
Role of Trapped Molecules at Sliding Contacts in Lattice-Resolved
Friction
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ABSTRACT: Understanding atomic friction within a liquid environment
is crucial for engineering friction mechanisms and characterizing surfaces.
It has been suggested that the lattice resolution of friction force
microscope in liquid environments stems from a dry contact state, with
all liquid molecules expelled from the area of closest approach between the
tip and substrate. Here, we revisit this assertion by performing in-depth
friction force microscopy experiments and molecular dynamics simulations
of the influence of surrounding water molecules on the dynamic behavior
of the nanotribological contact between an amorphous SiO2 probe and a
monolayer MoS2 substrate. An analysis of simulation and experimental
stick−slip patterns demonstrates the entrapment of water molecules at the
contact interface. These trapped water molecules behave as an integral
component of the probe and participate in its interaction with the
substrate, affecting the dynamics of the probe and preventing long slips. Significantly, surrounding water from the capillary or layer
exhibits a replenishing effect, acting as a water reservoir during sliding. This phenomenon facilitates the preservation of lattice-scale
resolution across a range of applied normal loads.
KEYWORDS: molybdenum disulfide, water, friction, stick−slip, friction force microscopy, molecular dynamics

■ INTRODUCTION
Water can effectively perform as a lubricant under certain
conditions, yet it is not a suitable lubricant in many
technological applications, since it is easily expelled from the
contacts.1,2 Such scenarios can be encountered during the
synthesis of ionic liquid lubricants, where water migrates
toward surfaces,3−6 also in case of solid lubricants,7 or in case
of humidity condensation.8,9 Although the accepted notion
states that a direct solid−solid contact stays dry under an
applied load, the presence of single molecules trapped between
sliding surfaces has been suggested.10−13

Atomic force microscopy (AFM) can measure frictional
dynamics at the nanoscale in different environments, such as in
air,14 liquids,15 and ultrahigh vacuum (UHV).16 In a typical
friction force microscopy (FFM) experiment, a sharp AFM tip
is elastically driven across a solid surface, while capturing its
interaction with single asperities across atomical corrugation in
the nanometer range.17 Throughout this process, dissipation
mechanisms at lattice resolution can be accessed by recording
friction forces at the interface over time, while creating lateral
friction loops and maps. Measuring at the lattice resolution, the
friction signal manifests binding and unbinding across atoms at
the contacting surfaces, with a stick−slip pattern.18,19

Experimentally achieving high subnanometer resolution
under UHV is highly demanding, while measuring in ambient
conditions can involve the possible presence of contaminants
and the formation of water bridges (i.e., capillary condensa-
tion) between the tip and the surface.2,19−21 The latter was
shown to be eliminated in case the measurement is performed
in liquid surroundings17,22,23 when the probe tip and the
sample are completely immersed in liquid.
FFM measurements and molecular dynamics (MD)

simulations of a silicon AFM probe scanning across a graphene
surface revealed that a high-resolution signal obtained in the
liquid environment is comparable to the signal obtained in
UHV, albeit with noisier results due to the thermal collisions of
water molecules with the AFM tip.17 The MD simulations
showed that this equivalency resulted from the removal of all
water molecules from the tip−sample gap, as the tip engaged in
full contact (while breaking hydration layers) with the sample,
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thus forming a completely dry contact. Nevertheless, recent
FFM studies on NaCl crystal in ethanol surroundings
suggested that under the assumption that no solvent molecules
interfere at the contact, the liquid environment creates
different thermodynamic conditions from those in UHV.24 In
the liquid environment, the solvent serves as a heat reservoir,
maintaining isothermal conditions. Consequently, there was an
increase in lateral stiffness,23,24 which remained hardly
unchanged in UHV,25 but exhibited longer slip-length
dynamics26 that were not observed in the liquid surrounding.24

It was also shown that the presence of adsorbed molecules
could contribute to enhanced energy dissipation mechanisms
during kinetic friction.13

