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ABSTRACT: Acquiring rapid and efficient boiling processes has been the focus of industry as they have the potential to improve
the energy efficiency and reduce the carbon emissions of production processes. Here, we report nanoscale thin-film boiling on
different heterogeneous surfaces. Through nonequilibrium molecular dynamics simulation, we captured the triple-phase interface
details, visualized the bubble nucleation, and recorded the internal fluid flow and thermal characteristics. It is found that nanoscale
thin-film boiling without the occurrence of bubble nucleation shows excellent heat and mass transfer performance, which differs from
macroscale boiling. In general, rough structures advance the onset time of stable boiling and improve the efficiency. The heat transfer
coefficient and heat flux on a rough hydrophilic surface respectively reach to 7.43 × 104 kW/(m2·K) and 1.3 × 106 kW/m2 at a
surface temperature of 500 K, which are 100-fold higher than those of micrometer-scale thin-film boiling. However, due to the
resultant vapor film trapped between the liquid and the surface, the rough hydrophobic surface leads to heat transfer deterioration
instead. It is revealed that the underlying mechanism of regulatory effects resulting from surface physicochemical properties is
originated from the variation of interfacial thermal resistance. It is available to reduce the overall interfacial resistance and further
improve the heat and mass transfer efficiency through increasing surface roughness, enhancing surface wettability, and increasing the
area proportion of the hydrophilic region. This work provides guidelines to achieve rapid and efficient thin-liquid-film boiling and
serves as a reference for the optimized design of surfaces utilized for high-heat flux removal through vaporization processes.

1. INTRODUCTION

Boiling is a pervasive phase transition phenomenon and has
widespread industrial applications, such as power generation,1

microelectronic device cooling,2,3 and chemical processing.4

Especially in the energy conversion and utilization systems,
boiling processes are widely utilized for enhancing heat transfer
performance; thus, it is of great significance to acquire more
rapid and efficient boiling for the improvement of energy
efficiency.
Recently, the development of micro-/nanomanufacturing

technology facilitates the production of engineered surfaces
with composite micro-/nanostructures. Owing to the distinc-
tive properties for promising applications in various fields,
these composite structures have attracted increasing attention
of surface engineers in recent years.5−7 The experimental
studies also reveal that these multiscale structures are
important to enhance the liquid−vapor phase change,8−16

where the heat transfer coefficient (HTC) as a ratio of the heat

flux q and the wall superheat ΔT is usually adopted to evaluate
the thermal performance. Wen et al.17 developed a two-level
hierarchical surface with patterned copper nanowire arrays,
which demonstrates a 185% higher boiling HTC as compared
with a plain copper surface. Dai et al.18 experimentally and
theoretically showed the decoupled effects of the surface
structure and wettability by conducting pool boiling experi-
ments on TiO2 film-coated copper meshes. These enhance-
ment methods seem numerous and diverse but are essentially
developed by manipulating the bubble dynamics19,20 during
nucleate boiling. In the macroscale pool boiling, bubbles are
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the gaseous domains on the active nucleation sites of surfaces,
they experience nucleation, formation, growth, and departure
in their lifetime, and the boiling heat transfer is dominated by
these bubble dynamics behaviors. It is found that the HTC can
be increased by increasing the nucleation site density,
enhancing the bubble growth rate, and accelerating the bubble
departure frequency. Therefore, to properly control the bubble
behaviors and then guide us to acquire a more efficient boiling,
intensive efforts have been devoted to investigating the
underlying mechanism of bubble dynamics.21,22 However, the
direct observation and evaluation of the boiling bubble
behavior by experiments remain a great challenge due to the
nanoscale size of initial bubble nuclei. A molecular-scale
understanding of the dynamics, the controlling factors, and the
mechanisms of boiling bubbles is crucial to design rapid and
efficient boiling processes. Although some numerical studies
on boiling have been conducted through molecular dynamics
(MD) simulations in the past decade,23−28 the intuitive
visualization and observation of bubble nucleation and growth
are lacking, and the mechanism of the initial bubble behaviors
merits an in-depth interpretation.
Compared with the boiling of the bulk liquid, thin-film

