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ABSTRACT: The evaporation mechanism of miscible binary nano-
droplets from heated homogeneous surfaces was studied by molecular
dynamics simulations, which has never been studied before. The binary
droplets contain a hydrophilic component (type-2 particles) and a
hydrophobic component (type-3 particles). It is shown that liquid−liquid
interaction strength (ε23) and hydrophilic particle number fraction (φ)
have great influence on the surface tension, wetting characteristics,
evaporation patterns, evaporation rate, and local mass flux. It is observed
that when ε23 ≥ 1, or φ ≈ 0.5, the evaporation mode is the constant-
contact-angle mode. Otherwise, it is the mixed mode. We found that the
evaporation rate becomes faster when φ and ε23 increase. The droplets
become more hydrophilic when φ increases, which promotes heat transfer
efficiency between the liquid−solid interface. Besides, a larger ε23 promotes the heat transfer inside the droplet. The mass transfer to
the vapor phase occurs preferentially in the vicinity of TPCL (three phase contact line) in the hydrophilic systems (θ < θc), where θc
is the critical contact angle, while in most hydrophobic systems (θ > θc), the mass flux close to the TPCL is suppressed. We found
that θc ∈ (102°−106°), which is different from the theoretical one, θc = 90°. The discrepancy is attributed to the existence of the
adsorption layer near the TPCL.

■ INTRODUCTION

Sessile droplets evaporation is a common natural phenomenon,
and it has aroused significant interest in the latest decades
because of its varied applications in technology and biology,
such as inkjet printing,1,2 DNA stretching and DNA
mapping,3,4 coating,5 and nanopatterning.6 A thorough under-
standing of this ubiquitous process is helpful to design
functional patterns and produce smart devices. A significant
amount of experimental and theoretical work has been carried
out to understand the behavior or mechanism of pure droplet
evaporation. Some studies focused on how the contact line and
contact angle change during evaporation, while some high-
lighted factors influencing the evaporation rate.7−21 The first
theory of the evaporation of a free droplet surrounded by gas
was proposed by Maxwell about 100 years ago.22 Since then,
relevant theories have been further developed and refined. For
instance, based on the dynamics of the contact line and contact
angle, three different evaporation modes have been proposed:
the constant contact radius (CCR) mode,7,12,19,23 the constant
contact angle (CCA) mode,10,12,16,19 and the mixed mode.12,19

In the CCR mode, the contact line is pinned and immobilized
on the solid substrate and contact area remains constant, which
result in a diminishing contact angle during evaporation. In the
CCA mode, the contact line keeps on receding toward the
center of the droplet while the contact angle remains
unchanged. In the mixed mode, both the contact line length

and contact angle change during evaporation, which usually
takes place at the end of evaporation.
Although the evaporation of droplets consisting of a pure

liquid has been extensively studied, there are few studies on the
evaporation of multicomponent droplets. The evaporation
shows a far more complex evolution due to the coupling of
multicomponent evaporation, flow, and heat transfer of the
mixture. Multicomponent droplets evaporation is very
important in many applications such as hydrocarbon fuel
evaporation in the internal combustion engine,24 inkjet
printing,1,2 cosmetics,25 organization of nanostructures by
evaporation-induced self-assembly26,27 and the suppression of
the coffee-ring effect.28,29

A series of experimental studies have been carried out to
investigate the binary droplets evaporation on various
substrates.29−43 In particular, evaporation of binary ethanol−
water solution droplets is important because ethanol is widely
used.29,41 Besides, ethylene glycol32 or methanol34/water
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droplets also have been experimentally studies because these
organic solvents are highly volatile and similar to ethanol/
water droplets. For example, Sefiane et al.30 studied
evaporation of water−ethanol binary droplets with a volume
of 0.5 μL on a rough polytetrafluoroethylene (PTFE) substrate
under controlled pressure at ambient temperature. They found
that there are three different stages based on the evaporation
rate, and the change of contact angle is nonmonotonic. In the
first stage, the contact angle decreased due to the pinning of
the drop on the rough PTFE surface. However, in the second
stage, contact angles increased because the ethanol concen-
tration decreases through the vaporization of the more volatile
component. In the third stage, with less volatile component,
the droplet almost consisted of pure water. The evaporation
was similar to that of a water droplet; i.e., height and base
width of the droplet decreased until it disappeared. Cheng et
al.33 studied the drop evaporation of ethanol−water mixtures
having a volume of 2.0 μL at different concentrations on very
flat gold surfaces. In their study, a preliminary increase in
contact angle along with a sharp decrease in contact area was
initially observed. Then the contact angle became constant and
the contact area decreased slowly and linearly. In the above
two studies, the contact angles variation at the beginning was
different. Cheng et al.33 attributed the difference to the
roughness property of the surfaces.
From the numerical point of view, the evaporation of a

sessile multicomponent droplet constitutes a challenging
problem, since multifarious coupled effects have to be taken
into account, such as the vapor−liquid equilibrium of each
component, the latent heat of evaporation. Recently, a model
for sessile multicomponent droplets has been developed and
successfully validated based on experimental data for water−
ethanol droplets.44 The model was also able to predict the
onset of oil-nucleation and the volume evolution of the ouzo
droplet.45 However, the model is limited to small contact
angles because it is based on lubrication theory. Furthermore,
thermal convection has been neglected. To overcome these
limitations, a novel numerical model is proposed by Diddens.46

