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ABSTRACT: A molecular-level description of a near-surface water structure
and a handy manipulation of its properties are relevant to a broad range of
scientific and technological phenomena. Here, through a series of molecular
dynamics simulations, we report the observation and characterization of a low-
mobility first adsorbed water layer (FAWL) and its tunable wetting transition
at three metal surface models, namely, Au(100), Pd(100), and a Pd(100)/
Au(100) bimetallic junction. The results reveal that (i) there is a formation of
the FAWL, resulting from competitive water−water hydrogen bonding and
water−solid interactions, which in turn dictates the wettability at water−metal
interfaces, (ii) applying compressive lattice strain to metal substrates can
induce interfacial wettability transition, which is mediated by subtle packing
changes of the FAWL, and (iii) by adjusting the lattice strains, the bimetallic
junction can host a switchable wettability transition. We anticipate that those
findings provide a rigorous fundamental understanding of how water wets a
metal surface and how the wettability can be transited purposely.

1. INTRODUCTION

The water−metal interface is relevant to a broad range of
scientific phenomena and technological processes in astrophy-
sics, electrochemistry, and microelectromechanics, which
include corrosion and heterogeneous catalysis, to name just a
few.1−5 When water molecules are in direct contact with a
metal surface, forming the first adsorbed water layer (FAWL),
a part of water−water hydrogen bonding interactions would be
substituted by stronger water−solid interactions. From the
microscopic point of view, the FAWL is a collection of water
molecules whose physical and chemical properties are
drastically altered by the metal surface.3,5 As a result of the
interaction balance, various scenarios have been observed for
the FAWL, including water decomposition, ice-like solid
structure formation, and non-wetting behavior where water
molecules from the FAWL are thermodynamically stabilized by
a combination of in-plane water−water and out-plane water−
metal interactions.3−5 In return, the FAWL effectively serves as
a one-molecule thin boundary between liquid water and a solid
metal, mediating the liquid properties at those surfaces. There
is a pressing need to understand the structure and dynamic
properties of the FAWL and comprehend their relevance to
and impact on the processes occurring at water−metal
interfaces.
Delicately modulating and modifying the wettability of solid

surfaces have triggered tremendous research interest in the last
decade.6−16 Prior studies have demonstrated that the
wettability of solid surfaces is directly dominated by the

formed FAWL.13−19 Low temperature experiments revealed
specific in-plane interactions of water molecules of the FAWL
dominate the wetting properties of the Pt(111) surface.19

Molecular dynamics (MD) simulations revealed the same
phenomenon for Pt(100) and (111) surfaces at room
temperature, where the degree of hydrophobicity of the
FAWL was attributed to its passivated hydrogen bond (HB)
network.18 Generally speaking, the properties of the FAWL are
tunable via balancing the HB interactions within the water
monolayer and water−surface interactions,3,5 both of which
depending significantly on intrinsic chemistry and the
structural properties of solid surfaces.3,5,13,14

Substantial strategies have been proposed to alter
interactions at the water−solid interface, which in turn allow
the manipulation of interfacial wettability.7−18,20−26 Successful
demonstrations include coating hydrophobic graphene to
reduce water−surface interactions20 and chemically adding
surface terminal groups (−CH3, −CF3, −OH, −COOH,
etc.)21−24 to intentionally weaken or strengthen water−surface
interactions. Promising progress has also been achieved from
structural manipulations, by the engineering of rough-
ness,7−10,12,21 curvature,14 or morphology13,15,17,18 of solid
surfaces. This work presents an alternative manipulation via
applying compressive lattice strains to metal surfaces.
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Malleability, weldability, and generally large Young’s modulus
enable the use of metals and metal junctions under external
harsh stresses, while maintaining the integrity and reversibility
of the metal properties. Various studies13,27,28 indicated that
lattice strain can affect water−surface interactions, but such
knowledge is far from mature.
By a series of MD simulations, we explore the effect of

