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ABSTRACT: The thermophysical attributes of water molecules
confined in a sub-nanometer thickness significantly differ from
those in bulk liquid where their molecular behaviors start
governing interfacial physics at the nanoscale. In this study, we
elucidate nanothin film evaporation by employing a computational
approach from a molecular perspective. As the liquid thickness
decreases, the solid-like characteristics of adsorbed water nanofilms
make the resistance at solid−liquid interfaces or Kapitza resistance
significant. Kapitza resistances not only show a strong correlation
with the surface wettability but also dominate the overall thermal
resistance during evaporation rather than the resistance at evaporating liquid−vapor interfaces. Once the liquid thickness reaches the
critical value of 0.5−0.6 nm, the evaporation kinetics is suppressed due to the excessive forces between the liquid and solid atoms.
The understanding of molecular-level behaviors explains how a hydrophilic surface plays a role in determining evaporation rates from
an atomistic perspective.
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■ INTRODUCTION

Surface wettability greatly dominates liquid−vapor phase
change that transfers energy in natural, as well as in numerous
industrial applications. Various surface wettability can be found
in nature, ranging from hydrophobic behaviorsplant leaves,
bird feathers, butterfly wings, and spiders’ silksto super-
hydrophilic surfacesthe gelatin layer on fish skin.1−3

Engineered surfaces, inspired by biological systems, can
promise performance breakthroughs for applications ranging
from water-energy systems to electronics cooling, printing
surfaces, water filtration, and water-energy harvesting.4,5 For
example, thermal technologies for microelectronics cooling
have taken advantage of the use of nanostructures to increase
hydrophilicity and associated contact areas for evaporating
processes.6−12 With the presence of nanostructures,13−15 the
liquid thickness is typically constrained down to nanometer
lengths, and both the nanofilm thickness and the surface
wettability govern the corresponding phase change phenom-
ena.16−18 Specifically, the liquid thickness at the three-phase
(liquid−solid−vapor) contact lines will decrease down to sub-
nanometers, where this nanofilm is considered the most
efficient phase change regions, over the entire interface, by
showing the highest evaporation rates. Therefore, the under-
standing of nanothin film’s phase change process is essential to
elaborate interfacial and transport phenomena on nano-
surfaces. The mechanisms of phase change within the nanothin
water film might differ from bulk properties as the length scales
are reduced toward a few nanometers.19,20 Within a nanothin

film, the hydrogen bond network will be disturbed, dynamics
of rotational degrees of freedom of water will be slowed down,
and water molecules’ dipole will be changed compared to that
in bulk.21,22 Such nanoscale phenomena eventually impact the
effective thermofluidic characteristics.23 Despite the signifi-
cance of understanding the water molecule behaviors con-
strained in nanoscale configurations, it has been challenging to
provide a full description about their nanoconfinement
phenomena.24,25

While there have been extensive studies to investigate
thermal resistances at different types of interfaces by employing
experimental analysis,26 analytical modeling,27 and numerical
simulations,28,29 traditional experimental approaches30 become
impractical at nanometer scales. Instead, molecular dynamics
(MD) simulations can provide a sufficient means to investigate
nanoscale interfacial physics from an atomistic perspective.31,32

The use of MD simulations enables the detailed calculations of
thermophysical characteristics across individual phases and
interfaces.33−35 The solid−liquid interfaces are reported with
the focus on the surface morphological information,36−39

chemistry and roughness,40 nanofilm thickness,41 molecule
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packing levels,42 or their wettability,43−46 while the solid−
liquid interfaces are influenced by phonon scattering
mismatches.47−50 It has been reported that thermal resistances
at solid−liquid interfaces for thin liquid films in the range of
nanometers are comparable to those at solid−solid inter-
faces.51,52 The majority of the previous studies has merely
focused on the thermal transport between a solid and liquid
without phase change.49,53−55

