cassie surface successively as the intrinsic contact angle
increases. Our MD simulations reproduce this result, as shown in Fig. S5 in the Supplemental
Material [70]. Previous studies [25,69] have shown that the three kinds of surfaces can also be
realized by an increase in pillar heights. A series of simulations are performed to investigate the
equilibrium wetting states of a nanodroplet on nanopillared surfaces with various pillar heights. The
simulation method is similar to that adopted in Ref. [69]. On each nanopillared surface, two initial
wetting states of a water nanodroplet are specified, i.e., the Wenzel state and the Cassie state, as
shown in Fig. 7. In all the simulations, the following parameters are fixed: w = 5L, p = 10L, and
6; = 116°; only the pillar height is changed. The initial configuration of the nanodroplet is a water
cube with side lengths of 10 nm. The system is relaxed in the NVT ensemble at 7, = 300 K. When
the center of mass of the nanodroplet keeps stable in the z direction, the nanodroplet is considered
to achieve equilibrium.

As shown in Fig. 8, when pillar heights are smaller than #; = 5.5L, the equilibrated nanodroplet
is always in the Wenzel state no matter what the initial wetting state is. On the contrary, when pillar
heights are larger than h, = 7.5L, the equilibrated nanodroplet stays in the Cassie state. Between
the two critical pillar heights, the wetting state of the equilibrated nanodroplet is identical to the
initial wetting state. This result indicates that the surfaces are the Wenzel surfaces at & < hj, the
coexisting Cassie—Wenzel surfaces at h; < h < h,, and the Wenzel surfaces at h > h;.

Based on this result, the phase diagram shown in Fig. 5(a) can be divided into three regions. At
h < hy, the surfaces are the Wenzel surfaces; the Wenzel state is the globally energetic minimum
state. When a nanodroplet impacts such surfaces, the Cassie-to-Wenzel wetting transition must be
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FIG. 8. The equilibrium wetting states of a nanodroplet on nanopillared surfaces with various pillar heights.
The surface properties are w = 5L, p = 10L, and 6; = 116°.

Wetting States

triggered. However, the high viscous dissipation during the impact and the large energy barrier for
the Wenzel-to-Cassie dewetting transition prevent the occurrence of the dewetting transition so that
the nanodroplet keeps in the Wenzel state, forming the only sticky regime. At h; < h < h,, the
surfaces are the coexisting Cassie~Wenzel surfaces; the Cassie and Wenzel state can coexist on
one texture surface. The Cassie-to-Wenzel wetting transition cannot be triggered at small impact
velocities. Meanwhile, there is no sufficient kinetic energy to make the nanodroplet rebound from
the surface; the nanodroplet, therefore, stays on the surface, keeping in the Cassie state, forming
the INB regime. The Cassie-to-Wenzel wetting transition is triggered at high impact velocities,
which dissipates an enormous amount of energy. On the other hand, viscous dissipation in the bulk
nanodroplet also increases significantly at high impact velocities [51]. As a result, the nanodroplet
has no enough energy to realize the dewetting transition, forming the sticky regime. Therefore,
only two regimes are observed on the coexisting surfaces. At i > hy, the surfaces are the Cassie
surfaces with the globally energetic minimum Cassie state. On such surfaces, only the 1NB and
2NB regimes occur when hy < h < 12.5L, or the 1NB, bouncing, and 2NB regimes all occur at
h > 12.5L. The occurrence of the 1NB regime at small impact velocities is similar to that on the
coexisting surfaces. As impact velocities further increase, the 1NB regime transition to the 2NB
regime at hy < h < 12.5L. This can be explained as follows. The large impact velocities induce
the formation of a partial wetting state, which dissipates a part of kinetic energy. Moreover, there
is very high viscous dissipation in the bulk nanodroplet during the impact. Thus, although the
dewetting transition follows a barrierless energy pathway, there is still not enough energy to make
the nanodroplet rebound from the surface, and hence, the nanodroplet finally returns to the Cassie
state without bouncing. Because the Cassie state has lower energy for the surfaces with pillar heights
larger than 12.5L, the partial wetting state is not generated at the same impact velocities as shorter
pillar heights (h, < h < 12.5L). In other words, the liquid does not touch the bottom of the substrate
with a small energy loss. But, at the same time, high impact velocities ensure enough residual kinetic
energy to lift the nanodroplet; therefore, the bouncing regime is initiated. When impact velocities
further increase, the partial wetting state generates; the bouncing regime transitions to the 2NB
regime.
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To examine the effects of intrinsic surface wettability on impact outcomes, the impact of a water
nanodroplet on nanopillared surfaces with intrinsic contact angles of 8, = 92°, 111°, and 128° at
the same We = 11.85 is additionally stimulated. The structural parameters are the same as those
in Fig. 5(a). As shown in Fig. S6 in the Supplemental Material [71], the outcome is sticky for
6; = 92°, 2NB for 6; = 111°, and bouncing for 2NB for 6, = 128°. The bouncing is suppressed
when the surface becomes more hydrophilic, and hence, impact phase diagrams would be altered for
intrinsically hydrophilic surfaces. However, as mentioned before, the occurrence of various impact
regimes depends actually on the wetting states of textured surfaces. As shown in Fig. S5 in the
Supplemental Material [70], with the fixed structural parameters, the Wenzel surface, coexisting
Cassie—Wenzel surface, and Cassie surface can be obtained in sequence by increasing ;. Thus, the
effects of 6; on impact regimes are similar to the effects of pillar height. Therefore, it is reasonably
expected that when the intrinsic contact angle is small enough, textured surfaces belong to the
Wenzel surface; only the sticky regime can be observed. When gradually increasing the intrinsic
contact angle, texture surfaces would first convert to the coexisting Cassie—Wenzel surface and then
to the Cassie surface, so the INB, bouncing, and 2NB regime would occur but the sticky regime
would disappear.