compressive lattice strain on the FAWL formation and its
wettability. Three metal surface models have been constructed
and investigated, namely, the monometallic Au(100), Pd(100)
surfaces, and the Pd(100)/Au(100) bimetallic junction. It is
worth noting that lattice constants of Au and Pd are 4.08 and
3.89 Å, respectively. For the (100) facet, the atomic distances
of Au−Au (2.88 Å) and Pd−Pd (2.75 Å) are close to that of
water−water (2.77 Å) of an hexagonal close packed ice
structure, potentially favoring water adsorption at atop Au (or
Pd) sites and assisting the formation of a low-mobility FAWL.
For the Pd(100)/Au(100) bimetallic junction, the Au(100)
surface with a larger lattice constant was compressed in the y
direction to match the lattice of the Pd(100) surface. In
particular, special attention has been paid to the structural and
dynamical properties, including the density and orientation
distribution, HB dynamics, reorientation rate, and free energy
profile, of the FAWL on the bimetallic Pd(100)/Au(100)
junction system. By comparison, we reported that the FAWL
on the pristine Pd(100) region is much more stable compared
with that on the compressed Au(100) region, thereby
demonstrating its hydrophobic nature and property of
repelling bulk water from pristine Pd(100) to compressed
Au(100).

2. MODELS AND SIMULATION DETAILS
2.1. Surface Models. Pristine Pd(100) and Au(100)

surfaces and a Pd(100)/Au(100) bimetallic junction model
have been constructed to investigate the properties of the
FAWL. For compressed pristine surfaces, the strain was
applied biaxially along X and Y directions, varying from 0 to
5%. Strain δ is defined as −a a

a
0

0
, where a0 and a are,

respectively, the pristine equilibrium lattice constant and
lattice under a compressive strain. The strain is applied by
linearly rescaling the x and y coordinates of all the atoms of the
substrate by a factor of (1 − δ), as shown in Figure 1. Other

simulation details are available in Table S1 of the Supporting
Information. The bimetallic junction consisted of a pristine
Pd(100) and a compressed Au(100). A monoaxial strain of
4.61% was applied along the Y direction to Au(100), so that
the compressed lattice constant matched that of the pristine
Pd(100). The surfaces were kept rigid during all MD
calculations. Metal sites were regarded as uncharged and
only van der Waals (vdW) interactions were considered
between water and the metal. Nonbonded vdW parameters of

Pd and Au were derived from the force field developed by
Heinz et al.,29 which has been widely adopted to probe the
metal interfacial properties and metal interactions with water
and biomolecules.14,17,30−32 Although the applied force field
did not consider the polarization effect, prior studies have
demonstrated that the employed force field could qualitatively
reproduce both the structure and the interaction energy profile
of water on face-centered cubic metal surfaces.14,17,29 The
flexible extended simple point charge (SPCE-F) model33 was
used for water, in which the O−H bond and the H−O−H
angle are described by harmonic potentials, with the bond
constant, kb, 1108.57 kcal/(mol·Å2) and the angle constant, kθ,
91.54 kcal/(mol·rad2). Toukan and Rahman34 demonstrated
that a flexible SPC water model can provide a good description
of the water dynamic properties. Furthermore, Yuet and
Blankschtein33 pointed out that the flexibility of the O−H
bond plays a key role in the surface tension of water at the
interface. Their MD simulation study with the flexible SPC/E
water model reported a surface tension of 70.2 mN/m, which
agrees well with the experimental value of 71.7 mN/m.33 For
the wettability studies of liquid water, the dynamic diffusion
and surface tension are two critical parameters that influence
the wetting behavior of water on solid surfaces. Therefore, the
flexible SPC/E water model was employed in this work. For
the simulation box, the metal surface was fully covered by a
water film with a thickness of 1.0 nm. For the choice of the
initial water geometry, prior studies16,17 reported that when the
water film was employed to explore the wettability of solid
substrates, a cylindrical nanodroplet was formed above the
FAWL. Bratko and coworkers35 demonstrated that the
calculated contact angle from the cylindrical water droplet
can minimize the deviation from what is predicted by Young’s
equation. An extra vacuum of 5.0 nm was added above the
water film in the Z direction to avoid the interactions between
periodic images. More details are shown in Figures S1−S3 and
Table S1 of the Supporting Information. Periodic boundary
conditions were applied in all three directions. The Lennard-
Jones (LJ) 12−6 potential was utilized to describe water−
water and water−metal vdW interactions. In addition, water−
water electrostatic interactions were described by Coulomb’s
law. The LJ parameters and atomic charges used in this study
are available in Table S2. The L-J parameters for unlike pairs
are obtained using the Lorenz−Berthelot mixing rules, that is,
the arithmetic mean (Lorentz’s) for size parameters, and the
geometric mean (Berthelot’s) for energy parameters. While
Heinz and co-workers29 used Berthelot’s rule for both size and
energy parameters, our test calculations show that the choice of
the mixing rule does not change the observed phenomena.

