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Evaporation of a nanodroplet on a rough substrate
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The wettability and roughness of a substrate are crucial to the evolution of the contact angle and
three-phase contact line in the evaporation of sessile droplets. In this paper, by performing molecular
dynamics simulations for droplet evaporation at the nanoscale, we show that the wettability is more
important than the roughness. For a smooth substrate, the evaporation behavior of a nanodroplet
is similar to that at the macroscopic scale. This similarity is also observed in the case of a rough
hydrophilic substrate. However, for a rough hydrophobic substrate, both the constant contact angle
and contact line pinning appear in turn during evaporation. This suggests that the roughness of the
hydrophobic substrate is useful for the evaporation technique in self-assembly at the nanoscale.
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1 Introduction

The evaporation of a sessile droplet on a hot surface
is of great importance in various practical applications
such as coating, inkjet printing, cooling, boiling, wash-
ing, and condensation. A significant amount of experi-
mental [1, 2] and theoretical [3, 4] work has been carried
out to understand the mechanisms of droplet evapora-
tion. From Young’s equation [5], a specific contact angle
(CA) can be defined when a liquid droplet is in contact
with an ideal flat surface [6]. However, one can almost
never get a unique CA in practice since there always ex-
ists a contact angle hysteresis (CAH) [7] — the difference
between advancing and receding CAs. In addition, the
CAH also contributes to the pinning of the three-phase
contact line (TPCL) [8, 9], which is the edge of the liquid
droplet linking the inside liquid, outside air, and bottom
solid substrate.

Surface inhomogeneities are important to TPCL pin-
ning during the droplet evaporation process. In general,
there exist two statuses of TPCL dynamics [3, 10]—
pinning and depinning. Shina et al. claimed that pin-
ning is probably the result of the imperfections of the
substrate surface by observing the evaporation of a wa-
ter droplet on an octadecyltrichlorosilane substrate [2].
Similarly, Grandas et al. used the substrate heterogene-

ity to explain the pinning of a water droplet on polyte-
trafluoroethylene [11].

The substrate wettability, which is closely linked to its
surface properties, should be taken into account when
studying the evaporation of a sessile droplet. Many
studies, both experimentally and theoretically [1, 12—
17], observed three modes of evaporation processes of
large droplets [1, 18-22]: (i) the constant-contact-radius
(CCR) process [1, 2, 19, 23], in which the TPCL
is pinned, but the CA decreases during evaporation
(“pinning”); (ii) the constant-contact-angle (CCA) pro-
cess [1, 19, 23, 24], in which the CA remains constant
during evaporation while the TPCL moves (“depinning”
or “shrinking”); and (iii) the mixed process [2, 19, 24],
where both the CA and the position of the TPCL change
with time.

Furuta et al. [25] reported that both the nature of
the substrate and the droplet size influence the evapo-
ration mechanism in their experimental study of water
droplets (about 0.1 mm and 1 mm in diameter) evaporat-
ing from hydrophilic and hydrophobic substrates. How-
ever, it is still not clear whether nanodroplet evapora-
tion has the same above-mentioned properties as nor-
mal droplets. Usually, the validity of the macroscopic
evaporation results becomes questionable in nanoscopic
domains [1, 26]. In this study, we employed molecular
dynamics (MD) simulations to study the effects of the
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wettability and roughness of the substrate on the evap-
oration of sessile nanodroplets. It was found that the
wettability of the substrate is more important than the
roughness of the substrate during temperature-raising
evaporation. Otherwise, the roughness of the substrate
induces more complicated evaporation modes, especially
in the case of a hydrophobic substrate.

In Section 2, we describe the simulation configuration
and detailed initial setup. Moreover, we introduce the
definition of roughness. Next, in Section 3, we present
the simulation results including the time evolution of
the temperature, droplet size, liquid density, sphericity,
CA, and contact radius (CR) for the combination of the
roughness and wettability of the substrate. Furthermore,
the evaporation modes for different substrates with the
above-mentioned combination are studied. Finally, in
Section 4, we conclude with a discussion of our results.