boiling1,29,30 is quite different, and its faster vaporization and
higher heat transfer have attracted increasing attention in the
past few years. Wang and Chen31 utilized nanoporous
membranes to realize thin-film boiling and obtained a high
heat flux of over 1.2 kW/cm2, which exceeds the theoretical
limit when the liquid layer thickness is estimated to be tens of
micrometers. It is revealed that the heat flux increases as the
thickness of the liquid film decreases, so it becomes interesting
to figure out the following: what is the upper limit of boiling
heat flux and how does the heat and mass transfer of nanoscale

thin-film boiling perform? Both the surface structure and
wettability are critical for boiling processes, and most surfaces
in nature are not flat and homogeneous, so it comes to this
question: will the heterogeneous nanostructured surfaces with
hybrid wettability enhance or reduce nanoscale thin-film
boiling? However, we note that few studies have focused on
nanoscale thin-film boiling on chemically and physically
heterogeneous surfaces, and the bubble dynamics of this
boiling process may be distinct and needs to be elucidated
clearly.
Unlike traditional computational fluid dynamics simulations,

the MD method can directly explore the nanoscopic origins,
elucidate phenomena from a molecular perspective, and
provide a fundamental understanding that is not accessible
by experiments; thus, it has been widely used to investigate
various interfacial phenomena, such as droplet wetting,32,33

impact,34−37 coalescence,38,39 and evaporation,40,41 as well as
liquid boiling42−47 and vapor condensation.32,48−52 In this
paper, nonequilibrium molecular dynamics simulations were
performed to investigate the nanoscale thin-film boiling
process. Aiming at understanding the initial bubble behaviors
and the heat and mass transfer performance, this work was
conducted and illustrated around the following objectives: (1)
capturing the triple-phase interface to record the lifetime of
nanobubbles, (2) visualizing the internal fluid flow and thermal
characteristics, (3) studying the effects of surface physico-
chemical properties on boiling performance, and (4) revealing
the essential regulation mechanism.

2. METHODS
The schematic view of the boiling process is shown in Figure 1a,
where a heated substrate is submerged in a stagnant liquid pool.
Boiling is an energy transfer process coupled with mass transfer,

Figure 1. (a) Schematic illustration of the boiling process. The bulk liquid absorbs heat from the substrate to vaporize intensely; this is a
representative phenomenon involving heat and mass transfer. (b) Initial configuration of the simulation domain in a vertical section. The working
fluid moves from the hot side (bottom substrate) to the cold side (upper wall) by evaporation and condensation. The partially enlarged view shows
the arrangement of solid surface atoms. (c) Topography of the four groups of surfaces used in this study: a smooth homogeneous surface with
uniform wettability, a smooth heterogeneous surface with hybrid wettability regions, a rough homogeneous surface with uniform wettability, and a
rough heterogeneous surface with hybrid wettability pillars. The hybrid wettability region is a 3.07 nm square pattern, and the nanopillar has the
same size of width W = 3.07 nm, spacing S = 2.35 nm, and height H = 1.81 nm. (d) Wetting morphology of the droplet and calculation of the
contact angle, which characterizes the intrinsic wettability of the hydrophilic surface and the hydrophobic surface used herein.
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where the temperature difference drives heat transfer from the
underlying surface to the bulk liquid, accompanied by an intense
vaporization phenomenon. As shown in Figure 1b, we built and
conducted classical MD simulations to study the heat transfer and
mass transfer performance of the nanoscale thin-film boiling process
and the influence of the surface structure and intrinsic wettability. To
prevent the increasing vapor molecules aggregating in the upper
region and further restraining the evaporation rate at the gas−liquid

interface, we constructed a cooling wall in the upper boundary to

condense a part of vaporized molecules, and the distance between the

heating substrate and the cooling wall was large enough to eliminate

the influences of the generated condensate. The simulation domain

had a size of 11.2 nm, 11.2 nm, and 21.2 nm in the x, y, and z

directions, respectively. The periodic boundaries were applied in the

horizontal directions (the x and y directions), and the z direction of

Table 1. The Physicochemical Properties of Each Simulated Surface

designation property

smooth surfaces So uniformly hydrophobic
Si uniformly hydrophilic
Sio hydrophilic substrate with hydrophobic patterns
Soi hydrophobic substrate with hydrophilic patterns

rough surfaces Ro uniformly hydrophobic
Ri uniformly hydrophilic
Rio hydrophilic substrate with hydrophobic structures
Roi hydrophobic substrate with hydrophilic structures