D. Criterion for wetting transition at the nanoscale

The 2NB regime takes place on the coexisting Cassie—Wenzel surface for the macroscale impact,
whereas it is observed only on the monostable Cassie surface for the nanoscale impact. The 2NB
regime is related to the occurrence of the wetting transition. Therefore, the difference in the 2NB
may imply different wetting transition mechanisms for the two scales. In this section, the criterion
for wetting transition at the nanoscale is discussed.

Two kinds of mechanisms of wetting transition were proposed by Bartolo et al. [14]. In the
sag mechanism, the contact line is pinned at the corners of pillars, whereas depinning of the
contact line occurs in the depinning mechanism. In our simulations, depinning is also observed,
as shown in Fig. 6, and hence, the depinning mechanism is first examined for the wetting transition
at the nanoscale. According to the theoretical model of Bartolo et al. [14], the critical velocity,
Ve, to trigger the wetting transition in the depinning mechanism is equal to the critical velocity of
depinning and thereby is independent of pillar heights. Several additional simulations are performed
for a water nanodroplet impacting nanopillared surfaces with various structural properties and
intrinsic contact angles to extract V... The critical Weber numbers, We., = pVC%RO /Y, at various

pillar heights are plotted in Fig. 9. A relationship of Well* ~ his yielded, indicating that the model
of Bartolo et al. [14] is invalid at the nanoscale.

A possible reason for the model failure is comparable sizes of nanodroplets and nanostructures.
After impacting a pillared surface, a droplet spreads over and deforms on the surface. At the same
time, if the wetting transition is triggered, like the motion of menisci through pores [72], the contact
line would move downward pillar sidewalls. The timescales for the deformation and the contact
line movement on sidewalls can be estimated as Ry/Vy and h/V;, respectively. At the macroscale,
the droplet volume is much larger than the volume of gaps intruded by the liquid [14-22], and
hence, the ratio of the two timescales, Ry/h, is commonly larger than 20. This estimation implies
that the effect of deformation on the contact line movement on pillar sidewalls can be neglected so
that the dynamic pressure that depends on the impact velocity remains constant during the wetting
transition. On the contrary, the timescale ratio, Ry /h, significantly reduces at the nanoscale, leading
to a non-negligible effect of the droplet deformation during the wetting transition, as shown in
Fig. 10. Because of the deformation, the dynamic pressure rapidly decreases during the conversion
from kinetic energy to surface energy, causing the reduced movement velocity of the contact line on
pillar sidewalls. Therefore, even if the contact line is depinned, it may stop before the bottom of the
substrate is wetted. The assumption that the wetting transition would take place once the depinning
is triggered fails at the nanoscale so that the model of Bartolo et al. [14] is no longer suitable for the
impact of nanodroplets.
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FIG. 9. The dependence of the critical Weber number on the pillar height.