2.2. Simulation Details. All MD simulations were carried
out with the NVT ensemble using the LAMMPS software
package.36 The Nose−Hoover thermostat was used to
maintain the temperature of a simulation system at 300.0 K
with a coupling coefficient of 0.1 ps. Initial velocities of water
molecules were assigned according to the Boltzmann
distribution. Newton’s equation was integrated by the velocity
Verlet algorithm with a time step of 1.0 fs. The cutoff for
nonbonded interactions was set to be 1.0 nm, with a skin
distance of 0.2 nm to store the pairwise neighboring list, which
was updated every 10 steps. The long-range electrostatic
interactions were calculated by the particle−particle particle−
mesh algorithm with an accuracy of 10−5.37 For each system, a
calculation of 30.0 ns was carried out, where the first 15.0 ns
was for equilibrium, and the latter 15.0 ns was for data analysis,

Figure 1. A schematic illustration of the compressive strain applied in
the simulations.
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in which the trajectory was stored every 100.0 fs. After the 30.0
ns simulation, a successive NVT simulation was performed for
HB dynamic property calculations, in which the simulation was
performed for 500 ps with the trajectory being updated every 5
fs.

3. RESULTS AND DISCUSSION
3.1. Pristine Monometallic Pd(100) and Au(100)

Surfaces. Figure 2 shows the equilibrium structures of water

on pristine metal surfaces. Both Pd(100) and Au(100) host a
layer of adsorbed water of one-molecule thickness. For
Pd(100), the FAWL formed is hydrophobic in nature,
stabilizing a water droplet, and such a unique feature is
independent of the water model (see Figure S4) and the initial
water geometry (see Figure S5). In contrast, the FAWL of
Au(100) is hydrophilic, witnessed by a fully wetting water film.

It should be noted that the FAWL is consisted of those water
molecules within a distance of 4 Å from the metal surface,
which corresponds to the first solvation shell in the density
distribution profiles, see Figure S6 of the Supporting
Information. Such ordered FAWL-induced hydrophobicity
was observed previously.16−19 From the perspective of
intermolecular interactions, the FAWL results from the
competitive yet subtle Gibbs free energy balance between
water−water hydrogen bonding and water−metal interactions.
The water−metal interactions preferentially substitute water−
water interactions of the bulk, gradually changing the
interaction strength between the FAWL and surrounding
bulk water, and eventually leading to the phenomenon that
other water molecules above the FAWL accumulate to form a
water droplet, as that revealed at the FAWL of Pd(100). It is
worth noting that the size of a water droplet at the Pd(100)
surface is dominated by the interaction difference between
water−water and water−metal, as well as the thickness of the
initial water film, see the detailed discussion in Section 6 of the
Supporting Information S6.

3.2. Monometallic Pd(100) and Au(100) Surfaces
under Compressive Lattice Strain. Under operational
conditions, devices are exposed to various stresses, thereby
yielding different elastic strains. To probe the lattice strain
effect on the formation of the FAWL and its wettability
properties, five compressive strains were applied to Pd(100)
and Au(100) surfaces, biaxially along the X and Y directions.
The strains studied in this work are up to 5%, corresponding to
external loads of about 0.3 GPa for Au38 and 5 GPa for Pd,39

which are interpolated from their mechanical property
diagrams. Results in Figure 3 reveal an interesting wettability
transition due to the applied compressive strain. For
comparison, the pristine Pd(100) and Au(100) surfaces are
also shown. First of all, the FAWL was observed for both
metals under studied strains. When the strain was within 4%
for the Pd(100) surface, there existed a stable water droplet on
the FAWL. However, when the strain was increased to 5%, a

Figure 2. The equilibrium configuration of a 1.0 nm water film on (a)
Pd(100); (b) Au(100). An ordered FAWL was observed on both
surfaces but with significantly different wettability properties:
hydrophobic for Pd(100); hydrophilic for Au(100).