In the model, the finite element method without invoking the
lubrication approximation of the Navier−Stokes equation is
used.
A series of MD simulations have been performed to examine

the pure nanodroplet evaporation on various substrates.47−54

We would like to introduce them briefly in the following. First,

the evaporation of pure nanodroplets on chemically stripe-
patterned surfaces under a constant-temperature condition was
carried out by Wang and Wu.47 Second, Zhang et al.48

proposed a nanoscale explanation for pinning during
evaporation; i.e., the pinning should be interpreted as a drastic
slowdown of the contact line dynamics during the transition
between two contact angle boundaries. Zhang et al.49 also
studied the time evolution of nanodroplets shapes and the
evaporation rate of pure nanodroplets on heated homogeneous
substrates. Third, Wan et al.50 simulated the evaporation of
nanoscale droplets on hydrophobic−hydrophilic patterned
surfaces, and they found that the evaporation is unexpectedly
faster than that on any surfaces with uniform wettability. Wan
et al.51 also studied the evaporation of a tiny amount of water
on the solid surface with different wettabilities. Fourth, Xie et
al.52 investigated the flux distribution of evaporating pure
nanodroplets under three different evaporation modes. Yu et
al.53 studied the energy transport mechanism through the
solid−liquid interface for the evaporating process of an argon
droplet on heated substrates. Finally, Zhang et al.54 studied the
relationship between the moving speed of contact line and the
intrinsic energy barrier, evaporation rate by simulating the
evaporation of pure nanodroplets on heated heterogeneous
surfaces. All of these works studied the evaporation of pure
nanodroplets on various substrates. There are few studies on
the evaporation of multicomponent nanodroplets.
This paper presented a series of MD simulations of the

evaporation process of binary nanodroplets on heated
homogeneous substrates. For convenience, a cylindrical binary
nanodroplet was used in our simulations. To the best of our
knowledge, this is the first MD study about binary droplet
evaporation on heated homogeneous substrates. In Numerical
Methods, the details about the model and methods used in our
simulations are presented. In Results and Discussion, the
wetting properties, surface tension, evaporation patterns,
binary droplet size, and local mass flux will be discussed.
Finally, in Summary and Conclusions, the concluding remarks
are presented.

■ NUMERICAL METHODS
The simulation set up for evaporation of a binary nanometer-sized
cylindrical droplet on a heated homogeneous substrate is shown in
Figure 1. There are three phases in the systems, i.e., the liquid phase,
the vapor phase, and the solid substrate. The solid substrate is

Figure 1. Schematic diagram for a binary cylindrical droplet on a homogeneous substrate when φ = 0.5, T = 0.67. (a) ε23 = 0.8, (b) ε23 = 0.9. The
red (type-1), blue (type-2), and yellow (type-3) particles represent the solid wall, hydrophilic particles, and hydrophobic particles, respectively. The
thermostat was applied to the substrate atoms to mimic the heating process.
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composed by the red particles that is named type 1, while the liquid
and vapor phases are composed by the blue hydrophilic and yellow
hydrophobic particles, respectively. They are named type-2 and type-
3, respectively. Lennard−Jones atoms with the parameters of argon
were used to model the fluid−vapor phase, because this atomic fluid
has been extensively studied both experimentally and theoretically. To
simplify the system, Lennard−Jones atoms were employed to model
the solid substrate. The total number of argon atoms for the liquid
and gas phases was 11 700. Initially these atoms were distributed on a
cubic lattice with a density close to the liquid density. The solid
substrate was modeled as an fcc lattice containing six layers with 1064
atoms each. The solid substrate was placed at the bottom of the
computational domain under the cubic lattice containing the liquid
atoms.
The interaction between the atoms in the systems is described by a

12−6 Lennard−Jones potential (U(rij)):
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where εij is the interaction strength between particles of types i and j,
σij is the characteristic size of the particles, and rij is the distance
between the two particles. The interaction parameters between type-2
and type-2 were σ22* = 0.3405 nm and ε22* = 0.992 kJ/mol. The mass of
the type-2 particles was m2* = 6.63 × 10−26 kg. The mass of type-3
particles was identical to that of type-2 particles, while the solid atoms
were 10 times heavier than type-2. The characteristic temperature of
the liquid and vapor was T* = 119.8 K, and its normalized value was
T = kBT*/ε22* = 1. The time unit was τ = (m2*σ22*2/ε22* )1/2. In our
simulation, the other parameters which are normalized by the
corresponding parameters of type-2 particles are shown in Table 1. It

is seen from Table 1 that two different liquid−solid strengths were
used. From our results, the equilibrium contact angles for ε13 = 0.4
and ε12 = 0.7 are 119° (hydrophobic) and 79° (hydrophilic),
respectively, at T = 0.67.