Figure 2. Time-lapse snapshots of the boiling process for the surface Rio (rough surface with a hydrophilic substrate and hydrophobic nanopillars).
(a) Front view, the top half of the simulation domain is hidden, and the gas−liquid interface is visualized to observe the morphological change of
the liquid film more intuitively. (b) Perspective view, the first snapshot schematically shows the cross section used to analyze fluid characteristics.
(c) Fluid density contour in the y−z central cross section (x0 = 56 Å). (d) Fluid temperature contour and velocity field in the y−z central cross
section (x0 = 56 Å).
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the system was set to be a fixed boundary condition with reflecting
walls.
Water was used as a working fluid to construct the liquid film with

a thickness of about 4 nm, and to ensure comparability among all
cases, the total number of water molecules was fixed at 10,170. We
chose the TIP4P model to acquire the liquid and vapor properties
exactly, where its potential function includes an intermolecular
interaction term and a Coulombic force term, as shown in the
following expression:
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where the van der Waals interaction corresponds to the 12-6-type
Lennard-Jones (LJ) potential and εOO is the energy parameter among
the oxygen atoms. To reduce computational cost, water molecules
were treated as rigid by constraining the O−H bond and the H−O−
H angle. The SHAKE algorithm was applied to water molecules to
hold their internal geometry.
To investigate the effects of surface physicochemical properties on

boiling performance, we proposed four groups of surfaces, as shown in
Figure 1c. Compared with the smooth homogeneous surface, the
smooth heterogeneous surface contained square patterns with wetting
contrast, and similarly, the rough surface consisted of a substrate and
square-pillar arrays that had uniform or hybrid wettability. Notice that
the homogeneous surface here could be a hydrophobic substrate with
hydrophilic patterns or pillars but also a hydrophilic substrate with
hydrophobic patterns or pillars; thus, eight kinds of surfaces were built

herein, and they are correspondingly designated as surfaces So, Si, Sio,
Soi, Ro, Ri, Rio, and Roi for the convenience of subsequent description
and analyses, as detailed in Table 1.

To endow the solid surface with tunable wettability and improve
computation efficiency, the simpler copper-like atoms were adopted
to constitute the bottom substrate and the upper wall, whose building
block was a face-centered cubic unit cell and the lattice constant was
3.61 Å. The intermolecular interactions between copper-like atoms
and water molecules were described by the 12-6 LJ potential, where
the energy parameter εCuO could be changed to adjust the wettability
of the solid surface. The visualization and evaluation for the intrinsic
wetting capacity of the hydrophilic surface and the hydrophobic
surface studied here are shown in Figure 1d. By extracting the droplet
profile and using the circle fitting method, the intrinsic contact angles
were calculated to be 75.2° and 116.3°, respectively. The embedded
atom model (EAM) potential was employed to describe the heat
conduction in the heating substrate and the cooling wall. Surfaces
were treated as shown in the partially enlarged drawing of Figure 1b,
the atoms in the outermost layer were frozen to prevent surface
deformation, the three middle layers acted as the heat source through
applying a thermostat, and the remaining conduction layers
transported the energy between the heat source and the liquid film.