2 Model and methods

We set up the model consisting of a liquid nanodroplet
surrounded by its gas phase and a solid substrate. All
atoms are modeled by Lennard-Jones atoms with the
nonbonded 12-6 potential

Uap(rij) = 4€ab l(ij)u - <ij]b)6] ; (1)

where 7;; is the distance between atoms i and j, 043 is the
collision diameter at which the potential is zero, and €,
is the depth of the potential well. The subscripts a and
b denote different atom types, which can be substituted
by 1 (liquid) or s (solid). In our simulations, the param-
eters o) = 0.3405 nm and ¢; = 0.992 kJ/mol are used
for the liquid atoms (argon), and og = 0.4085 nm and
€ss = 9.92kJ/mol are for the solid substrate atoms. The
mass of a solid atom is 10 times that of a liquid atom.
All quantities are expressed in reduced units based on the
parameters oy, €, and m; = (6.63 x 10720 kg) of a liquid
atom. The temperature unit 7* = kgT'/ey = 1 corre-
sponds to 119.8 K. The time unit 7 = \/mof/en = 1
corresponds to 5 ps. Moreover, the value of o}, = 1.1 is
used.

Note that the energy parameter €} reflects the chemi-
cal nature of the substrates. Thus, €, < 0.5 means a hy-
drophobic substrate with a CA of > /2, and €}, > 0.5
corresponds to a hydrophilic substrate with 6 < 7 /2 [24].
In our simulations, €}, is set as 0.4 or 0.7, respectively
corresponding to the hydrophobic and hydrophilic sub-
strates. We name the hydrophobic system with a smooth
(rough) substrate sE4 (rE4) when €, = 0.4. Similarly,
sE7 (rE7) denotes the hydrophilic system containing a
smooth (rough) substrate with €], = 0.7.

A quantitative definition of the roughness factor is the
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following form [27]:

T = 54/8g, (2)

where the s, is the total actual area of an interface, and
the s, is the geometric surface measured in the plane of
the interface, where perfect smoothness is an acceptable
assumption. For a liquid-liquid or liquid-gas interface,
s, and s4 are identical, but at the surface of any real
solid, s, will be greater than s, because of the surface
roughness [27]. When r = 1, the substrate is smooth,
and 7 > 1 corresponds to a rough substrate. In our
simulations, » = 1 for a smooth substrate and 2.901 43
for rough substrate. The geometric surface shape is de-
scribed by the spatial function z(z,y) = Acoszcosy,
where z is the vertical axis, (z,y) represents the hori-
zontal plane, and A denotes the amplitude. Figure 1
shows a side view of the substrate.

The total number of argon atoms for the liquid and
gas phases is set as 27 000. These atoms are initially
distributed in a cubic box with a liquid density. The solid
substrate is modeled with a face-centered cubic (FCC)
lattice. The total numbers of solid atoms for the smooth
and rough systems are 23 040 and 36 864, respectively.
The substrate is placed at the bottom of the simulation
box (31.104 nm in the x and y directions and 50 nm in
the z direction), and initially, the liquid sphere is on the
substrate.

All MD simulations presented in this work are carried
out in the NVT ensemble (i.e., the number of atoms
N, the volume V', and the temperature T' of the system
are kept constant), in which the Berendsen thermostat
with a coupling time of 0.257 is chosen to control the
temperature [28]. Note that the thermostat is only ap-
plied to the substrate atoms during the heating process.
The periodic boundary condition is enforced by using the

(@) ;g4 ®) ;g7

(¢) sE4 (d) sE7

Fig. 1 The snapshots of nanodroplets upon solid sub-
strates at time 15000 7 in our simulations. The upper panels
are of rough substrate (r = 2.901 43) and the lower is smooth
(r = 1.0). The substrates in left panels are hydrophobic
(e/,=0.4) and the right is hydrophilic (¢;,=0.7).
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parallelized code of LAMMPS [29]. The time step and
cut-off distance are 0.0025 7 (51fs) and 3.0 oy (1.023 nm),
respectively.