In order to deepen our understanding of these differences,
we explore here the influence of water-moderated friction on
the sliding contact between molybdenum disulfide (MoS2)
monolayer and silicon/silica (Si/SiO2) tip in two cases: in
ambient conditions, i.e., in air with ≈35−40% relative humidity
(RH), and with the tip being fully immersed in double distilled
water. The FFM measurements were complemented by MD
simulations that provided additional information and deepened
our understanding of the underlying mechanisms, cf. Figure 1.
MoS2 belongs to a chemical family of transition metal

dichalcogenides (TMDs).27 It is known for its remarkable
mechanical properties (such as the high stiffness and extremely
low friction coefficients), and it is widely explored in
nanotribological studies.23,27−30 Additionally, the quality of
MoS2 as a solid lubricant strongly depends on the level of air
humidity from a purely tribological perspective, where a humid
environment leads to an increased friction coefficient.28 To
elucidate the influence of water on the nanoscale tribological
properties of monolayer MoS2, we performed a synergistic
investigation that combines FFM experiments with MD
simulations. Such a comprehensive approach, encompassing
both water capillary environments and full immersion
scenarios of the AFM probe, yielded invaluable insights into
the interplay between water and nanotribological behavior of
MoS2. First and foremost, we investigate whether a setup with
a thin water layer formed due to condensation or a probe fully
immersed in water influences the lateral interaction between
the Si/SiO2 probe and the monolayer MoS2. We investigate
the presence of water molecules and their impact on the lateral
interaction between the Si/SiO2 probe and the monolayer

MoS2. A scenario is outlined in which the trapped water
molecules become an integral parameter in the overall
tribological interaction. Different friction coefficients and
local stiffness, as well as different slip-length dynamics,
manifest such an impact. Overall, the combined experimental
and simulation approaches offer a comprehensive under-
standing of the intricate dynamics governing the slip events,
thus providing valuable insights into the tribo-system’s
behavior under varying operating conditions.

■ METHODS
Experimental Methods. The FFM measurements were per-

formed in ambient conditions (i.e., air; room temperature; RH ≈ 35−
40%), and in water (double distilled), where the cantilever and surface
were fully immersed, as illustrated in Figure 1(a,b), respectively. In
the presence of vapor (in this study, the water moisture), local
pressure and temperature can induce condensation.31 The experi-
ments were performed with an Asylum Research Cypher-ES AFM
(Oxford Instruments) in the contact mode using silicon probes (SNL-
D, Bruker), with a normal spring constant of kN ≈ 0.065 N/m and a
lateral sensitivity of α = 96.7 nN/V. The lateral sensitivity was
measured with the wedge calibration method.32,33 Fresh new
cantilevers were used for the measurements. After being mounted
and sealed within the AFM measuring chamber, extensive scans over
tens of micrometers were conducted to identify the desired
measurement regions within the MoS2 flakes precisely. During this
process, the surfaces of the tips were gently cleaned mechanically.
Although the tip is made of silicon, when exposed to ambient air, it
gets oxidized and covered with a thin (1−2 nm) layer of amorphous
SiO2. Accordingly, we refer to the tip as Si/SiO2, and in the MD
simulations, the tip’s surface is modeled as amorphous SiO2. For
further details regarding the synthesis and characterization of the
MoS2 monolayers (on a silicon wafer), cf. ref 23. Figure 2 presents
two micrographs of MoS2 flakes. Before every experiment, the MoS2
monolayer was rinsed with acetone and ethanol.

The measurements were performed by scanning back and forth
across the distance of 5 nm at 90° scan angle (perpendicular to the
axis of the cantilever), collecting friction loops at a constant scanning
rate of 2 Hz. To account for the effect of crystallographic orientation
on the MoS2-tip interaction,30,34,35 the FFM measurements were
conducted across a statistically significant sampling of MoS2 flakes and
orientations, thereby averaging out inherent local variations in
frictional behavior.23 During the measurements, external normal
loads of FN = {4.2, 8.4, 12.6, 16.8, 21.0, 25.2, 29.5} nN were applied
(with the corresponding number of slip events at each load of n =
{501, 996, 518, 269, 456, 1640, 529}) in the ambient conditions (air);