After the model energy was minimized, we first conducted a pre-
equilibration. In this stage, to obtain a stable state of the gas−liquid−
solid triple-phase coexistence at a temperature of 373 K, the entire
system was integrated in an NVT ensemble with a Nose−́Hoover
thermostat for 1.0 ns. In the following main simulation stage, the
temperature of the bottom substrate (heat source) and the upper wall
(cold source) was respectively controlled at 500 K and 300 K by the
Langevin method, and the remaining parts were integrated with the

Figure 3. Thermophysical properties of the boiling process for the surface Rio. (a) Temporal evolution of liquid film temperature and vapor
pressure in the pre-equilibration stage. (b) Temporal evolution of liquid film temperature Tl, heating substrate temperature Ts, and vapor pressure
in the main simulation stage (boiling stage). (c) Variation of the number of evaporated molecules Nw and absorbed heat Q of the liquid film. (d)
Variation of the surface heat transfer coefficient h, the inset shows the corresponding variations of heat flux q and the temperature difference ΔT
between the heating substrate and the liquid film.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c00276
Langmuir 2022, 38, 6352−6362

6355

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NVE ensemble to simulate the transfer process combining heat and

mass. The simulation data and views were collected in this 2.0 ns

NVE process. All the MD simulations were performed using the open-

source code LAMMPS53 and visualized by the package OVITO.54

The long-range electrostatic interactions were calculated by the

particle−particle−particle mesh (PPPM) method with a relative

accuracy of 1 × 10−5. The van der Waals and Coulombic interactions

were truncated at 12 Å and 10 Å, respectively. The particle motion

equation was solved by the common velocity Verlet algorithm, and

the time step was set to 1 fs.

3. RESULTS AND DISCUSSION

3.1. Thin-Film Boiling Simulations. In this section, the
surface Rio was selected as an example to discuss the simulation
results. Figure 2a,b shows the liquid film boiling process from
different views. To save space and capture the details of the
triple-phase interface, only the bottom half of the simulation
domain was visualized, and the gas−liquid interface was
constructed using the α-shape algorithm with a probe sphere
radius of 5 Å. It is seen that the free liquid surface fluctuates
gradually with the liquid film being heated, which indicates the
increasingly intense motion of water molecules. After a certain

Figure 4. Comparison of boiling heat transfer and mass transfer performances for different surfaces. (a) Variation of the temperature difference ΔT
between the heating substrate and the liquid film, its variation tendency can be used to determine the onset time of stable boiling. (b) Onset time of
stable boiling t0 for each surface. (c) Temporal evolution of mass flux J. (d) Average mass flux J ̅ of each surface during the stable boiling stage. (e)
Temporal evolution of the surface heat transfer coefficient h. (f) Average heat transfer coefficient h̅ of each surface during the stable boiling stage.
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amount of time, a nanopillar initially immersed in liquid is
exposed above the lowered water level, and as the liquid
further vaporizes, this exposed area expands to other adjacent
nanopillars and extend from the structure top to the structure
valley, leading to a local dry-out phenomenon eventually, as is
shown in the snapshot at 2 ns.
To probe the fluid flow and thermal characteristics, the

entire simulation region was divided into many cubic boxes
with a side length of 5 Å, and the time-averaged local
properties of each box, including fluid density, temperature,
and velocity, were calculated and recorded at regular intervals
(the local properties were sampled every 5 fs, and their time-
averaged values were calculated and printed at intervals of 5 ps
from 200 samples). Considering the difficulty of directly
observing the internal fluid characteristics from an intricate
three-dimensional (3d) view, a y−z central cross section (x0 =
56 Å) was chosen to plot fluid density contours, temperature
contours, and velocity fields, which are shown in Figure 2c,d
(see the enlarged view of the velocity field images in the
Supporting Information). It is obviously observed that the
average temperature in the main part of the fluid increases and
the corresponding average density decreases as the boiling
process progresses, although the spatial distributions of
temperature and density are nonuniform. Furthermore, the
initially slow fluid flow becomes intense gradually when the
liquid film is heated, but in general, the fluid on the gas−liquid
interface is more active, indicating that a strong mass transfer
exists on the free liquid surface.
To test the simulation reliability and get the basic properties