The simulations were performed in an NVT ensemble, where the
Berendsen thermostat was chosen to control the temperature with a
coupling time of 0.25τ. Note that the thermostat was only applied to
the substrate atoms to mimic the heating process. The dimensions of
the computational domain in the x, y, and z directions were 144.4σ22,
13.3σ22, and 274.2σ22, respectively, where z was the surface normal.
Periodic boundary conditions in the three directions of space were
applied in all simulations. The simulations were carried out using
LAMMPS.55 The time step and the cutoff were set to be 0.0025τ and
4.4σ22, respectively.

Initially, there was no gas phase in the computational domain and
all fluid particles were placed on a cubic lattice with a density close to
the liquid density. At beginning, the temperature of the whole system,
including the substrate, was T = 0.67. The system relaxed to its
equilibrium state where a droplet surrounded by a vapor phase was
formed and the temperature everywhere was the initial T.
Furthermore, at the equilibrium state, the droplet size did not change
any longer. The relaxation stage typically took about 25 000τ. After
the system reached the equilibrium state, the droplet was heated by
suddenly increasing the temperature of the substrate to T = 0.83,
yielding droplet evaporation. And during this process, at least 15
million time steps (37 500τ) were performed to collect enough data
for further analysis of the evaporation properties. The size of the
droplet and its variation upon evaporation were obtained by means of
a cluster analysis. Two atoms were considered to be part of the same
cluster if the distance between them was smaller than 1.5σ22.

In our study, we focused on two factors affecting droplet
evaporation: the interaction strength (ε23) between binary droplets
and the mass fraction of each component. Because the mass of a type-
2 particle is identical to that of a type-3 particle, the mass fraction is
equal to the number fraction of particles. The parameter φ was used
to quantify the number fraction of the hydrophilic particles (type-2)
in the total liquid−vapor phase. Five typical φ were chosen in our
study, i.e., φ = 0.2, 0.33, 0.5, 0.67, 0.8.

The interaction strength ε23 would significantly affect the mixing
degree of binary droplets. The instantaneous shapes of the binary
droplets with ε23 = 0.8, 0.9 are shown in Figure 1(a) and Figure 1(b),
respectively, when the system temperature is T = 0.67 and φ = 0.5.
From Figure 1(a), we can see that when ε23 = 0.8, inside the droplet
the two components are stratified; i.e., the mixing degree between
them is low. However, when ε23 = 0.9, the mixing degree is high

Table 1. Dimensionless Parameters Used in the MD
Simulations

i−j εij σij

1−1 10.0 1.2
1−2 0.7 1.1
1−3 0.4 1.1
2−2 1.0 1.0
2−3 0.9−1.1 1.0
3−3 1.0 1.0

Figure 2. (a) Coordination number Cij as a function of time for different ε23. The solid line and the dashed line denote C22 and C23, respectively.
(b) The rate between C23 and C22 for various interaction strength ε23 and the green long-dashed line denotes C23/C22 = 1.0. Here in all cases φ =
0.5 and T = 0.67.
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because there is no obvious stratification. When ε23 > 0.9, the two
components in the droplet are well-mixed and instantaneous shapes
all look like Figure 1(b).
The coordination number Cij as the average number of j-type

particles surrounding i-type particles within a radius of 2σ22 is used to
quantify the mixing degree. When C23 and C22 are close, type-2 and
type-3 particles almost have equal opportunity to surround a type-2
particle. Hence, the two particles are highly soluble in each other.
When C23 is significantly different from C22, the two particles are not
well-mixed. Coordination number Cij as a function of time for
different ε23 is shown in Figure 1(a) when the system temperature is
T = 0.67 and φ = 0.5. For the stable system, C23/C22 as a function of
ε23 is shown in Figure 2(b). When 0.8 ≤ ε23 < 0.9, C23/C22 increased
sharply from 0.18 to 0.90. When 0.9 ≤ ε23 < 1.15, C23/C22 increased
slowly from 0.90 to 1.15. Hence, a strong mutual interaction (a larger
ε23) with respect to the self-interaction (ε22) leads to a well-mixed
state. Here we are more interested in the well-mixed state. Hence, in
the following discussion, ε23 is chosen to be 0.9, 1.0, and 1.1. They
represent the typical cases in which the mutual interaction ε23 is
smaller than, equal to, and larger than the self-interaction between
type-2 and type-2 or type-3 and type-3 (ε33 = ε22).