E. Critical impact velocity

To predict the critical velocity for triggering the wetting transition at the nanoscale, a theoretical
model is developed based on the analysis of dynamic behaviors of impacting nanodroplets. Assum-
ing that the contact line is initially pinned at the corners of nanopillars, the vertical component of
capillary force at one nanopillar can be calculated by [14]

F. =4yw-cos¥;. 2)

The capillary force is considered as a resistance force to hinder the contact line movement along
the sidewalls of the pillar. Hence, the deceleration of the contact line can be estimated as ag ~
F./pQ, where Q, = Q¢/N, represents the average liquid volume per nanopillar, Qg = 47rR(3) /3 1is
the nanodroplet volume, and N, is the number of nanopillars covered by the nanodroplet, which can
be calculated by N, = mR?/p?, with R, being the spreading radius of the nanodroplet. Thus, a can
scale as follows:
ywcost; ,
ag ~ ——=R 3

cl pp2 RS S ( )

Because only the spreading radius Ry is a function of time, the average deceleration, a,, of the
contact line can be expressed as

ywcost; ,

sas “4)
PP*R}

Acla ™

30 ps 40 ps

Deformation

FIG. 10. Deformation of the nanodroplet and the movement of the contact line on the sidewalls of pillars.
As the contact line moves downward, the nanodroplet shows significant deformation.

034203-13



LV, XIE, YANG, LEE, WANG, AND DUAN

where Rfa denotes the mean of the square of spreading radius during the wetting transition. To
obtain the scaling law of the average deceleration, the scaling law of Ry, should be figured out. The
spreading kinetics of impacting nanodroplets in the early spreading stage was studied by Kobayashi
et al. [73]. They found that the temporal revolution of the spreading radius of nanodroplets in the
early spreading stage can be described as R,/Ry ~ (,Vy/Dy)'/?, where 7, denotes the spreading
time. Zhang et al. [74] demonstrated the applicability of this scaling law in the kinematic stage of
impacting droplets on textured surfaces with a large liquid volume penetrating the surface asperities.
Therefore, the mean of the square of spreading radius during the wetting transition can scale as
Tels
Rsa = L de‘t ~ &VOTCIS: 5)
Teis Jo 4

where t s denotes the length of time from the contact line starting depinning to stopping moving.
Our simulations show that 7. remains almost constant regardless of the impact velocity and pillar
height. The movement of the contact line on sidewalls of pillars occurs in the early spreading stage,
and hence, it can be reasonably assumed that only inertial and capillary forces dominate during this
period. As a result, the constant 7.j; can scale as the inertial-capillary time, t¢5 ~ (pRg /¥)'/2. Thus,
Eq. (4) can be rearranged as

Yy w cos 6;
pP*Ro

The maximum displacement of the contact line on sidewalls of pillars can be estimated as AZ ~

—VO2 /a1, since the velocity of the contact line decreases from Vj to zero. If AZ = h, the contact

line can touch the bottom of the substrate, leading to the occurrence of a partial wetting state. The
corresponding minimum impact velocity is the critical velocity, expressed as

We'/?. (6)

Acla ™

V2
o~ — (7
Acla
Combining Egs. (6) and (7) yields
h .
weiz ~ WSt e osa, )
cr pz

where h* = wh/p? is defined as the dimensionless pillar height, describing the structural property
of a nanopillared surface.

Equation (8) represents the critical impact velocity for triggering the wetting transition, at which
a partial wetting state or the Wenzel state is generated. Accordingly, it is expected that Eq. (8)
can describe the boundary between the 1NB and sticky regimes on the coexisting Cassie—Wenzel
surfaces, and the boundary between the INB and 2NB regimes on the Cassie surface, and the
boundary between the bouncing and 2NB regimes on the Cassie surface. This expectation is well
verified in Fig. 5(a). However, it should be noted that the phase diagram in Fig. 5(a) is obtained only
at the fixed parameters of w = 5L, p = 10L, and 6; = 116° so further verification is necessary. A
series of additional MD simulations are performed on the surfaces with various structural parameters
and intrinsic contact angles. The critical impact velocities for triggering the wetting transition are
determined by simulations. As shown in Figs. 11(a) and 11(b), the scaling laws Weclr/ 2 ~ h* and
Weér/ 2~ —cos 0; are verified. Additionally, the critical Weber numbers are also extracted from MD
simulations for nanodroplets with various initial radii to examine the robustness of MD results to
the droplet size. As shown in Fig. 11(c), We,, for various nanodroplet initial radii remains constant,
which is in good agreement with the model prediction.