of the system, we performed calculations on this phase change
process, whose temporal variations of thermophysical charac-
terizations are shown in Figure 3. In the pre-equilibrium stage
(Figure 3a), the liquid temperature basically stabilizes at a
setting value of 373 K, while the vapor pressure increases first
and finally fluctuates around a constant, namely, the saturation
vapor pressure of water Ps. Through fitting the simulation
results, we obtained a smooth variation curve of vapor
pressure, and the value of Ps at 373 K is calculated to be
0.087 MPa according to the fitting data, which is close to the
experimental value. In the phase change stage (Figure 3b), the
hot substrate, whose temperature Ts stabilizes at 500 K from
the beginning to the end, heats the liquid film and increases its
temperature Tl to about 477 K. Correspondingly, the vapor
pressure first increases rapidly, reaches a peak, and then
declines slowly. It should be noted that there exists a
temperature gradient along the direction of heat transfer, so
the average temperature of the liquid in every layer is different.
Here, to unify the calculation of each case, Tl was calculated as
the average liquid temperature in the middle layer with a
thickness of 5 Å.
The evaluation for heat and mass transfer performance was

obtained from the water molecule change in the vapor region
and the heat absorption from the substrate to the liquid; to
reduce the influence of strong mass exchange near the gas−
liquid interface, only water molecules in the region that is more
than 15 Å above the initial free liquid surface were counted.
Figure 3c shows the variation of the number of evaporated
molecules Nw and absorbed heat Q; both of them reach a
nearly linear growth state after the initiation stage, indicating
entering a steady phase change stage. Based on the change rate
of these data, the mass flux J and heat flux q of the system were

respectively calculated as = · ∂
∂J m

A
N

t
0 w and = ·∂

∂q
A

Q
t

1 (shown in

the inset of Figure 3d), where m0 and A denote the mass of a
single water molecule and the projective area of the substrate
(125.44 nm2). Through fitting the simulation data of Ts and Tl,
the temperature difference ΔT = Ts − Tl was calculated, whose
time history is shown in the inset of Figure 3d. The evaluation
parameter for heat transfer performance of the system, i.e., the
surface heat transfer coefficient (HTC), was calculated by
using the following formula: h = q/ΔT, whose variation
tendency is shown in Figure 3d. Although the values of both q
and ΔT are attenuated over time, there is a high HTC at the
initial moment due to the large heat flux in the initiation stage.
Soon afterward, the HTC decreases gradually and fluctuates in
a certain range when the phase transition process tends to be
steady, and the corresponding variations of the heat flux and
temperature difference are also slight in this stable boiling
stage.

3.2. Effects of Surface Physicochemical Properties on
Boiling Performance. Simulation results of all cases are
presented and discussed here to systematically analyze the
effects of surface physicochemical properties (roughness and
wettability) on boiling, especially on the heat and mass transfer
performance. The aforementioned results suggest that the
phase change process takes a certain period of time to stabilize;
thus, the transition from the initiation stage to the stable
boiling stage can be denoted by an onset time, which would
quantify how quickly the boiling phenomenon happens. The
onset time t0 of stable boiling was extracted from the crossover
point between the initiation stage and the stable stage, which
was defined as the critical point whose ΔT value increased by
5% compared with the final value of ΔT. Figure 4a,b shows the
temporal variation of ΔT and the value of t0 for each
corresponding surface. It can be found that the rapidity of the
change in all cases is disparate, notwithstanding the similar
exponential trend for ΔT. For the onset time of stable boiling
obtained from the ΔT−t curve, rough surfaces have a lower t0
than smooth surfaces on whether an overall or individual level
(i.e., Ro < So, Ri < Si, Rio < Sio, and Roi < Soi), indicating that
rough structures promote a quicker-response boiling process,
which is more desired in the industrial manufacturing field.
Figure 4c presents the calculated results of mass fluxes J;