The solid−liquid interfacial resistances have drawn attention
during phase change phenomena.56−62 One example shows
that the evaporation rate increases as solid−liquid thermal
resistances decrease, by investigating an argon droplet on a
heated substrate through MD models.14 The findings available
from previous studies confirm that surface morphology and
wettability can affect phase change physics; however, the
mechanisms to explain the impact of interfacial physics on
evaporation transport properties63 are not well-explored. In
addition, the understanding about detailed behaviors of water
molecules constrained in nanometer-thick liquid films is still
lacking.
The computational technique applied to water molecule

systems is presented in this paper, along with the focus on
molecular-level interactions. In this context, MD models are
employed to understand the mechanisms that govern
evaporation phenomena of nanothin water films, by testing
various surface inputs. The liquid film thicknesses in this study
range from 5 to 1 nm, where the sub-nanometer thickness is
suggested to understand the effects of intermolecular forces
between solid and liquid molecules when they are confined in a
nanothin film. Tracking of molecule numbers enables us to
identify different regimes during the evaporation process; the
onset, the steady, and the suppressed regimes. The interfacial
characteristics such as translational dynamics of the molecules
are carefully investigated with thermal resistance values, by
calculating the density of states (DoS) and their decom-
position into gas- and solid-like components. The study of the
interfacial phenomena at solid−liquid or liquid−vapor
interfaces provides insights toward molecule vibration-
dominated thermal transport during the phase change
processes. New discoveries about the nanothin water films,
which serves as the main objective of this paper, can greatly

benefit many water-based applications where water-surface
properties are critical.

Design of Molecular Dynamics Models. In this study,
MD simulations are performed using the large-scale atomic/
molecular massively parallel simulator (LAMMPS).64 The
models account for liquid−solid−vapor interactions at an
elevated temperature, allowing us to calculate thermal
resistances through each phase or interface. To do this, solid
atoms are arranged in a face centered cubic (FCC) structure
with a lattice parameter of 3.615 Å. The solid−solid
interactions are modeled using the embedded atom model
(EAM).65 The water molecules are represented with the
TIP4P water model, which allocates two sites for hydrogen
atoms that possess positive charges and one site for the oxygen
atom. The negative charge of the oxygen atom is placed at the
fourth site, which is located at a short distance from the oxygen
atom, along the bisector of the H−O−H angle. SHAKE
algorithm keeps the harmonic O−H and H−H bonds and H−
O−H angle rigid, which prevents the vibrational motions of
the water molecules in the system. Lennard-Jones (LJ)
potential with a cutoff distance of 12 Å describes the
interactions between oxygen and solid atoms or the oxygen−
oxygen interactions, where long-range coulombic interactions
are calculated using the particle−particle−particle−mesh
(PPPM) solver.66 The values of ε (LJ interaction energy, i.e.,
van der Waals interaction) between the oxygen and solid
atoms are tuned in a wide range to represent wetting behaviors
spanning from the neutral surface with a contact angle of 84°
(ε1 = 0.0073 eV) to hydrophilic surfaces (ε2 = 0.0110 eV, ε3 =
0.0147 eV, ε4 = 0.0221 eV, and ε5 = 0.0294 eV). For simplicity,
the value of σ (LJ distance between oxygen and solid atoms) is
kept constant σCu−O = 2.75185 Å for all of the studied
surfaces.67

Three different unit cells are defined in this paper, and each
cell is used to study specific properties: cell 1 characterizes the
contact angle of a water droplet on various surfaces; cell 2 is
designed to examine evaporative phase change using non-
equilibrium molecular dynamics (NEMD) simulations; and
cell 3 is used to compute the density of states using equilibrium
molecular dynamics (EMD) simulations. See SI.1 for the
detailed settings of each cell along with the dimensions and