Figure 3. Equilibrium configurations of a 1.0 nm water film on metal surfaces under compressive strains: (a) Pd(100); (b) Au(100). 0% strain
represents a pristine metal surface. Strains up to 5% have been studied, corresponding to ∼0.3 GPa for Au and ∼5.0 GPa for Pd, respectively; (c)
calculated contact angles of water droplets at Pd(100) and Au(100) surfaces; (d) interaction energies between the FAWL and the metal surfaces.
All standard deviations are less than ±2.73°. A list of values is shown in Table S3 of the Supporting Information.
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hydrophobic to hydrophilic wettability transition occurred. As
demonstrated in Figure 3a, a complete wetting water film was
observed on the FAWL. Phan et al.40 also reported resembled
wetting transition from hydrophobic to hydrophilic for the
water droplet on the MgO surface by controlling the vibration
of surface atoms. In addition, a similar wettability transition,
hydrophilic to hydrophobic, was also observed for the Au(100)
surface under compressive strains. For the cases with strains
from 2 to 5%, the FAWL of the Au(100) surface respells bulk
water, generating and stabilizing the formed water droplet.
Furthermore, our simulation results also demonstrated that the
generated water droplet is not sensitive to the surface
flexibility, see Figures S13−S15.
To quantitatively describe the wettability transition, we

analyzed the contact angle of water droplets. The calculation
details are available in Section 8 of the Supporting Information
S8. Similar to the work of Zhu and co-workers,14 we defined
the contact angle to be 0° when the water droplet disappears
from a hydrophilic FAWL. As shown in Figure 3c, when the
strain is less than 4%, contact angles of water droplets of the
Pd(100) surface are 63.09 ± 1.43, 65.67 ± 2.01, 72.30 ± 1.31,
68.20 ± 2.73, and 57.03 ± 1.93°, corresponding to strains of 0,
1, 2, 3, and 4%, respectively. When it comes to the Au(100)
surface, the contact angle increases from 0 to 65.0° (see the list
of values in Table S3 of the Supporting Information) with the
change of compressive strains from 0 to 5%, indicative of a
hydrophilic to hydrophobic wettability transition. Upon further
increasing the strain to 6% for the Au(100) surface (see Figure
S17), the contact angle is calculated to be 69.24 ± 0.66°, which
is slightly larger than that of the 5% strain case, 65.45 ± 1.32°.
In addition, the interaction energy between the FAWL and the
metal surface was also calculated, see details in Section 10 of
the Supporting Information S10. From Figures 3d and S20 and
Table S4 of the Supporting Information, when the formed
FAWL demonstrates distinct hydrophobic nature, there is a
significant increase of both the interaction energy between the
FAWL and the metal surface, and the HB strength within the
FAWL. The enhanced interaction energy would result in
stronger binding strength between the FAWL and the metal
surface. Meanwhile, the increased HB strength indicates that
water molecules in the FAWL prefer to form HBs within the
monolayer, rather than with other water molecules above the
FAWL. By combining the contributions from the two parts, we
conclude that the stability of the FAWL is largely determined
by the interaction energy between the FAWL and metal
surfaces. The HB interactions within the monolayer can in turn
tune the wetting properties of the FAWL. Therefore, a
hydrophobic FAWL generally demonstrates a better stability.
In other words, water molecules from a more hydrophobic
FAWL interact much weakly with water molecules above the
FAWL. This trend is also confirmed by the orientational
analysis and HB distribution of the FAWL, as discussed in the
Supporting Information.
On the other hand, Wang and co-workers17 pointed out that

the lattice constant of the solid substrate also has a significant
influence on the properties of the FAWL. Therefore, we have
estimated the average distance of the adjacent oxygen−oxygen
(O−O) in the FAWL. The results in Table 1 show that, for the
hydrophobic FAWL on both Pd(100) and Au(100) surfaces,
there is a good match between the lattice constant and the
average O−O distance of the FAWL, which favors the increase
of the average HB number within the FAWL and a more stable
HB network, in quite agreement with the HB results shown in