there is an obvious climb in the initiation stage, but the whole
trends are intricate and fluctuant for all cases, which makes it
hard to make a comparison directly. Hence, the average mass
flux J ̅ is introduced here, which is obtained by averaging the
value of J only in the stable boiling stage and is more suitable
to estimate the overall mass transfer performance for each
surface. As shown in Figure 4d, rough surfaces have larger mass
fluxes than corresponding smooth surfaces (i.e., Ri > Si, Rio >
Sio, and Roi > Soi) apart from the surface Ro, with increases of
14.87%, 8.65%, and 34.03%, respectively, and the value of mass
flux for the surface Ri is as high as 7.34 × 102 kg/(m2·s). The
results suggest that for nanoscale thin-film boiling, a rough
hydrophilic surface possesses the highest mass flux, while the
combination of a hydrophobic substrate and hydrophilic
structures may induce the greatest improvement in mass
transfer performance.
Figure 4e demonstrates the calculated results of the heat

transfer coefficient h; there is a high HTC in the initiation
stage, especially for rough surfaces, and then, the HTC
decreases gradually and fluctuates when entering the stable
boiling stage. Similarly, to directly compare and quantitatively
estimate the overall heat transfer performance of each surface,
we calculated the average value of the HTC only in the stable
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stage, which is termed as the average heat transfer coefficient h̅.
As shown in Figure 4f, rough surfaces have a larger HTC than
corresponding smooth surfaces (i.e., Ri > Si, Rio > Sio, and Roi >
Soi) apart from the surface Ro, with increases of 20.89%, 0.17%,
and 69.65%, respectively. Among them, the value of h̅ for the
surface Ri is as high as 7.43 × 104 kW/(m2·K), and the
corresponding heat flux reaches to about 130 kW/cm2, which
is higher by about 100 times than that of the micrometer-scale

thin-film boiling31 and shows great potential in high-heat flux
removal.
The above results indicate that rough structures enhance

both the mass flux and the heat transfer performance of the
boiling process, except for rough hydrophobic surfaces.
According to our observation, a bubble forms only on the
rough hydrophobic surface Ro (refer to the visualization of
each simulation case in the Supporting Information); the
phenomenon is arrestive because promoting the bubble

Figure 5. Representative snapshots of the boiling regime for the surface Ro (rough surface with uniform hydrophobicity). The top half of the
simulation domain is hidden, and the gas−liquid interface is visualized to intuitively observe the shape and location change of bubbles during the
boiling process. (a) Orthogonal view and (b) side view.

Figure 6. (a) Interaction energy intensity I of each surface. (b) Schematic for calculating the potential energy of a water molecule. (c) Potential
energy distribution of a water molecule on the structural unit of the rough hydrophobic surface Ro, the dashed circles mark the region with the low
value of potential energy. (d) Average potential energy Uave and the minimum potential energy Umin of a water molecule on each surface.
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formation is essential to enhance the macroscale boiling heat
transfer; however, this is not the case in the simulated
nanoscale system, where the rough surfaces that inhibit the
bubble nucleation have a better performance instead. Figure 5
shows the unique boiling regime of the rough hydrophobic
surface Ro. Bubble nuclei first originate at the base corner of
nanopillars and gradually grow into nanobubbles, but due to
the weak pinning effect of the hydrophobic surface, further
growth and coalescence of bubbles prompt the dramatic triple-
phase contact line expansion from the structure base to the
structure valley to the structure top and finally generate a vapor
film trapped between the liquid and the substrate, which can
inhibit heat and mass exchange and induce heat transfer
deterioration. Therefore, pinning the bubble contact line and
even suppressing bubble formation are conductive to
enhancing the heat and mass performance of thin liquid films.
To understand the physical mechanism of bubble nucleation

from a molecular view, we computed the intensity I of solid−
liquid interaction energy (simulation details are in Section S3
of the Supporting Information), which represents an energy
per unit area28,43 to separate a group of particles into two parts
and can be used to evaluate the energy barrier of bubble
nucleation. As shown in Figure 6a, the value of I is manipulated
by the surface wettability and structures; rough surfaces have a
lower interaction energy intensity than corresponding smooth
surfaces (i.e., Ro < So, Ri < Si, Rio < Sio, and Roi < Soi), with
decreases of 58.35%, 21.03%, 21.40%, and 19.47%, respec-
tively. According to the simulation data, we found that this is
because the extra solid atoms from structures greatly reduce