Figure 1. Effects of the surface wettability and film thickness on the contact angle and phase change behavior. (a) By modulating the Lennard-Jones
(LJ) energies from 0.005 to 0.025 eV, various surface wetting properties are obtained, spanning from hydrophobic to hydrophilic, which can be
correlated with a broad range of biological examples such as butterfly wings, leather, plant leaves, and fish skin. (b) Snapshots from molecular
dynamics (MD) simulations show the evaporation process of various surfaces ranging from neutral (CA = 84°) to hydrophilic surfaces (CA ∼ 0°)
with different film thicknesses of 5, 3, 2, and 1 nm at 0.5 ns. To simulate evaporation physics, the top and bottom surfaces are maintained at 500
and 300 K, respectively.
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number of molecules. In all simulations, we discretize the
simulation cell into small three-dimensional (3D) grids of 4 Å
× 4 Å × 4 Å and calculate the values of thermophysical
properties, such as kinetic and potential energies, densities, and
temperature, which is averaged for all particles within each
grid. The grid size ensures that each grid is large enough to
contain at least one water molecule, and the properties of each
molecule are considered once, in the averaging process.35

To quantify the effects of bond strength on the wetting
properties, first we measure the contact angle of a water
droplet in contact with each surface by cell 1. cell 1 is a
periodic cell that has a water droplet of 1107 water molecules
on a flat solid surface of 9600 solid atoms. The van der Waals
interaction ε between the oxygen and solid atoms is tuned,
ranging from 0.005 to 0.025 eV to represent various surface
wettability available in nature. (see Figure 1a). For each ε
value, cell 1 is relaxed at 300 K for 1 ns in the NVT ensemble
(constant number of particles, constant volume, and constant
temperature) with a time step of 1 fs. After the relaxation, the
droplet contact angles on the surface are computed, where the
contact angle is defined as the angle between the surface and
the tangent line to the droplet surface at the contact point.68,69

The contact angles are calculated by fitting a second-order
polynomial function to the water droplet at the right and left
sides of its contact region with the solid surface. The tangent
lines to the polynomial function are then obtained where the
contact angles are the angles between the tangent lines and the
solid surface. Error bars in Figure 1a correspond to the
standard deviations of obtained contact angles at both sides.
See SI.2 for more details on the contact angle calculation.
Figure 1a shows how the van der Waals interaction changes the
contact angle of a water droplet. For example, a water droplet
on a copper surface shows a contact angle of almost 84°.
Increasing the van der Waals interaction in this range decreases
the contact angles to almost 0°. The figure insets show how
droplets form on each surface. The contact angles for the
various van der Waals interactions show a good agreement
with previously reported values from the literature.67,70,71

Once the surface wettability is characterized, we investigate
the evaporation physics related to the rates associated with
phase change using cell 2, with dimensions of 7.23 nm × 3.61
nm × 22.92 nm in the x, y, and z directions, consists of 6400
atoms in the solid substrates at the top and the bottom of the
simulation cell. The two outermost layers of solid surfaces are
fixed to keep the volume of the cell constant. As shown in
Figure 1b, for different simulations, a thin water film with
thicknesses of 5, 3, 2, and 1 nm consisting of 4350, 2610, 1740,
and 626 water molecules, respectively, is placed on the solid
surface at the bottom. Periodic boundary conditions in all
directions are applied to ensure particle interactions across the
boundary of the unit cell. Due to the small thicknesses of
nanothin films, the effects of gravitational forces on the water
films in all cases are much smaller compared to other types of
attraction forces such as van der Waals and will be negligible. A
time step of 1 fs is chosen for the computations to ensure the
stability of the motion of molecules and conservation of
energy.
To study the evaporation phenomena for various surface

types and different water film thicknesses, each system is first
equilibrated for 1 ns in the NVT ensemble, where the
temperature of the system is maintained at 300 K using the
Nose−́Hoover thermostat. Then, the phase change process of
the water film is performed in a constant-energy, constant-