The whole simulation process undergoes two stages.
At first, the systems for all scenarios (rE4, sE4, rE7,
and sE7) relax to their equilibrium configurations at
the temperature T* = 0.67, where a droplet is sur-
rounded by its gas phase. Then, the temperature of
the solid substrate is reset to 0.83 at the time 15000 7.
The whole evaporation process in this part consists of
two stages, temperature-raising evaporation and the sub-
sequent constant-temperature evaporation with a nan-
odroplet temperature of 0.83. Figure 1 shows the spher-
ical droplets on the smooth/rough solid substrates with
different hydrophilicities.

We use the cluster analysis method to distinguish the
liquid phase from the gas phase. Two atoms are consid-
ered to be in the same cluster if the distance between
them is smaller than 1.50y. In order to calculate the
liquid density in the droplet, the nanodroplet is divided
into 90 vertical slices with a width of 1.2 o)) around the
central vertical z-axis. Then, we can calculate the CR
and CA by fitting the contour curves of the liquid density
with a circular arc [4].

3 Results and discussion

3.1 Temperature

Figure 2 plots the time evolution of the temperatures in
the evaporating processes. It is clear that the evapora-
tion of a nanodroplet undergoes two stages as mentioned
above, temperature-raising evaporation and the subse-
quent constant-temperature evaporation at a substrate
temperature equal to 0.83 [see Fig. 2(a)]. Moreover, the
period of the temperature up to the stable temperature
of 0.83 for the vapor is shorter than that for the nan-
odroplets. Qualitatively, this is because the vapor has
fewer particles but a larger contact area with the sub-
strate than the nanodroplet. It is much more important
that the molecule should have a larger kinetic energy
to evaporate with a higher probability from the liquid—
vapor interfacial region.

Note that, in the temperature-raising stage, the tem-
perature increase of the hydrophilic cases (E7) is much
quicker than that of the hydrophobic cases (E4) since the
stronger liquid—solid interaction in E7 results in more ef-
ficient heat transfer. For the same hydrophilicity (E7),
the temperature of the droplets upon the rough substrate
increases a little faster than that upon the smooth sub-
strates because of the larger contact areas between the
liquid droplet and the solid substrate. Contrarily, in
the case of the hydrophobic substrates (E4), the rough

Yong-Juan Sun, et al., Front. Phys. 12(5), 126401 (2017)
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Fig. 2 Time evolution of the temperatures of (a) nan-
odroplet and (b) vapor. Here, the temperature of solid sub-
strate denoted by black solid line is fixed at T* = 0.83.

substrate makes the temperature of droplets increase a
little slower. The higher wettability and roughness of
the substrate results in much more efficient heat trans-
fer. In comparison, the wettability of substrate is more
crucial than the surface roughness to the heat transfer
at the nanoscale. Besides, the roughness of the substrate
does not have any noticeable effect on the temperature
increase of the vapor [see Fig. 2(b)].

3.2 Nanodroplet size and liquid density

The initial number of argon atoms in the simulation
box is 27 000. When the systems reach equilibrium at
T* = 0.67, steady droplets are formed with numbers of
atoms of about 20 236, 22 692, 22 842, and 22 917 for the
rE7, sE7, rE4, and sE4 scenarios, respectively. Figure 3
shows the numbers of atoms inside the droplets as a func-
tion of the time during evaporation after the temperature
of the substrate was suddenly increased to 0.83 at time
15 000 7. In all cases, the droplet size decreases quickly
in the stage of temperature-raising evaporation and then
reaches a steady size in the constant-temperature evapo-
ration stage. The final steady size of the droplet upon the
hydrophilic substrate is clearly smaller than that upon
the hydrophobic one. Similarly, in the case of the hy-
drophilic substrates (E7), the rough surface increases the
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Fig. 3 The atom numbers inside the nanodroplets as a
function of time during the evaporation upon the substrate
T = 0.83.
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Fig. 4 The distributions of liquid density in nanodroplets
at time 20 000 7 in our simulations.

shrinking speed of the droplet size in the first stage, and
the system will reach a lower final steady size. For the
E4 scenario (hydrophobic substrates), the rougher sur-
face slightly lowers the shrinking speed.