the potential energy and further decrease the total energy of
the system (as shown in Figure S4 of the Supporting
Information). Due to the fact that the nucleation path follows
the principle of minimum free energy, the rough hydrophobic
surface Ro with the lowest interaction intensity is favorable for
bubble nucleation, while the bubbles need to absorb more heat
to break the nucleation energy barrier for other surfaces.
Figure 5 shows that bubble nuclei first originate at the base

corner of nanopillars on the surface Ro. To analyze the
behaviors of bubble nucleation, we computed the potential
energy28,45 U of one single water molecule at the solid−liquid
interface. Taking the surface Ro for example, as shown in
Figure 6b, we chose a structural unit (one single pillar) and
calculated the potential energy between one single water
molecule and all solid atoms according to the 12-6 LJ potential
function. After obtaining the values of U in various positions,
an x−z central cross section was selected to plot the potential
energy distribution of a water molecule on the surface Ro, as
shown in Figure 6c, and the potential energy distribution on
other surfaces is shown in Figure S5 of the Supporting
Information. The potential energy with a negative value
represents that the water molecules are restricted; obviously,
the potential restriction on the liquid molecules is larger than
that on the vapor molecules; thus, the liquid molecules need to
absorb enough heat from the surface to vaporize. Furthermore,
it is seen that there exist low-potential-energy regions at each
solid−liquid interface; their different locations cause the
potential energy distributions to be varied. Especially for the
surface Ro in Figure 6c, the base corner regions marked by

Figure 7. Calculation and comparison of the interfacial thermal resistance for different surfaces. The simulation model and methods are illustrated
by an example of the surface Ri. (a) Measurement system configuration in the vertical section. (b) Evolution of the accumulative exchanged heat in
the heat source and the heat sink. (c) System temperature distribution along the z direction, where shadow areas denote the solid−liquid
overlapping regions. (d) Interfacial thermal resistance R and area proportion ϕ of the hydrophilic region for each surface.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c00276
Langmuir 2022, 38, 6352−6362

6359

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00276/suppl_file/la2c00276_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00276/suppl_file/la2c00276_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00276/suppl_file/la2c00276_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00276/suppl_file/la2c00276_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00276?fig=fig7&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dashed circles have the locally lowest potential energy, which
indicates that the interaction between the liquid molecules and
the surface is the strongest; therefore, the liquid molecules in
these regions can absorb more thermal energy to form bubble
nuclei relatively easily. Based on the data of potential energy
distribution, we calculated the average potential energy Uave
and the minimum potential energy Umin of a water molecule
(calculation details are in Section S4 of the Supporting
Information), as shown in Figure 6d. The results indicate that
the potential energy changes with the surface physicochemical
properties; rough surfaces have a lower Uave and Umin than
corresponding smooth surfaces, and compared to the
uniformly hydrophobic surfaces, the addition of hydrophilic
regions also reduces the values of Uave and Umin.
3.3. Mechanism Analysis of Boiling Enhancement. For

a nanoscale system involving heat transfer, the interfacial
thermal resistance (ITR)44,55 at the solid−liquid interface is a
significant factor. To elucidate the underlying mechanism of
regulation effects of surface physicochemical properties on heat
and mass transfer efficiency, another set of simulations were
conducted to calculate the interfacial thermal resistance R of
each surface. Taking the surface Ri for example, the liquid is
sandwiched between two identical surfaces called wall 1 and
wall 2, and the distance between the opposite walls is larger
than the cutoff radius of 12 Å, as shown in Figure 7a. Surfaces
were treated in the same way as mentioned above; the three
middle layers work as a heat source or a heat sink through
applying a thermostat. Similarly, an NVT ensemble was first
applied to the whole system at 340 K for 1.0 ns, and then, the
ensemble was switched to NVE while the temperatures of the
heat source and the heat sink were respectively controlled at
370 K and 310 K for 2.0 ns, introducing a temperature gradient
into the system.
According to the formula R = ΔT/q, the interfacial