volume ensemble (NVE) under elevated temperature in the
bottom. Berendsen thermostats maintain the temperature of
the bottom surface at 500 K, which acts as an evaporator, and
the temperature of the top surface at 300 K, which collects the
evaporated water molecules (Figure 1b). These thermostats at
the top and bottom create a temperature gradient between the
evaporator and condenser. This temperature gradient leads to
a constant heat flux across the system, which enables the phase
change process. The heat flux is calculated by recording the
accumulated heat across the system due to the presence of the
thermostats at both ends of the simulation cell. In this study,
the liquid and vapor phases are distinguished based on the
density of their neighbor region. The region with the density of
0.4 g/cm3 is identified as the liquid−vapor interface, separating
liquid and vapor phases,14 separating liquid and vapor phases
where the density is equal to the average of liquid (∼0.8 g/
cm3) and vapor (∼0 g/cm3). It should be noted that, with the
heated boundary condition, liquid−vapor interfaces continu-
ously change and are monitored during the simulations. The
solid−liquid interface is defined as the location of the closest
water molecules to the solid substrate, ranging between 18 and
22 Å.
To quantify the translational dynamics of water near the

solid contact line, the density of states (DoS) is calculated
from EMD simulations for different surface types. For this, cell
3 is defined, which is smaller than cell 2 in size to save
computational cost and time for different water film
thicknesses of 5, 3, 2, and 1 nm. For this, the system is first
equilibrated for 1 ns in the NVT ensemble at 300 K. Then,
data sets are collected for an additional 20 ps simulation time.
Since femtosecond resolution is needed for the calculation of
DoS, the velocities of each atom in the system are extracted
with time steps of 1 fs. Velocity autocorrelation functions
(VACF) are calculated after the simulation runs for 20 ps. The
VACFs are obtained for a maximum delay time of 10 ps,
therefore each point on the VACF signal is an average value
over a time period of 10 ps. It should be noted that the VACF
and DoS are calculated for interfacial oxygen and solid atoms
within an 8 Å distance from the solid−liquid interface.

Evaporation Phenomena in Nanofilms. Once the
surface wettability is characterized, we simulate the transient
evaporation performances using cell 2 (Figure 1b). As shown
in Figure 1b, the liquid film thickness ranges from 5 to 1 nm,
where the sub-nanometer thickness is suggested to understand
the effects of intermolecular forces between the solid surface
and water molecules; various surface wettability from ε =
0.0073−0.0294 eV is exploited; and the top and bottom
surface temperatures are maintained at 500 and 300 K,
respectively. It should be noted that for the surface with the 1
nm water film, where the van der Waals interaction between
the solid and oxygen atoms is ε1 = 0.0073 eV, the water film
shows the formation of droplets during the equilibrium
process, as shown in Figure 1b. Since the average thickness
of the water droplet is not uniform, calculations of the thermal
resistances and DoS are excluded for this case and only
evaporation rates are reported. The simulation outcomes allow
us to calculate the evaporation rates by tracking the number of
liquid and vapor molecules in the cell72

̇ ″ =
Δ
Δ

m
N
t

M
N A

1
MD
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AV LV (1)
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In this equation, NL is the liquid molecule number at each time
step, Δt is the time interval for which the liquid molecule
number is counted. NAV, ML, and ALV are Avogadro’s number,
water molar weight, and liquid−vapor interface area,
respectively. In all simulations, the time interval of 5 ps is
used for the evaporation rate calculation. The representative
plots of NL/Ntotal and corresponding evaporation rates in
Figure 2 show distinct changes, which can be categorized into