■ RESULTS AND DISCUSSION

Density in Equilibrium State. First, we have to verify the
correctness of the simulation. At the equilibrium state, the
binary droplet is surrounded by the vapor phase and the
droplet volume becomes constant. Here we suppose the binary
droplet is a cap of a perfect cylinder, although the
instantaneous shape shown in Figure 1(b) may slightly

different from a cap of cylinder due to statistical fluctuations.
Here, a case for ε23 = 0.9 and φ = 0.2 is taken as an example to
explore the density distribution in the equilibrium state (T =
0.67).
Density contours for the binary droplet, hydrophilic and

hydrophobic components are shown in Figure 3(a−c),
respectively. In each panel, the pink solid line represents the
surface of the solid substrate, and the black arc represents the
liquid−vapor interface, which is the contour of (ρ(r) − ρg)/(ρl
− ρg) = 0.5, where ρl = 0.841, ρg = 0.002 are liquid and vapor
number densities, respectively. It can be seen that the number
density contours are stratified near the substrate. In the bulk
phase, the number density is uniform, but at the liquid−vapor
interface, it decreases sharply in Figure 3(a) and Figure 3(c).
Number density along x = 0 as a function of z is shown in

Figure 3(d). The black, blue, and green lines represent the
number densities of a binary droplet (labeled as “total”),
hydrophilic (labeled as “tp2”), and hydrophobic components
(labeled as “tp3”), respectively. It can be seen that there are
large fluctuations near the liquid−solid interface due to the
strong interaction between the solid and liquid atoms. The
density becomes much smoother when z > 5.0. Near the wall,
the peak value of the number density of type-2 particles
decreases with the increase of z, while for type-3 particles, the
situation is reversed. Hence, although the number fraction of
type-2 particles is small (φ = 0.2), the first density peak value

Figure 3. Density contour of the binary droplet (a), hydrophilic component (b), and hydrophobic component (c). In each panel, the pink solid line
represents the surface of solid substrate, and the black arc represents the liquid−vapor interface. (d) Number density along x = 0 which passes
through the center of the binary droplet, as a function of z. The black, blue, and green lines represent the curves of the binary droplet (labeled as
“total”), the hydrophilic (labeled as “tp2”), and hydrophobic components (labeled as “tp3”), respectively. The red solid line represents the fitting
curve of the binary droplet. The temperature of the system is T = 0.67. The other key parameters of this case are ε23 = 0.9 and φ = 0.2.
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of type-2 particles near the wall is much larger than that of
type-3 particles because type-2 particles are hydrophilic.
As a whole, the number density of the binary droplet as a

function of z can be fitted by a hyperbolic tangent curve

ρ ρ ρ ρ ρ= + − −
−
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Ç
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z0 = 26.5 is the height of the droplet and ds = 2.5 is the liquid−
vapor interface thickness. It is seen that excluding the points of
z < 5.0, the fitted curve agrees well with the simulation data.
This result is consistent with the result of pure droplets,49 so
our simulation is valid.
Equilibrium Contact Angle and Surface Tension.

Evaporation of single-component droplets on a homogeneous
surface has been studied by predecessors using MD simulation.
They found that the main factor affecting evaporation of the
single-component droplets is hydrophobicity, which is

characterized by contact angle. However, for binary droplets,
besides contact angle, surface tension may also affect droplet
evaporation, which has never been studied. Here we will study
the effects of contact angle and surface tension on evaporation
behavior.
When the liquid−vapor interface is captured accurately, the

contact angle can be obtained. The equilibrium contact angle
(θ) as a function of φ for different ε23 when T = 0.67 is shown
in Figure 4(a). It is seen that θ decreases with φ. It can be
understood as follows. When φ is large, there are more
hydrophilic particles in the binary droplet. Therefore the
droplet becomes more hydrophilic. In the meanwhile, at a
specific φ, the larger ε23, the more hydrophobic the droplet
becomes. Because when ε23 increases, the concentration of
hydrophilic particles (type-2 particles) near the TPCL will
decrease. The surface tension (γLV) as a function of φ at T =
0.67 is shown in Figure 4(b) The surface tension can be
calculated by integrating the difference between normal

Figure 4. (a) The equilibrium contact angle (θ) as a function of φ for different ε23. (b) The surface tension (γLV) as a function of φ for different ε23.
The temperature of the system is T = 0.67.

Figure 5. Contact radius (RCL) as a function of time for different φ. (a) ε23 = 0.9, (b) ε23 = 1.0, (c) ε23 = 1.1. The short vertical black dashed line in
each curve represents the moment after which the evaporation reaches an equilibrium state.
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(pn(z)) and tangential (pt(z)) components of the pressure
tensor across the liquid−vapor interface,56,57

∫γ = −p z p z z( ( ) ( )) dn tLV (3)

where z represents the thickness of the liquid−vapor interface
(see Figure 3(a) and Figure 3(d)). For ε23 = 1.0, γLV does not
change with φ, because type-2 and type-3 particles are exactly
the same particles under the circumstance. As we know,
liquid−vapor surface tension results from the greater attraction
of liquid molecules to each other (due to cohesion) than to the
molecules in the vapor (due to adhesion). When the liquid
particle interaction in the interface vicinity of a droplet is weak,
the liquid−vapor surface tension γLV should be small. It is seen
that for ε23 = 0.9, γLV decreases first and then increases with the
increase of φ, and it reaches the minimum at φ = 0.5. It is
noticed that at φ = 0.5, the attraction of liquid molecules to
each other is weakest among all cases with different φ for ε23 =
0.9 because the mutual interaction parameter ε23 is smaller
than the self-interaction parameters ε22 and ε33 (ε33 = ε22).
Hence γLV would be smallest at φ = 0.5 for ε23 = 0.9. For the
cases of ε23 = 1.1, the situation is reversed and γLV reaches the
maximum at φ = 0.5. This is because the mutual interaction
parameter ε23 is larger than the self-interaction parameters ε22
and ε33 (ε33 = ε22).
Evaporation Pattern. To quantify the evolution of the

droplet during the evaporation, the contact angle (θ) and
contact radius (RCL) of binary droplets during evaporation
were calculated. Figure 5(a−c) show RCL as a function of time
when ε23 = 0.9, 1.0 and 1.1, respectively. It is seen that all
curves first decrease fast and then converge to a plateau. Each
evaporation curve can be divided into two parts by the short
vertical black dashed lines at t = t′. The left part of each curve