Figure 1. Schematic illustration of the experimental FFM setup in (a) ambient conditions (air, room temperature). At RH ≈ 35−40%, a thin
(molecular) layer of water condenses on the surface. (b) Water (double distilled) layer completely immersing the sample and the cantilever. (c)
Schematic representation of the implemented simulation setup, which is designed following the experimental FFM setup shown in panels (a, b) of
this figure. The values of the parameters defining the simulation setup are velocities vN = 1 m/s and vS = 2 m/s that are related to the force−
distance and sliding simulations, respectively; spring stiffness coefficient k = 1 N/m is the same for the elastic springs attached to the probe in all
three Cartesian directions (i.e., in x−, y−, and z− directions); radius r = 20 nm defines the curvature of the probe. Illustration of different water
setups: (d) configuration snapshot in case of a water coated probe, (e) probe surrounded by a water capillary, and (f) probe immersed in a
continuous layer of water.
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while normal loads of FN = {3.1, 6.3, 9.4, 12.6, 15.7, 22.0, 25.2} nN
were applied (with the corresponding number of slip events at each
load of n = {423, 225, 239, 820, 498, 731, 843}) in water
surroundings. Some of the friction traces exhibit strengthening of the
friction signal with the sliding distance (sometimes referred to as
“tilted loops”),36 which is associated with puckering,37 and other
underlying interfacial mechanisms.38−40 Accordingly, the friction
forces were analyzed using the same approach reported in the
literature, where tilted friction loops were observed, where the friction
signal was taken as half of the difference between the slip forces in the
forward and the backward scans.39,41−44 Local stiffnesses were
obtained by taking the slopes in the stick phase in the friction traces,
and slip lengths were calculated using Hooke’s law.24,26,45 All these
parameters were assembled into distributions, from which their
median and interquartile ranges were calculated to provide their
characteristic values. IGOR Pro 6.3.7.2 (WaveMetrics) and MATLAB
(R2021b) software were used to process and analyze the force
spectroscopy data.
Interaction Model. A classical molecular dynamics method

enabled the consistency with experimental investigation and the
capture of relevant interatomic interactions. As a result, we could
properly model the system’s length and time scales. We employed an
atomistic model to describe the interactions of all atoms in the system.
Intramolecular interactions between the water molecule are modeled
with the SPC potential,46,47 with LJ parameters σO = 3.166 Å, ϵO =

0.155 kcal/mol, rOH = 1 Å, H−O−H angle 109.47°, oxygen charge
−0.8476e and hydrogen charge 0.4238e. Interactions between the
water and the solids are modeled as nonbonded and described via the
Lennard-Jones (LJ) and Coulombic potentials. In the case of the
molybdenum atom in MoS2, LJ parameters were taken at σ = 4.43 Å,
ϵ = 0.116 kcal/mol, and charge 0.5e, while for sulfur, σ = 3.34 Å, ϵ =
0.4983 kcal/mol, and charge −0.25e.48 In the case of the oxygen atom
in SiO2, LJ parameters were taken at σ = 3.826 Å, ϵ = 0.15 kcal/mol,
and charge −0.45e, while for silicon, σ = 3.112 Å, ϵ = 0.3 kcal/mol,
and charge 0.9e.49 We distinguish the oxygen atoms in the SiO2 probe
from the ones in the water molecules since they have slightly different
LJ parameters (ϵ, σ). Within the implemented description of the
system, each of the atomic types is defined by its LJ parameters and its
charge. The LJ parameters defining the pair interaction of two atoms
belonging to the same type (labeled as α) are (ϵαα, σαα), while all the
atoms belonging to the same type have the same charge qα. Cross-
interaction parameters between different atomic types are calculated
using the Lorentz−Berthelot mixing rules,50,51 i.e., = ,

= +
2

.
Water is in the liquid state, meaning that the H2O molecules are

not ordered in any regular structure. The studied temperature of T =
350 K in sliding simulations belongs to the temperature range
corresponding with the liquid state of water. The relative positions of
atoms in the substrate and the probe are fixed. The curvature of the
probe is defined by its radius of 20 nm, the in-plane size of the
substrate is 24 × 24 nm2, and the periodic boundary conditions
(PBC) are applied in the substrate plane (i.e., in the xy plane of the
Cartesian coordinate system).

All MD simulations have been performed using the LAMMPS
software package,52 with time steps of 2 fs and a Nose-Hoover
thermostat set to the chosen temperature. We used the particle−
particle particle-mesh (PPPM) solver53 for handling the long-range
electrostatic interactions with the accuracy (i.e., the desired relative
error in forces) of 10−5, and LJ interactions had a cutoff distance of 12
Å.
Simulation Setup. A schematic representation of the developed

MD simulation setup is shown in Figure 1(c). An amorphous SiO2
probe with a curvature radius of r = 20 nm is placed above the sample
(within the framework of this study, that is a monolayer crystalline
MoS2 plane). The amorphous SiO2 probe was obtained via a melt-
quench technique: by heating the α-quartz at T = 1000 K, and then
quenching it at T = 300 K. The probe was spherically shaped by
cutting it correspondingly. We designed a water coating by placing N
= 1200 water molecules under the probe on the planar substrate, see
Figure 1(d), thus obtaining a water coated probe. When the number
of water molecules is higher (N = 6415), the probe is surrounded by a
water capillary, see Figure 1(e). The layer of water in which the probe

Figure 2. Optical images of MoS2 flakes.