temperature difference and heat flux are requirements in the
calculation of ITR. Figure 7b demonstrates the variation of
accumulative exchanged heat, whose positive and negative
values respectively represent heat absorption and heat release.
Based on the linear fitting results of exchanged heat, the heat
flux of the heat source q1 and the heat flux of the heat sink q2
were computed with the same method as mentioned above,
and their approximately equal values prove the simulation
reliability. To get the value of ΔT, the entire system was
divided into many equally sized one-dimensional bins along
the z direction, and the time-averaged temperature of each bin
was calculated and recorded at regular intervals. Figure 7c
shows the stable-state temperature distribution of the system in
the vertical direction; a temperature drop is obviously observed
at the solid−liquid interfaces, and the interfacial temperature
differences of wall 1 and wall 2 are called ΔT1 and ΔT2 here.
After segmentally linear fitting of the temperature data, ΔT1
and ΔT2 can be directly obtained according to the fitting data
at solid−liquid interfaces for smooth surfaces, and for rough
surfaces, ΔT1 and ΔT2 are the average temperature differences
between solid and liquid at overlapping regions (as shown in
the shadow areas of Figure 7c).
Based on the values of q1, q2, ΔT1, and ΔT2, the interfacial

thermal resistances R1 and R2 were calculated and averaged to
get the final value of R. Figure 7d shows R of each kind of
surface; the results reflect that the existence of rough structures
reduces the interface thermal resistance. By comparison, it was
found that heat fluxes are considerably improved and the
temperature drops shrink slightly for rough surfaces; this is

because structures increase the interfacial area transferring
heat. It is important to note that the interfacial thermal
resistances of uniformly hydrophilic surfaces and uniformly
hydrophobic surfaces are maximum and minimum, respec-
tively, whether on smooth cases or rough cases. It is
demonstrated that the stronger hydrophilicity endows the
smooth surface with lower interfacial thermal resistance;56

however, the results here suggest that this rule is not limited to
the smooth homogeneous surface, but it can also be applied to
chemically and physically heterogeneous surfaces with hydro-
philic regions. Furthermore, the area proportion ϕ of the
hydrophilic region was calculated and is recorded in Figure 7d,
where the variation of R is negatively correlated with ϕ. The
above results indicate that the boiling enhancement resulting
from surface physicochemical properties is essentially
attributed to the reduction of interfacial thermal resistance,
and increasing surface roughness, enhancing surface wett-
ability, and improving the area proportion of the hydrophilic
region are three effective ways to reduce the interfacial thermal
resistance.

4. CONCLUSIONS

In summary, we have studied the nanoscale thin-film boiling
processes on various heterogeneous surfaces by classical MD
simulations, and the effects of surface physicochemical
properties on boiling were evaluated and analyzed. The results
show that nanoscale thin-film boiling has excellent heat and
mass transfer performance due to the inhibition of bubble
formation, which is completely different from macroscale
boiling. Nanostructures promote a quicker-response and more
efficient thin-film boiling process, and the heat flux and mass
flux on a rough hydrophilic surface respectively reach ultrahigh
values up to 130 kW/cm2 and 734 kg/(m2·s), achieving two
orders of magnitude enhancement. However, the rough
hydrophobic surface induces heat transfer deterioration
because the vapor film coalescing from nanobubbles obstructs
the heat exchange between the liquid and the surface.
Furthermore, compared with the congeneric smooth surface,
the combination of a hydrophobic substrate and hydrophilic
structures improves the heat and mass transfer performance
most greatly. This regulatory effect resulting from surface
physicochemical properties is essentially attributed to the
change of interfacial thermal resistance. Increasing surface
roughness, enhancing surface wettability, and increasing the
area proportion of the hydrophilic region can all reduce the
overall interfacial resistance and further improve the heat and
mass transfer efficiency. Findings of this work enrich our
understanding of the nanoscale liquid−vapor phase change and
provide a reference for the optimized design of surfaces utilized
for high-heat flux removal through vaporization processes.
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