three different regimes: (1) In the onset regime, the slope
gradually increases starting from 0 at NL/Ntotal = 1. This
increasing trend is attributed to the time required for the liquid
molecules in the upper layers to obtain enough energy from
the solid atoms to depart the liquid phase. The hydrophilic
surfaces show the strong intermolecular forces between the
solid and liquid molecules, leading to dense and uniform liquid
films (see SI.2) enough to transport energy from the solid to
liquid molecules. On the other hand, the liquid molecules are
loosely packed near neutral surfaces, so additional time is
required to transport energy to upper liquid molecules, which
means a slow evaporation. (2) The steady regime, where the
slope of NL/Ntotal remains a constant over time, corresponds to
a near-equilibrium state with a constant evaporation rate. (3)
In the suppressed regime, the decrease in the liquid film
thickness at the bottom surface leads to a suppressed
evaporation rate that eventually decreases to 0. This is related
to the pronounced attractive forces between interfacial water
molecules on a solid surface and is studied in more details in
later sections.
The observation of three regimes is clear for the thicker

liquid films or neutral surfaces in Figure 2a,b, where the
attractive forces between the liquid and solid molecules are
relatively weak. As the film thickness decreases or the surface
becomes hydrophilic in Figure 2c,d, the onset regime as well as
the steady regime disappears, and the suppressed regime

begins at the earlier stage. Therefore, the maximum
evaporation rate of ∼1000 kg/(m2 s) occurs at the beginning.
The 1 nm film evaporation is mainly composed of the
suppressed regime.
The effects of surface wetting properties on the regime-

averaged thickness (that is averaged over time for each regime
distinguished by the slope of NL/Ntotal) are examined, as
Figure 3 shows the normalized regime-averaged thickness for

all cases. Film thickness is defined as the distance between the
liquid−vapor interface and the solid−liquid interface line. The
average thicknesses in the steady regime are calculated during
the time that the evaporation rate remains within 20% of the
maximum value. In Figure 3, the normalized water film
thickness in the onset regime does not change from its initial
value, which is approximately 1, as most of the water molecules
have not received enough energy from the heat source yet. The
thickness in the steady regime decreases as the water molecules
constantly evaporate. This means that hydrophilic surfaces
show a smaller thickness due to a higher evaporation rate. The
water film thickness in the suppressed regime is almost the
same for all cases, referred to as the critical thickness δc in this
work. The δc exists because of the strong intermolecular forces
between the solid and liquid molecules, resulting in a slow
evaporation. The average δc is about 0.5−0.6 nm, representing
two layers of water molecules. The computational results on
transient evaporation rates suggest attaining hydrophilicity for
the stable and reliable evaporations.

Solid-like Behaviors of Nanofilms. To better understand
how thermal energy transports through different phases during
the evaporation, we further examine the atomistic motions
near the contact lines by measuring the density of states
(DoS)73−75 in cell 3, by exploiting the velocity autocorrelation
function (VACF) for the solid or oxygen atoms near
interfaces.58,76 The Fourier transform of the VACF provides
the DoS function

∫ν = ⟨ · ⟩
⟨ · ⟩

π ν−v t v
v v

tDoS( )
( ) (0)
(0) (0)

e di t2

(2)

Figure 2. Transient evaporation performances for various surface
wettability (ε1 = 0.0073 eV, ε2 = 0.0110 eV, ε3 = 0.0147 eV, ε4 =
0.0221 eV, and ε5 = 0.0294 eV). Plots show the changes in the
normalized number of liquid molecules to the total liquid molecules,
where the slopes of NL/Ntotal represent the evaporation rates in the
insets, for different water thickness of (a)−(d) δ0 = 5, 3, 2, and 1 nm,
respectively. The thicker liquid films exhibit three distinct regimes:
the onset, the steady, and the suppressed evaporation regimes. As the
thickness decreases or the surface becomes hydrophilic, the onset
regime disappears, and the slope rapidly decreases in a prolonged
suppressed regime.