Figure 3. Representative Si/SiO2−MoS2 experimental friction loops displaying the stick−slip pattern measured in air (black-light blue) under a
load of 8.4 nN (a), and 25.2 nN (b), and in water (black-blue) under a load of 6.3 nN (c), and 25.1 nN (d).
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is fully immersed, see Figure 1(f), consists of N = 24,000 water
molecules. The fully immersed probe and capillary scenarios help us
understand the effects of significant water presence, while the third
scenario examines the impact of a minimal amount of water. These
setups allow us to investigate the role of water quantity and
distribution on the structure−property relationships in the studied
nanotribological system. The probe is connected to the support via
harmonic elastic springs in all three orthogonal directions (i.e., in x-,
y-, and z- directions), to measure the lateral and normal forces similar
to the FFM experiment. The support is pulled at a constant velocity in
a direction parallel (x) or orthogonal (z) to the substrate (the xy
plane). The probe has a spring stiffness of k = 1 N/m in all three
orthogonal directions.

We performed MD sliding simulations at the temperature of T =
350 K since experimental measurements are usually performed at
much lower velocities than those achievable in MD simulations. In
part, we tried to compensate for high velocity in MD simulations by
increasing the mobility of water molecules. The elevated temperatures
result in the water molecules having a higher probability of leaving the
moving contact, compared to the room temperature of T = 300 K. We
moved the probe: (i) orthogonal to the MoS2 sample with a velocity
of vN = 1 m/s (i.e., along the z- direction), and (ii) parallel to the
MoS2 sample with a lateral sliding velocity of vS = 2 m/s; the
directions and values of the two imposed velocities are indicated in
Figure 1(c).

■ RESULTS
Effect of the Normal Load on the Stick−Slip Friction

in FFM Experiments. Figure 3 shows several FFM friction
loops measured at low and high loads under ambient
conditions (black and light-blue, Figure 3(a,b)), and when
fully immersed in water (black and blue, Figure 3(c,d)).
Friction loops show the stick−slip friction pattern, in which
more than single slip events can be observed. We characterized
the frictional behavior of the two systems in terms of the
medians and interquartile ranges (IQR) of the slip forces,
FL,max, and local stiffness, given by their slopes, dFx/dx, under

each applied normal load. Figure 4(a) plots FL,max with the
change of normal load FN, fitted with a linear form of
Amontons’ law: FL,max = FL,0 + μFN, where FL,0 defines the
frictional force at zero normal force (which is associated with
adhesion), and μ represents the friction coefficient. From the
fitting of the experimental data, see the dashed lines in Figure
4(a), the following values were obtained: FL,0ambient = 0.26 ± 0.04
nN, and μambient = 0.014 ± 0.002 for the lateral interaction in
ambient conditions, and FL,0water = 0.42 ± 0.08 nN, and μwater =
0.021 ± 0.005 in water. When we compare the measurements
in ambient conditions and in water, it is interesting to observe
that both the friction force at zero normal force (FL,0), and
friction coefficient (μ) differ. Based on this behavior, the
friction interaction in water appears to be somewhat stronger,
yet the last force point at 25.2 nN numerically affects the fitted
values. Excluding this point results with FL,0water = 0.50 ± 0.01
nN, and μwater = 0.012 ± 0.001, which is very close in value to
the fitted friction coefficient at ambient conditions. This
indicates that the local lubrication conditions at the contact
may not be so different in both cases, where several water
molecules may be trapped in the sliding contact.
Figure 4(b) illustrates that the local shear stiffness under

ambient conditions is narrowly distributed around approx-
imately 0.9 nN/nm, with no clear trend. However, in water it
increases with the normal load, from 0.95 to 1.45 nN/nm,
exhibiting significant fluctuations. It is interesting to compare
the observed behavior in water to a similar system measured in
ethanol surroundings. Similar FFM experiments on monolayer
MoS2 with the same brand of the cantilever in ethanol
surroundings reported values close to those measured in water
(i.e., FL,0ethanol = 0.503 nN, μethanol = 0.019).23 The consistent
behavior observed in analogous sliding contacts under different
environments indicates not only the explicit influence of water
molecules trapped at the contact but also the role of the
external environment surrounding the contact area.24