Figure 4 presents side views of the average liquid
density in the nanodroplets at time 20 0007 in the
temperature-raising stage. Here, we set a small box with
1.2 0 in the z direction and 2 ¢ in the y and z directions
and then use the box-shift technique to calculate the av-
erage local particle number density of the nanodroplet.
In all cases, the shape of the droplet still maintains an
approximate spherical cap upon the heated substrate,
and we will quantitatively discuss again in the follow-
ing context. It is clear that there is a low-density outer
layer near the liquid—vapor interface. For the scenarios
with a smooth substrate, the liquid density inside the
droplet is fairly homogeneous but is inhomogeneous for
rough substrates. Moreover, we observe that there are
some small areas upon the rough surface with a higher
density [Figs. 4(a) and (b)]. They are thought to result
from local stable molecules trapped by the valleys on the
rough substrate.

126401-4

3.3 Contact angle, contact radius, and sphericity

In fact, the shape of a droplet is not exactly spherical,
and there exists a slight or even strong (at a high temper-
ature) deformation during evaporation. From the exam-
ple shown in Fig. 5(a), 90 samples of the CA are calcu-
lated for the side-view arcs of the droplet surface at time
15 0007 (T* = 0.67) in the case of the sE4 scenario. It
shows that the average value 117.46° is large, but in fact,
the relative deviation is very small (0.98%). Therefore,
in the following calculation of the CA and CR, we aver-
age over 90 samples along the TPCL with an interval of
2° to reduce the effect of droplet deformation.

A quantitative parameter of the deformation of the
droplet surface, the droplet sphericity S, is defined as

S = Rsmall/Rlarg67 (3)

where R and Riqrge are the separate averages of 45
smaller spherical radii and of the remaining 45 larger
radii, respectively. If S is equal to 1, the droplet is per-
fectly spherical; otherwise, it is deformed [30]. Moreover,
the cases with S < 0.5 cannot be considered as a spher-
ical cap any more.

Figure 5(b) shows that, after a slight decrease in the
temperature-raising stage, all of the sphericities converge

@ 19
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114 T T T T T
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Fig. 5 (a) The distribution of contact angles along the
TPCL of a droplet from sE4 system at time 15 0007. The
average CA is 117.46° and the relative deviation is 0.98%.
(b) Time evolution of the sphericity of the droplets for all
four scenarios.
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to their steady values, about 0.952 for rE4, 0.935 for
skE4, and 0.888 for sE7. However, the sphericity for rE7
decreases quickly to a very small value because of the
higher mass flux. A smaller value of the sphericity (nor-
mally S < 0.5) means that the droplet cannot really
be considered as a spherical cap. The sphericity for all
four systems appears as an obvious fluctuation during
the whole evaporation process. The hydrophilic systems
(E7) always exhibit stronger fluctuation of the spheric-
ities, corresponding to a larger deformation of the nan-
odroplet shape. It is qualitatively conjectured that the
hydrophilicity enhances the mass flux inside the droplet,
then leads to a higher evaporation rate, and results in
stronger deformation of the liquid—vapor interface.

Interestingly, in the case of the hydrophilic scenario
(ET), S for the rough substrate (rE7) is smaller than that
for the smooth case (sE7). However, for the hydrophobic
systems (E4), the sphericity has much different behav-
ior in that S for rE4 is slightly larger than that for sE4
[See Fig. 5(b)]. Again, this is because the rough sub-
strate enhances the mass flux in hydrophilic systems but
suppresses it in hydrophobic systems.