Figure 3. Normalized water film thickness averaged for each
evaporation regime. In the onset regime, the thickness remains the
same as its initial value of 1 because of a slow evaporation. In the
steady regime, the heat is being uniformly transferred to all of the
liquid molecules, and this process is mainly governed by surface
wettability. In the suppressed regime, the evaporation rate slowly
decreases toward 0 due to the strong intermolecular forces between
the liquid and solid molecules. The critical thickness δc in the
suppressed regime is in the order of only two water layers, which is
0.5−0.6 nm, for all cases, regardless of the surface wetting properties
and initial thicknesses. The error bars correspond to the deviations
along the x-direction in the simulation cell.
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Analysis of the DoS measures the motion of particles in the
frequency domain from an atomistic perspective, which can
provide the insights into the kinetics and thermodynamics of
molecules at the interface.59 The DoS of a fluid can be
decomposed into gas- and solid-like components using the
two-phase thermodynamic model (2PT)77,78

ν ν ν= +− −S SDoS ( ) ( ) ( )gas like solid like (3)

where Sgas‑like(ν) and Ssolid‑like(ν) represent all of the diffusive
components and all nondiffusive characteristics, respectively.
The gas-like component is assumed to follow the hard-sphere
model78

ν =
+ π ν

−S
S

( )
1 S

f N

gas like

0

6

20Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ (4)

where S0 is the density of state at zero frequency, f is the
fluidicity parameter, and N is the number of molecules in the
system. The fluidicity parameter spans between zero and unity
to represent both the absolute nondiffusive solid-like behavior
and in contrast the complete diffusive ideal gas behavior. By
using the 2PT model, we determine the thermodynamic
properties of a fluid as well as the fluidicity parameter f for each
surface. Based on this, a universal equation for the fluidicity is
calculated as78

Δ − Δ − Δ + Δ +

− =

− − − −f f f f f2 6 6 2

2 0

9/2 15/2 3 5 3/2 7/2 3/2 5/2

(5)

where Δ is the nondimensional diffusivity constant. Non-
dimensional diffusivity constant is a function of temperature,
volume, the number of particles in the system, mass of the
particles, and the density of states at zero frequency. Therefore,
Δ can be obtained by

π
π
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zzz
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jjj
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where T, V, and N represent the temperature, the volume, and
the number of particles in the system, respectively, while k is
the Boltzmann constant and S0 is the value of DoS at zero
frequency. From this equation, Δ can be simply found using
measurable features of the system such as temperature, volume,
and the number of particles. Further, the value of the fluidicity
parameter can be found by solving eq 5 based on the obtained
Δ.78
The DoS functions in liquid films are shown to display a

peak at low frequencies due to the weak van der Waals
interactions between water molecules. In contrast, the solid-
like DoS functions have a peak at higher frequencies (see SI.5),
where the peaks are related to the vibrations of solid atoms. In
addition, the solid-like component should be 0 at frequency =
0, whereas the gas-like component possesses a nonzero value at
the same position. The decomposition of the DoS into gas and
solid-like components is essential for separating the diffusional
and vibration contributions. The finite value at zero frequency
is therefore a measure for the level of diffusivity of the
system.77 Using the 2PT model, some degrees of freedom of
the atoms are associated with solid-like behaviors using
harmonic oscillator assumption, while some degrees of
freedom are related to gas-like behaviors using hard-sphere
assumption. Figure 4 shows the decomposed density of states
(DoS) function into solid- and gas-like components for

different water film thicknesses on various surfaces. The total
DoS functions before the decomposition for all cases are
calculated in the insets of Figure 4. The solid-like component
starts from zero at zero frequency, whereas the gas-like
component possesses a nonzero value at the same position. For
the hydrophilic surfaces, the peak of the solid-like components
slightly decreases and gets shifted to higher frequencies, while
the values of the gas-like component dramatically decrease. For
more hydrophilic surfaces, the gas-like component of the DoS
starts with lower values compared to the neutral surface.
Such solid-like behaviors on hydrophilic surfaces are

attributed to the strong bonds between the surface and water
molecules. As the liquid film thickness decreases down to two
layers of water molecules, thinner films have much smaller gas-
like component values, proving the dominant solid-like
behaviors. The molecular behaviors support the presence of
the critical liquid film thickness during the extended sup-
pressed evaporation regime, explained in the earlier section.
These findings are listed in the regime map in the abstract
figure.