Figures S19 and S20 of Supporting Information. In contrast,
for the hydrophilic FAWL on both Pd(100) and Au(100)
surfaces, the structure of the FAWL would be much more
easily disturbed by water molecules present above the FAWL,
due to the mismatch between the O−O distance and the lattice
constant, and therefore it is difficult for them to form a droplet
on the FAWL. Such results enable us to conclude that a good
match between the lattice constant of a substrate and the
adjacent O−O distance of a FAWL would benefit the FAWL
to show a feature of hydrophobicity.

3.3. Bimetallic Junction of Pd(100)/Au(100). The
compressive strain induced wettability transition, in particular,
the reverse correlation with respect to Pd(100) and Au(100)
surfaces, triggered another fundamental discussion: for a
bimetallic junction where the metal with a larger lattice
constant is usually compressed to match the lattice of the other
metal, what would be the FAWL and its wettability property?
To shed light on this question, we constructed a bimetallic
junction model consisting of Pd(100) and Au(100) surfaces
and studied the wetting behavior of a thin water film on this
bimetallic junction. As illustrated in Figure 4, a compressive
strain of 4.61% was applied to the Au(100) surface
monoaxially along the Y direction to match lattice constants.
No strain was applied to the Pd(100) surface. Similar to the
aforementioned discussions, an initial thin water film of 1.0 nm
was then placed on the bimetallic surface (see Figure 4a). As
expected, an ordered FAWL was formed on the bimetallic
junction after reaching equilibrium, as shown in Figure 4b.
More interestingly, a water droplet was observed from the
compressed Au(100) region, and there was almost no water
molecule left atop of the FAWL of the pristine Pd(100).
Multiple independent calculations have been carried out, all
returning to the same equilibrium configuration of Figure 4b
with an averaged contact angle of 62.27 ± 0.81° to the water
droplet. It is worth noting that the water droplet is determined
by the thickness of the initial water film, that is, the total
number of water molecules. When the initial water film was
reduced to 0.5 nm, a smaller water droplet was observed.
However, for a thicker 1.5 nm initial water film, no water
droplet but full wetting was observed. A more detailed
discussion is available in the Supporting Information, see
Figures S7−S8. Our simulation results revealed that, when the

Table 1. Lattice Constant and Water−Water Distance in the
FAWL on the Metal Surfaces with Various Strainsa

aNote: the green and yellow refer to the FAWL with hydrophobic and
hydrophilic features, respectively.
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system is at a higher temperature of 350 K, the calculated
contact angle for the water droplet is 54.60 ± 0.86° (Figure
S23), smaller than that of the 300 K case, 62.27 ± 0.81°, which
means the shape of the water droplet is influenced by the
temperature.
It has been reported that the properties of the FAWL

directly dominate the behavior of water molecules on
top.13−19,24,28 According to the results shown in Figure 3,
both the pristine Pd(100) and the 4.61% strain compressed
Au(100) could host a hydrophobic FAWL with a water
droplet. Therefore, the observed phenomenon of Figure 4 shall
originate from the two FAWLs of Pd and Au regions. Detailed

analyses have been performed to probe their property
difference. First, as presented in Figure 5a, the distribution of
water molecules of the FAWL was revealed by the lateral
density characteristics. The location of each water was labeled
by the oxygen, Ow. The position of the pronounced first peak,
2.73 Å for Pd(100) and 2.71 Å for Au(100), denotes the
distance between the nearest neighboring water molecules in
the FAWL. Since the density at the first peak correlates with
the packing order, it is obvious that the FAWL of pristine
Pd(100) is more ordered than that of compressed Au(100). As
discussed in Figure 3d, this is primarily ascribed to the
interaction between the FAWL and the metal substrate. The
FAWL of pristine Pd(100) has a stronger interaction with the
metal substrate, −5.909 ± 0.006 kcal/mol. For compressed
Au(100), it is −5.412 ± 0.004 kcal/mol.
Other static properties also support the conclusion that the