(t < t′) represents the initial or the first stage where the binary
droplet absorbs heat from the wall and then evaporate. The
right part (t > t′) of each curve represents the equilibrium state
at T = 0.83 (the second stage). In the second state, the
evaporation and condensation reach equilibrium. It is also seen
for a specific ε23, e.g., ε23 = 0.9 (Figure 5(a)) the larger the φ,
the larger the contact radius at the equilibrium state. A possible
reason is that the droplet is more hydrophilic at a larger φ.
Therefore we would discuss the evolution of contact angle
during the evaporation.
Figure 6(a−c) show the contact angle as a function of time

for ε23 = 0.9, 1.0, and 1.1, respectively. Previous studies have
assumed that the evaporation mode of a single component
droplet at ideal interfaces (flat, completely smooth, and
chemically homogeneous) is CCA mode, and there is no
pinning phenomenon. For binary droplets, our simulation
results also support this hypothesis when ε23 ≥ 1.0 (see Figure
6(b) and Figure 6(c)). When ε23 = 1.0 and 1.1, θ of each curve
approximately remains constant in the first stage with a
decreasing RCL. This is the CCA mode. When ε23 = 0.9, there
are more evaporation modes for different φ. From Figure 6(a)
and Figure 5(a), it is seen that in the case of φ = 0.5, θ is
constant and RCL decreases. The evaporation mode is the CCA
mode. In the cases of φ = 0.2 and φ = 0.8, neither θ nor RCL
are constant in the first stage. Their evaporation mode is the
mixed mode. It is also noticed that in all of our simulations, no
CCR mode was observed in the first stage.
It is also seen that in the second stage, both θ and RCL are

almost constant with small fluctuations. Two possible reasons
may contribute to the fluctuations. One reason is that the
instantaneous shape of a binary droplet is not a perfect
cylinder. The other reason is that an error would be raised if
the statistics are insufficient.

Figure 6. Contact angle (θ) as a function of time for different φ. (a) ε23 = 0.9, (b) ε23 = 1.0, (c) ε23 = 1.1. The short vertical black dashed line in
each curve represents the moment after which the evaporation reaches an equilibrium state. (d) The change of contact angle (Δθ = θT=0.83 −
θT=0.67) as a function of φ, where θT=0.83, θT=0.67 represent the equilibrium contact angle at T = 0.83 and 0.67, respectively. The horizontal black
dotted line denotes Δθ = 0°.
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In order to reduce the statistical error, we calculated the
change of contact angle before and after droplet evaporation.
The change of contact angle (Δθ = θT=0.83 − θT=0.67) as a
function of φ is shown in Figure 6(d). θT=0.83, θT=0.67 represent
the equilibrium contact angle at T = 0.83 and 0.67,
respectively. The contact angle here is the corresponding
time-averaged contact angle. It is seen that |Δθ| < 2° when ε23
≥ 1.0. Therefore, the evaporation mode is CCA mode if the
fluctuation of θ is ignored. When ε23 = 0.9, the evaporation
mode of the case of φ = 0.5 is the CCA. However, the cases
with φ < 0.5, Δθ is significantly larger than 0°. The situation is
reversed for the cases with φ > 0.5. In summary, a larger ε23, or
φ ≈ 0.5 would lead to the CCA evaporation mode. When ε23 is
small, the mixed mode may appear. In addition, the pinning
phenomenon was not observed in our simulations.
Binary Droplet Size. In this section, the size evolution of

the binary droplet would be discussed. To analyze the droplet
size, the cluster analysis was performed.49 In the analysis, two
atoms were considered to be part of the same cluster if the
distance between them was smaller than 1.5σ22. The number of
binary liquid atoms as a function of time for different φ is
shown in Figures 7(a) to 7(c). In all cases of ε23 = 0.9 (see
Figure 7(a)), when the substrate’s temperature suddenly
increases, the binary droplet size decreases quickly. Later

because the vapor pressure becomes more and more saturated,
the system reaches an equilibrium state at T = 0.83 and the
number of droplet atoms becomes constant in each case. It is
seen that approximately the larger the φ, the faster the droplet
evaporates. The possible reason is that when φ is large, the
droplet is more hydrophilic and the contacting area would be
larger. In this way, the heat transfer from the wall to the binary
droplet would be more efficient.
It is also seen that the number of droplet atoms at the