Interfacial Thermal Resistance Analysis. As the liquid
film thickness decreases, molecular vibrational mismatches at
the interface play a key role in determining the overall
transport physics instead of conduction through liquid or solid
phases. An equivalent thermal circuit that represents heat
transfer in the cell is illustrated in Figure 5a inset, which
consists of (1) conduction resistance through the solid surface
R″c,s (which is not considered in this study), (2) resistance
through the solid−liquid interface R″K, (3) conduction
resistance through the liquid R″c,l, and (4) resistance associated
with evaporation at the liquid−vapor interface R″evap. The
overall thermal resistance can be calculated using the
temperature gradient from the evaporator to the vapor phase
divided by the overall heat flux, resulting in the values of 3.7 ×
10−7 and 4.9 × 10−7 m2K/W. The temperature distributions in

Figure 4. Solid- and gas-like components of density of states (DoS)
function for (a−d) δ0 = 5, 3, 2, and 1 nm, respectively. The insets
show the total DoS function before the decomposition. (a−c) As the
surface becomes hydrophilic, the peak of the solid-like component
(solid line) slightly decreases and gets shifted to higher frequencies,
whereas the gas-like component (dash line) dramatically decreases.
The results suggest that the effect of surface wettability on molecular
behaviors is critical. (d) Gas-like component in the 1 nm water film
shows much smaller values, which supports the notion of solid-like
characteristics in the sub-nanometer thin films.
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Figure 5a allow us to calculate each value of thermal
resistances, while Figure 5b,c shows the detailed views of
temperature distributions of the evaporator and condenser,
respectively. The values of the conduction resistance R″c,l
through the liquid range from 1.6 × 10−9 to 8.3 × 10−9

m2K/W, which is much smaller than other interface resistances
and will not be considered in this study. See SI.6 for the details.
Discontinuous temperature profiles at the solid−liquid

interface are observed because of molecular-level scattering
mismatches between those two phases, which can be translated
into interfacial thermal boundary resistance, the Kapitza
resistance R″K.62,79 Kapitza resistance can be calculated using
the ratio of the temperature difference across the solid−liquid
interface ΔTls in the steady evaporation regime and heat flux
q″. Kapitza resistances range from 2.7 × 10−8 to 1.1 × 10−7

m2K/W in Figure 5d, showing a good agreement with values
reported in previous studies.41,42,67,80,81 This plot shows that
the Kapitza resistances decrease because of the solid-like
behaviors of water molecules, as the surface becomes
hydrophilic. It is evident that no strong dependence on the
water film thickness is observed here. This can be because the
Kapitza resistance is calculated after the evaporation reaches
the steady states, showing the similar range of critical film
thickness (Figure 3) that makes a balance between
intermolecular attractions and evaporation phenomena regard-
less of the initial water film thickness. It should be noted that
since for 1 nm film on neutral surfaces, the film thickness is
nonuniform showing the formation of droplets, the calculations
of average film thickness, DoS, and thermal resistances are
excluded for this case.
At the liquid−vapor interface, heat is transferred as a result

of the exchange of energy between those two phases. The
evaporative heat transfer coefficient is defined to represent heat
transfer between the liquid and vapor phase during evaporation
over the temperature differences

= ″ −h q T T/( )lv v (7)

where Tlv and Tv are the temperature of the liquid−vapor
interface and vapor domain, respectively. Since the vapor
region is enclosed by the evaporator and the condenser at both
ends of the system, the temperature of the vapor region Tv is
calculated as the average temperature of the hot and cold
regions. To evaluate the evaporation performance in each case,
the evaporation resistance R″evap is defined in the thermal
circuit as the inverse of the evaporative heat transfer coefficient
h at the interface. Using the latent heat and evaporative mass
flux, the equivalent evaporation resistance can be expressed as