pristine Pd(100) has a more stable and a more hydrophobic
FAWL. Figure 5b,c are, respectively, the distribution
probabilities of the dipole moment and the O−H bond of
water molecules in the FAWL. As illustrated in the insets, the
orientation of water is characterized by angles θ and φ: θ is
defined as the angle between the dipole moment projection in
the XY plane and the unit vector along the X direction; φ is the
angle formed by the O−H bond and the unit vector normal to
the metal substrate. For the dipole moment, four characteristic
peaks were identified for both Pd and Au, namely, the ones at
45, 135, 225, and 315°. The unanimously larger probabilities
(i.e., higher peaks) reveal a more ordered FAWL of pristine
Pd(100) than the counterpart of compressed Au(100). For the
O−H bond distribution of the FAWL, three potential
orientations have been proposed: (a) O−H bonds point
towards bulk water on top (B type); (b) O−H bonds are
parallel to the substrate surface (P type); (c) O−H bonds
point to the substrate surface (S type).13 For the pristine

Figure 4. Schematic illustration of the simulation system of a
bimetallic junction model. First, two separate metal surfaces, Pd(100)
and Au(100), were prepared and then the Au(100) surface is
uniformly compressed in the Y direction (4.61% strain) to match the
lattice constant of Pd(100). A water film of 1.0 nm was placed on the
obtained bimetallic junction. Side and top views of (a) the initial
simulation box; (b) the simulation box at equilibrium where a water
droplet is on the top of the compressive Au(100) region.

Figure 5. (a) Lateral density distribution of Ow−Ow for water molecules of the FAWL from both the pristine Pd(100) and compressed Au(100)
regions; (b) probability of the dipole distribution angle θ, which is defined as the angle between the projection of the dipole moment in the x−y
plane and the unit vector along the x direction; (c) probability of the O−H bond distribution angle φ, formed by the O−H bond and the unit
vector normal to the metal substrate; (d) orientation distribution of water in the FAWL as a function of height h above the substrate and angle
formed by the O−H bond and the surface normal vector. Note: the insets of (b,c) show schematic illustrations of θ and φ angles. Note: P−Pd
(100) and C−Au (100) refer to the pristine Pd(100) and compressed Au(100) surfaces, respectively.
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Pd(100), water molecules in the FAWL are of the P type,
∼90°, suggesting that O−H bonds are uniformly parallel to the
Pd substrate. Whereas on the compressed Au(100) surface,
two representative O−H bond distributions were identified,
one major peak at around 95° and one minor peak at around
25°, which correspond to P type O−H bonds parallel to the Au
substrate and B type O−H bonds pointing towards bulk water
on top, respectively. Those P type O−H bonds form a
hydrogen bonding network with in-plane neighboring water
molecules. The B type O−H bonds suggest that there exists a
HB network between the FAWL and the atop bulk water. A
detailed HB analysis shows that for the pristine Pd(100), the
average number of in-plane HB (FAWL−FAWL) is 3.69, while
the number of out-plane HB (FAWL-bulk water atop) is zero.
For the compressed Au(100), the values are 3.06 and 0.51,
respectively. The correlation of height and the O−H bond
orientation of water of the FAWL in Figure 5d further supports
the conclusion that water molecules in the FAWL of pristine
Pd(100) interact exclusively with the Pd substrate and among
themselves. In contrast, for the compressed Au(100), a
significant amount of water molecules of the FAWL also
interact with water from the bulk.
The analyses so far have revealed that the formation, the

preferential water−metal adsorption sites, and the wettability
difference are due to the subtle structural difference between
the FAWL at pristine Pd(100) and compressed Au(100). How
water of the FAWL behaves dynamically at interfaces is also
highly valuable. Using the continuous time correlation
functions (TCFs), the HB dynamic property, SHB(t), was
calculated and presented in Figure 6a. As the result shows, for
the FAWL of pristine Pd(100), the SHB(t) curve decays
evidently slower than that of the compressed Au(100). This
suggests a more stable HB network on the pristine Pd(100).
Meng and coworkers proposed that the dynamic stability of
the FAWL could be characterized by the reorientation rate,13