equilibrium state is different in the cases. When φ changes
from 0.2 to 0.8, the number of equilibrium binary droplets
decreases first and then increases, and it reaches a minimum
value at φ = 0.5. The variation trend is consistent with that of
γLV for ε23 = 0.9 (see Figure 4(b)). In the case of φ = 0.5, since
γLV becomes the smallest, the number of saturated vapor
particles would be the largest. As the total number of liquid−
vapor particles is constant, the number of binary droplet atoms
would be the smallest.
For ε23 = 1.0 and 1.1, the variation trend of the droplet size

looks similar to that of ε23 = 0.9. For ε23 = 1.0, the number of
binary droplet particles in the final equilibrium state is
approximately identical in all cases. This can be attributed to
the identical γLV in all cases. For ε23 = 1.1, the number of
binary droplets at the equilibrium state increases with φ at first.

Figure 7. (a−c) The number of binary liquid atoms (N) as a function of time for different φ. (a) ε23 = 0.9, (b) ε23 = 1.0, (c) ε23 = 1.1. (d) The
reduced number of liquid atoms (N̅) as a function of φ for different ε23 at T = 0.83. For comparison, all parameters have been normalized by the
number of liquid atoms at T = 0.67.
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It reaches the maximum at φ = 0.5 and then decreases with φ.
This is also attributed to the variation trend of γLV for ε23 = 1.1
in Figure 4(b).
The reduced number of liquid atoms N̅ as a function of φ for

different ε23 at T = 0.83 is shown in Figure 7(d). N̅ is
normalized by the initial number of liquid atoms at T = 0.67. It
is seen that at a specific φ, N̅ increases with ε23. For example, at
φ = 0.5, N̅ in the case of ε23 = 1.1 is 0.71, which is twice as
much as that in ε23 = 09. The variation trend of N̅ looks similar
to that of γLV in Figure 4(b). Therefore, the number of binary
droplet particles strongly depends on γLV. It is noted that the
initial number of binary droplets in cases with different ε23 at T
= 0.63 may be slightly different but the difference is negligible.
For example, the initial number of binary droplets is 10 300,
10 700, and 11 000 in the cases with ε23 = 0.9, 1.0, and 1.1,
respectively.
According to our previous study,54 during the evaporation,

the number of droplets N as a function of time (t) can be
written as

= ∞ + [ − ∞ ] × −N t N N N( ) ( ) (0) ( ) e pt (4)

where N(0) and N(∞) are the number of the binary droplets
at t = 0 and t = ∞, respectively. N(∞) is the time-average
value after t = 27 500τ. p−1 is the relaxation time and can be
obtained through solving C(t) = (N(t) − N(∞))/(N(0) −
N(∞)) = 1/e, where C(t) is the normalized number of binary
droplets. If the evaporation time is normalized by the
relaxation time (p−1), i.e., t* = t/(p−1), then eq 4 can be
rewritten as

* = − *C t( ) e t (5)

We take ε23 = 0.9 as an example. C(t*) as a function of t* for
different φ when ε23 = 0.9 is shown in Figure 8(a). We can see
that our simulation results are in good agreement with the
theoretical curve, especially when t* ≤ 1.0.
The relaxation time (p−1) as a function of φ for different ε23

is shown in Figure 8(b). The relaxation time can be used to
quantify the evaporation speed of binary droplet evaporation.
The smaller the relaxation time, the faster the binary droplet
evaporates. First, we can see that p−1 becomes smaller and
smaller with the increase of φ, which is consistent with the

Figure 8. (a) The normalized number of liquid atoms as a function of the normalized time for different φ when ε23 = 0.9. The purple dotted-line
represents the theoretical solution. The vertical black dashed line denotes t* = 1, and the horizontal black dashed line denotes C(t*) = 1/e. (b) The
relaxation time (p−1) as a function of φ for different ε23.

Figure 9. (a) The average temperature of binary droplets as a function of time for different φ when ε23 = 0.9. (b) The average temperature of
binary droplets as a function of time for different ε23 when φ = 0.2.
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impression in Figures 7(a) to 7(c). Second, we can see that for
a fixed φ, p−1 decreases with the increase of ε23.
The relaxation time p−1 may depend on two aspects: heat

transfer between liquid and solid and heat transfer between
liquid and liquid. When the substrate temperature suddenly
increases, first the heat transfers from the substrate to the
droplet near the wall. Then the heat is transferred inside the
droplet until it reaches the liquid−vapor interface. Finally, the
liquid particles with higher kinetic energy evaporate from the
liquid−vapor interfacial region. The heat transfer between
liquid and solid can be described by the average temperature of
binary droplets. The higher the droplet temperature, the faster
the heat transfer between the liquid−solid interface.
The average temperature of binary droplets as a function of

time for different φ when ε23 = 0.9 is shown in Figure 9(a). It
can be seen that the larger the φ, the faster the drop
temperature will rise. This phenomenon is attributed to the
fact that in the case with a large φ, the droplet is more
hydrophilic and the contact area would be large, which results
in a higher efficiency of heat transfer from the solid wall to the
droplet. So p−1 becomes smaller with the increase of φ. The

average temperature of binary droplets as a function of time for
different ε23 when φ = 0.2 is shown in Figure 9(b). It can be
seen that for cases with different ε23, the discrepancy is
negligible. Therefore the heat transfer efficiency between the
liquid−solid interfaces does not depend on ε23. However, with
the increase of ε23, the heat transfer efficiency between the
liquid interior is improved. That would promote the
evaporation. Hence, p−1 also decreases with the increase of ε23.