″ =
−

″
R

T T
m hevap

lv v

evap fg (8)

Figure 5e shows the evaporation resistances at the liquid−
vapor interface, which are in the order of 4.6 × 10−8 and 3.7 ×
10−8 m2K/W. As the surface becomes more hydrophilic, the
temperature difference between the liquid−vapor interface Tlv
and the vapor temperature Tv slightly increases (see the inset
of Figure 5e), as well as the evaporation rates.
Kapitza resistances are larger than evaporation resistances by

almost three times and thereby govern the overall thermal
resistance. Here, the hydrophilic surface showcases more solid-
like behaviors of water molecules in an adsorbed water
nanofilm, which eventuates in the decrease in the molecule
vibration mismatches between solid and liquid molecules.
Therefore, the hydrophilic surface attains smaller Kapitza
resistance as well as the total thermal resistance, which implies
more efficient heat transfer through phases. Once the liquid
thickness is decreased below the critical film thickness, the
evaporation is mostly suppressed due to the strong
intermolecular attractions between the solid surface and liquid
molecules.

Figure 5. Temperature profile along the domain during the evaporation of a 5 nm water film. (a) Temperature profiles in the z-direction are shown
for various surface wetting properties. The evaporator (left) and the condenser section (right) correspond to the high temperature (500 K) and low
temperature (300 K). The representative data is averaged over the steady-state region. Standard deviations are shown with colored shades for each
surface. Plots show the detailed view of the temperature profile in the (b) evaporator and (c) condenser sections. Temperature discontinuity across
the solid−liquid interface is attributed to the interfacial thermal boundary resistance, called the Kapitza resistance, and varies as the surface
wettability changes. (d) Discontinuity is attenuated for hydrophilic surfaces due to stronger intermolecular interactions between the solid and water
molecules, decreasing the Kapitza resistance. (e) Evaporation resistances show independent values to the surface properties. The temperature
differences between the interface Tlv and the vapor domain Tv are shown in the inset. The Kapitza resistances are larger than evaporation resistances
by almost three times, which dominate the effective thermal resistance.
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■ CONCLUSIONS
This study reveals the impact of surface interfaces on thermal
transport properties during evaporation from an atomistic
perspective. For this, we simulate evaporating water molecules
in nanothin liquid films by employing molecular dynamics
simulations. The time-dependent evaporation phenomena have
been classified into three evaporation regimes: the onset, the
steady, and the suppressed regimes, suggesting the presence of
the critical film thickness ranging from 0.5 to 0.6 nm. Above
the critical film thickness, the combination of wettability and
hydrophilicity affects evaporation phenomena and thereby
overall thermal resistances. Once the liquid thickness is
decreased below the critical film thickness, the evaporation is
mostly suppressed due to the strong intermolecular attractions
between the solid and liquid atoms. The hydrophilicity-driven,
solid-like behaviors eventually result in the low values of
thermal resistances at the solid−liquid interfaces, called the
Kapitza resistances. The Kapitza resistances are almost three
times larger than evaporation resistances and thereby govern
the effective thermal resistance, which is also mainly
dominated by the surface wettability. The understanding
about the detailed interface resistances reveals how hydrophilic
surfaces significantly improve thin-film evaporation phenom-
ena related to their molecule-level behaviors. This improve-
ment in thermal transport is favorable in many cooling
applications and other thermal management systems. In
addition, the suppressed regime that is observed during the
evaporation from hydrophilic provides a uniform liquid
thickness for a longer time. The suppressed regime during
the evaporation might postpone dry-outs and prevent
consequent damages to the surface. Advances in the
fundamental understanding of water nanofilms have direct
implications in designing nanostructure-enhanced heat transfer
applications where interfacial water properties are dominant.
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