which is derived from the second order Legendre polynomial
time correlation function, C2(t). More discussions are available
in Section 14 of the Supporting Information S14. Figure 6b
displays the rate of water reorientation of the FAWL on
pristine Pd(100) and compressed Au(100). It is prominent
that water reorientation decays distinctly slower for the FAWL
of the pristine Pd(100) region. Thus, both HB dynamics and
the water reorientation rate conclude that the FAWL of the
pristine Pd(100) region is much more stable, demonstrating
hydrophobicity and the property of repelling other bulk water
from the pristine Pd(100) to compressed Au(100) region.
Another descriptor of the dynamic stability is the self-

diffusion coefficient, which is measured by calculating the
mean squared displacement (MSD). As depicted in Figure
S24, the MSD profiles of water molecules on both pristine
Pd(100) and compressed Au(100) surfaces increase with
respect to the simulation time, particularly for the latter one,
indicative of an obvious diffusion feature of the liquid state. In
addition, as shown in Table S5, the diffusion coefficients of
water molecules on pristine Pd(100) and compressed Au(100)
surfaces are two and 1 order of magnitude lower than those of
bulk water, respectively. Those results reveal that the self-
diffusion of the FAWL is generally very slow. To elucidate the
dynamic property difference of the two FAWLs, the free
energy profile of water molecules in the FAWL has been
calculated according to the following equation41

Δ = −G x y k T P x y( , ) ln ( , )B

where P(x,y) is the two-dimensional spatial probability
distribution function of the oxygen atom of a water molecule
in the FAWL, with its coordinate (x, y) projected to the metal
plane; kB is Boltzmann’s constant; T is the temperature, in this
work, 300 K; ΔG(x,y) is the projected free energy profile, a
smaller value representing a stronger interaction and a better
stability. This free energy calculation (see details in Section 16
of the Supporting Information S16) has been successfully
employed for the slippage of water molecules on solid surfaces
and the free energy profile of protein folding.28,41−43

The free energy profile of Figure 7 clearly shows that the free
energy profile of the FAWL of pristine Pd(100) is much more
corrugated than that of the compressed Au(100) region. The
free energy difference of the pristine Pd(100) region reaches
20.22 kJ/mol, while that of the compressed Au(100) is only
about 12.72 kJ/mol. That corresponds to a nearly 60%
decrease in the free energy profile to the FAWL of the
compressed Au(100) region, leading to a much smaller energy
barrier to water mobility. To conclude, the FAWL of the
pristine Pd(100) region has a larger energy barrier for
diffusion, and a higher dynamic stability, which in return
favors the departure of bulk water atop, and results in the
phenomenon shown in Figure 4: water accumulates on top of
the compressed Au(100) region while no water stays atop of
the FAWL of the pristine Pd(100).

4. CONCLUSION
A rigorous molecular-level description of water at interfaces
continues to be a pressing need to nanoscience and advanced
manufacturing. This work reports computational studies to

Figure 6. (a) Continuous time correlation functions, SHB(t), for the
HB network formed within the FAWL on pristine Pd(100) and
compressed Au(100) surfaces; (b) the second-order reorientational
TCF C2(t) for water molecules in the FAWL of pristine Pd(100) and
compressed Au(100). Note: the P−Pd (100) and C−Au (100) refer
to the pristine Pd(100) and compressed Au(100) surfaces,
respectively.
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understand the behavior of the FAWL on metal surface
models, namely, Au(100), Pd(100), and a Pd(100)/Au(100)
bimetallic junction. The structural and dynamic properties of
the FAWL have been discussed in detail. In addition, by
applying compressive strains, we reveal a handy manipulation
of the wettability properties of the FAWL: for a pristine metal
surface, applying compressive strain can induce a transition of
the interfacial wettability, which is mediated by subtle packing
changes of the FAWL; for a bimetallic junction, the wettability
is more complex, which is balanced by competitive water−
water and water−metal interactions. Considering the technol-
ogy relevance and the known formation descriptor to the
FAWL at interfaces, our study elucidates an exciting
fundamental understanding to the next level: why a low-
mobility water structure repels liquid water and how interfacial
wettability could be purposely transited. Since the mobility of
water molecules on the surface is closely related to the
temperature, it would be quite interesting and important to
explore the temperature effect on the wetting properties of the
FAWL in the near future.
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