Local Mass Flux. In the above section, we mainly discussed
the overall heat and mass transfer during the evaporation, but
the distribution of heat and mass transfer at the liquid−vapor
interface may be uneven. It has been found that most heat and
mass transfer occurs near the three-phase contact line (TPCL)
during the evaporation.58 In order to investigate whether the
point is valid at nanometer scale, we calculated the evaporation
ratio of local mass flux. The evaporation ratio of local mass flux
(KN) can be calculated using the following formula:

=K
N S
N S

/
/N

L L

T T (6)

Figure 10. (a) Definition of the regions of the three-phase contact line. Regions A and B have thicknesses of 3σ22 and 1.5σ22, respectively. (b) The
evaporation ratio of local mass flux (KN) for different φ when ε23 = 0.9. The solid and dashed lines represent the KN obtained from Region A and B,
respectively. (c) Reduced temperature difference (ΔT = TTPCL − Tdroplet) as a function of time for cases of ε23 = 0.9. TTPCL, Tdroplet are the average
temperature of the TPCL Region A and that of the rest of the droplet. The solid and dashed lines represent the simulation and the fitting data,
respectively. (d) The evaporation ratio of local mass flux (KN) as a function of φ for different ε23. The solid and dashed lines represent the KNA

and

KNB
, respectively. The black dotted line denotes KN = 1.
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where NL and NT represent the particle number evaporated
from the TPCL area in unit time and that from the whole
liquid−vapor interface in unit time, respectively. SL and ST
represent the area of TPCL and the whole liquid−vapor
interface, respectively. KN > 1 and KN < 1 represent situations
where the particle mass flux in the TPCL area is promoted and
suppressed, respectively.
It is noted that how to define the TPCL area is an open

question. To be more general, here two different TPCL regions
were defined. One region has a thickness of 3σ22, i.e., the
threshold distance between liquid atoms and the substrate is
3σ22. The other has a thickness of 1.5σ22, see Figure 10(a).
They are referred to as Region A and Region B, respectively in
the following description. KN calculated from Region A and B
are referred to as KNA

and KNB
, respectively. Here we take the

case of ε23 = 0.9 as an example. The evaporation ratio of local
mass flux (KN) for different φ is shown in Figure 10(b). It is
seen that KN curves decrease first and then reach a plateau with
small oscillation. The decrease of KN arises from the reduction
in the temperature difference between the TPCL region and
the rest of the binary droplet. At the beginning of the
simulation, when the temperature of the substrate is suddenly
increased, the liquid atoms closest to the substrate first absorb
heat and gain a higher temperature than the atoms in the rest
of the droplet. Reduced temperature difference (ΔT = TTPCL −
Tdroplet) as a function of time is shown in Figure 10(c). TTPCL
and Tdroplet are average temperature of the TPCL Region A and
that of the rest of the droplet, respectively. It can be seen that
the temperature differences are over 0.02 at the beginning of
the evaporation. The evaporation occurring in the TPCL
region is therefore faster than that elsewhere. Then we have KN
> 1 in these simulations. Due to the continuous heat transfer
from the substrate to the droplet, ΔT decreases and gradually
becomes zero. Thus, the relative importance of evaporation at
the TPCL decreases gradually. When ΔT ≈ 0, KN converges to
a constant value.
From Figure 10(b), it can also be seen that when φ = 0.5

and 0.8, the converged KNB
is significantly larger than KNA

.
They are all larger than unity, i.e., KN > 1. It seems that, when
the binary droplet is hydrophilic, the local mass flux is
promoted in the TPCL. Besides, the closer the defined TPCL
region is to the wall, the greater the promotion. When φ = 0.2,
the converged KN < 1. It seems that when the binary droplet is
hydrophobic, the local mass flux is inhibited in the TPCL.
When ε23 = 1.0 and 1.1, the results of KN are similar to those of
ε23 = 0.9.
For the local mass transfer, we are particularly concerned

with the boundary of contact angle (θc) where the evaporation
of particles near the TPCL transits from the promoted state to
the inhibited state (KN = 1). According to the traditional
theoretical analysis, the boundary is θc = 90°.59,60 In addition,
the mass flux of a hydrophobic droplet decreases from the
droplet apex to the TPCL, while the mass flux of a hydrophilic
droplet increases from the droplet apex to the TPCL. Zhang et
al.49 studied the local mass flux during the evaporation of a
single component droplet on a homogeneous surface by MD.
They claimed that the distribution of the mass flux at the
hydrophobic droplet’s liquid−vapor interface is uniform and
KN > 1. Hence, the MD simulation result may be different from
theoretical analysis. Here this issue is also investigated in detail.
The evaporation ratio of local mass flux (KN) as a function of