It can be seen that the boundary between the 1INB and bouncing regimes on the coexisting
Cassie—Wenzel surfaces slightly deviates from Eq. (8). This deviation is explained as follows. As
shown in Fig. 12, the liquid-air interface in the gaps is a meniscus instead of a plane. The meniscus
would first come into contact with the bottom of the substrate; however, it is assumed to be the
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FIG. 11. Validation of the critical impact velocity on the nanopillared surfaces with (a) various structural
parameters, (b) various intrinsic contact angles, and (c) various initial droplet radii. The dotted lines are
predicted by the model, and the symbols are simulated by MD simulations.

contact line in the present model. The height, 4,,, of the meniscus can be calculated by

. sin@; — 1 p ©)

" 2cosH; P
where I, is the gap width between two adjacent pillars. The maximum gap width is lgp =
203(p—w) for the present nanopillared surfaces. Thus, when the meniscus touches the bottom of
the substrate, the maximum displacement of the contact line should be modified as AZ = h — hy,,

FIG. 12. The schematic of the meniscus between pillars.
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and Eq. (8) should be changed as

w(h — hy,) cos 6;

. (10)

12
We,,

The value of Ay, is estimated for the surfaces employed in the phase diagram. With the parameter
values of w = 5L, p=10L, and 6; = 116°, hy, is 0.82 L. The pillar height ranges from 5.5L to
7.5L for the coexisting Cassie—Wenzel surfaces employed in the phase diagram. As compared with
Eq. (10), the critical Weber number predicted by Eq. (8) is overestimated by 38% at h = 5.5L and
by 26% at h = 7.5L.

Equation (10) can be rewritten as

h* cos0;\/y /p

Vcr ~ R(l)/z

, (1)

where h* is modified as h* = w(h — hy)/ pz. According to Eq. (11), at the nanoscale, the critical
impact velocity for triggering the wetting transition increases with a decrease in the droplet size.
Moreover, it is expected that Eqgs. (10) and (11) may also be applicable for microscale and
macroscale impacting droplets as long as the feature size of microstructures is comparable to the
droplet size.

IV. CONCLUSIONS

MD simulations are performed to investigate the impact of a water nanodroplet on nanopillared
surfaces, aiming to construct a nanoscale impact phase diagram. Depending on pillar heights and
impact Weber numbers, four impact regimes, including INB, bouncing, 2NB, and sticky regimes,
are identified, which are compared with those observed at the macroscale to examine the scale
effects. The main conclusions are as follows.

(1) With a fixed intrinsic contact angle, monostable Wenzel surfaces, metastable Cassie—Wenzel
surfaces, and monostable Cassie surfaces are successively obtained by increasing pillar heights.
On these surfaces, different impact regimes are identified. On the Wenzel surfaces (h < 5.5L), the
equilibrated nanodroplet always remains in the Wenzel state and adheres to the surfaces regardless of
impact Weber numbers, forming the only sticky regime. On the coexisting Cassie—Wenzel surfaces
(5.5L < h < 7.5L), the INB regime is observed at low Weber numbers but it converts to the sticky
regime at high Weber numbers. On the Cassie surfaces (7 > 7.5L), the sticky regime is replaced
by the 2NB, with the coexistence of the INB and 2NB regimes at 7.5L < h < 12.5L, and the
coexistence of the INB, bouncing, and 2NB regimes at &7 > 12.5L.

(2) Three differences in impact regimes between the nanoscale and macroscale are distin-
guished. First, the 2NB and sticky regimes can coexist on one surface at the macroscale, whereas
they separately occur on the surfaces with taller and shorter pillars at the nanoscale. Second, the
PPB regime is not observed at the nanoscale but does at the macroscale. Third, when depinning of
the contact line takes place, the critical Weber number for the wetting transition remains constant at
the macroscale; conversely, it strongly depends on pillar heights at the nanoscale.

(3) The transition from the 1NB to sticky regimes, from the 1NB to 2NB regimes, and from the
bouncing to 2NB regimes are all associated with the formation of a partial wetting state. Because of
comparable volumes of the nanodroplet and the gaps intruded by liquid, the wetting transition does
not follow the depinning mechanism that is widely accepted at the macroscale. Considering this
volume effect, a theoretical model is built to reveal the nanoscale wetting transition mechanism and
thereby predict the critical Weber numbers for triggering the wetting transition. The prediction is in
good agreement with the MD simulations, and hence, precisely captures the boundaries between the
INB and sticky regimes, between the INB and 2NB regimes, and between the bouncing and 2NB
regimes.
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