Figure 6 plots the time evolutions of the CA and CR
for all four scenarios to study the evaporation modes,
as mentioned above. In the case of rE4 [Fig. 6(a)], ini-
tially, the evaporation follows the CCA mode (a con-
stant CA of 131.06 and a linearly shrinking CR with
a slope of —1.95 x 10™%), and after time 32 5007, un-
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E 4 L
< 110+ L 12
U 4 .
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90| ——CA |4
, —CR L
80 T T T T T T T T T 0
20000 30000 40000 50000 60000
Time (7)

dergoes a sudden jump in the CA, and then changes to
the CCR mode (a linearly decreasing CA with a slope
of —1.34 x 10~* and a constant CR of 8.63). Here, the
unusual jump in the CA probably results from the de-
formation of a droplet with a smaller size to fit with
the stronger hydrophobic substrate. For the rE7 sce-
nario [Fig. 6(b)], both the CA and CR always linearly
decrease throughout the whole evaporation process with
slopes of —0.0013 and —0.0012, respectively. This is the
so-called mixed mode. In the cases of the smooth sub-
strate (sE4 and sE7), as shown in Figs. 6(c) and (d),
both droplets exhibit evaporation in the CCA mode (the
CA is 121.66 for sE4 and 76.38 for sE7). However, the
CRs no longer linearly decrease and are subjected to an
exponential decay, 9.81 + 19.99 exp(—6.97 x 1075¢) and
15.08 + 107.43 exp(—1.61 x 107%¢) for sE4 and sE7, re-
spectively. Here, t is the reduced time.

These evaporation properties at the nanoscale are
quite different from the experimental observations at the
macroscopic (> 100 pm in diameter) and mesoscopic (1-
100 um in diameter) scales, at which the CCA or CCR
modes are usually observed [30]. The pinning phenom-
ena during droplet evaporation are usually assumed to be
result of the heterogeneities of the substrates [2, 11, 16].
However, in our simulations of nanodroplet evaporation
for rough substrates (tE4 and rE7), the TPCL shrinks in
the temperature-raising stage, and the CR always keeps
shrinking for rE7.

(b) 100 28
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90+ - 24
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2 I
éﬁ 70- F16%®
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T T T T T
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CA (degree)
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Fig. 6 Time evolutions of CA and CR for (a) rE4, (b) rE7, (c) sE4, and (d) sE7 systems. Note that the data series in
panel b is much shorter than others because of no droplet upon the substrate due to quick evaporation.
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4 Summary

In this paper, we performed MD simulations to study the
evaporation of nanodroplets upon heated smooth/rough
hydrophilic/hydrophobic substrates. By calculating the
time evolutions of several parameter sets during nan-
odroplet evaporation (the temperature, sphericity, CA,
and CR), it is found that the wettability of the sub-
strate plays a more important role than the roughness of
the substrate. Basically, the rough substrate enhances
evaporation in the case of a hydrophilic substrate but
suppresses it for a hydrophobic substrate.

The whole evaporation process of droplets at the
nanoscale upon smooth hydrophobic and hydrophilic
substrates appears to be evaporation in the CCA mode,
except the very short early time. However, for the
rough substrate, the evaporation properties of the nan-
odroplets are different from the CCA or CCR for macro-
scopic/mesoscopic evaporation. When the rough sub-
strate is hydrophilic, we observed a mixed evaporation
mode [Fig. 6(b)]. The evaporation behaviors of a nan-
odroplet upon a rough hydrophobic substrate are com-
plicated [Fig. 6(a)]. The simulation results reveal that
its evaporation is composed of the CCA and CCR. Es-
pecially, there exists a jump in the CA between the two
modes in the temperature-raising stage. In principle,
the temperature increase reduces the CA during droplet
evaporation [30]. Here, this anomalous jump in the CA is
partly due to the dependence of the CA on the contact-
line curvature and its sensitivity to the substrate rough-
ness [31].
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