φ for different ε23 is shown in Figure 10(d). KN is calculated by

the average value when t > 27 500. First we can seen that in the
cases of ε23 = 0.9, 1.0 and 1.1, we have KN = 1 at φ = 0.27,
0.35, and 0.42, respectively. The corresponding θc is 106°,
103°, and 102°, respectively. The result is different from the
theoretical result. Second, we can also see that for KNA

or KNB
,

when φ is fixed, KN decreases with the increases of ε23. These
conclusions may be related to the adsorption layer near the
solid wall, which will be discussed in the following.
To analyze the adsorption layer near the solid wall, we show

a typical instantaneous snapshot of the binary droplet
evaporation in Figure 11. The yellow ellipses in Figure 11

show that there is an adsorption layer near the TPCL when the
binary droplet is hydrophilic. When the binary droplet
evaporates, the adsorption layer also evaporates. Therefore,
the particles evaporating from the adsorption layer may be
counted as those evaporating from the TPCL region, which
makes KN larger. The higher the density of the adsorbed layer,
the greater the promotion of KN.
The number density of particles in the adsorption layer (ρa)

as a function of z near the solid wall for cases of ε23 = 0.9 is
shown in Figure 12(a). It can be seen that there is a high
density adsorption layer near the wall (z = 0.9σ22). The larger
the φ, the higher the ρa. This is because the hydrophilic
particles in the vapor phase are easy to be adsorbed on the
solid surface. It is also seen that even for the hydrophobic
binary droplets (φ = 0.2), the density of the adsorption layer is
about 0.03, which can not be neglected. From the above
analysis, it can be concluded that the promotion of KN
decreases with the increase of θ. It is noticed that even for
the hydrophobic droplets, KN will also have a small increase
due to the existence of adsorption layer. In this way, due to the
uneven promotion of KN, θc will shift to the hydrophobic
direction when the droplets evaporate at the nanoscale (see
schematic diagram Figure 12(c)). In Figure 12(c), the solid
and dashed lines denote the theoretical and simulation results,
respectively. And the larger the ρa, the larger the θc will be.
The number density of particles in the adsorption layer as a

function of z near the solid wall for various ε23 when φ = 0.2 is
shown in Figure 12(b). It can be seen that with the increase of
ε23, the number density of the adsorption layer decreases. This
means that the stronger the interaction between type-2 and
type-3 particles, the less KN will be promoted. To some extent,

Figure 11. Typical instantaneous snapshot of the binary droplet
evaporation when ε23 = 0.9, φ = 0.8. The yellow ellipses represent the
adsorption layer near the TPCL.
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it also shows that the larger the ε23, the smaller the θc. This is
consistent with the first conclusion.

■ SUMMARY AND CONCLUSIONS

The evaporation of a cylindrical binary nanodroplet consisting
of Lennard−Jones particles on homogeneous surfaces was
studied by molecular dynamics simulations. The binary
droplets contain a hydrophilic component (type-2 particles)
and a hydrophobic component (type-3 particles), which lead
to different contact angles. As far as we know, this is the first
time MD methods are used to study binary droplet
evaporation. To study the effect of surface tension and
substrate wettability on the evaporation, simulations with
different liquid−liquid interactions ε23 and number fraction of
hydrophilic particles φ were performed.
First, we investigated how the equilibrium contact angle θ

and surface tension γLV change with parameters φ and ε23 at T
= 0.67. A large φ would result in a small θ since the hydrophilic
component becomes dominant. At a specific φ, θ may increase
with ε23. The variation of γLV is more complicated. For ε23 =
1.0, γLV does not change with φ. For ε23 = 0.9, γLV decreases
first and then increases with φ. For the cases of ε23 = 1.1, the
situation is reversed.
Second, the evolution of contact angle and contact radius for

the binary droplet during evaporation was analyzed. It is
observed that when the interaction between type-2 and type-3
particles is not repulsion, (ε23 ≥ 1.0), its evaporation mode is
CCA mode. When the interaction between type-2 and type-3
particles is repulsion (ε23 < 1.0), the situation is a little bit
complicated. When φ = 0.5, the evaporation mode is also CCA

mode. When φ ≠ 0.5, it is the mixed mode. In addition, there
is no pinning phenomenon in all cases due to the
homogeneous surface.
Third, the variation of binary droplet number with time

during evaporation was examined. The relaxation time (p−1) is
used to characterize the speed of binary droplet evaporation.
Generally speaking, increasing φ and ε23 would promote the
heat transfer efficiency between liquid and solid and that inside
the droplet, respectively. That results in a smaller p−1.
Finally, the evaporation ratio of local mass flux was explored.

We found that the critical contact angle (θc) where the local
mass flux transits from the promoted state to the suppressed
state near the TPCL is about 102° to 106°. It is different from
the theory one (90°). The discrepancy between the simulated
and theoretical results increases as ε23 decreases. The
discrepancy is attributed to the existence of the adsorption
layer near the TPCL.
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