Figure 4. Frictional behavior of Si/SiO2−MoS2 with the normal load measured in ambient conditions (empty light blue triangles) and in water
(blue circles). (a) Lateral slip forces with linear fits (dashed lines). (b) Local shear stiffness. (c) Slip lengths. The continuous and the dashed lines
correspond to the values of the single and double lattice constants. (d) PT parameter ηexp, with lines drawn to guide the eye. (e) Percentage of the
slip length populations denoted by continuous (single slip events), dashed (double slip events), and dotted (triple slip events) lines.
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To extract more information on the effect of the different
environments, we calculated the slip length, labeled as Δx,
which is defined as the distance between slip events. The
median slip lengths at each applied load, for both air and water,
are shown in Figure 4(c). It can be observed that the measured
slip lengths are slightly larger than a single lattice constant
(aMoSd2

= 3.212 Å54), but smaller than two lattice constants. The
IQRs that characterize the shape of the slip length distributions
in Figure 4(c) indicate that several slip length populations are
involved. These deviations from the exact value of the lattice
constant emerge from the way in which the slip length is
calculated, i.e., by dividing the force drop at the slip event by
the local stiffness.24,26,45 Hence, experimental errors in the
evaluations of these parameters (related to instrumental effects
and anisotropy-associated averaging) lead to these small
differences between the calculated and the actual slip lengths.
Multiple slip length dynamics can be described with the

Prandtl-Tomlinson (PT) parameter and the dissipative state of
the system.24,26,45,55,56 The PT parameter57,58 is a dimension-
less number, defined within the PT model.59 It describes the
tip−sample sliding interaction through the ratio between the
amplitude of the tip−sample interaction and the elastic
energies, η = (2π/a) × 2U0/Keff, where a is the lattice
periodicity (constant), U0 is the corrugation interaction
amplitude, and Keff is the effective spring constant that
represents the elastic interaction at the sliding contact. Since
U0 and Keff are unknown, the PT can be redefined in terms of
the experimental measurables,25 i.e., in terms of FL,max and dFx/
dx, as ηexp = (2π/a)(dx/dFx)FL,max − 1. The calculated ηexp at
the different loads (Figure 4(d)), shows an increase from ≈4
to ≈12 in air, and large fluctuations between ≈7 and ≈13 with
a slight increase trend, for water. Such large values mean that
the corrugation interaction energy is larger than the elastic
energy at the contacts, which is associated with the multiple
slip dynamics.24,26,45,55,56

We distinguish between the slip lengths that distribute into
single, double, and triple slip events, i.e., occurring over one,
two, or three lattice constants, and the extent to which these
jumps take place. Figure 4(e) plots the percentage of these slip

events at every applied normal load. During low-load sliding, a
higher occurrence of single-slip events is observed in ambient
conditions than in the aqueous environment. This disparity
diminishes for the applied loads exceeding 8 nN, due to the
emergence of pronounced fluctuations within the measured
slip lengths for water. While the dynamic in water is more
erratic, in ambient conditions we can notice a larger number of
single-slip events compared to the double-slip events, which
are more frequent than the three-slips, cf. Figure 4(e). With an
increase of the load, the fraction of the single-slip events
increases from ≈67 to ≈74% and then reduces to ≈59%.
Oppositely, the fraction of the double-slip events increases
from ≈26 to ≈38%. The three-slip population demonstrates an
intriguing behavior: it peaks at the lowest load, constituting the
largest proportion of ≈7%, then it quickly decays to zero, and
afterward, it slightly grows at high loads to ≈3%. The increase
of the two- and three-slip events with the normal load is
expected, due to the changes in the η parameter with the
damping state of the system.24,26,45,56 The relatively high
percentage of the three-slip events at the applied normal load
of 4 nN (at ηexp = 5.5) in ambient conditions, can indicate the
possible presence of trapped condensate water molecules in
the contact, which are pushed out with the increase of the local
pressure at higher loads.
MD Simulations: Force−Distance Characteristics.

Typically, the inefficiency of water as a lubricant is attributed
to its limited resistance to being squeezed out. Therefore,
gaining insights into the normal forces that the water layer can
sustain before becoming dislodged from the contact is crucial.
Using MD simulations: the temperature, the probe-substrate
distance and the resulting normal load are followed, together
with the structure of the confined water layer. Figure 5(a)
shows the force−distance evolution FN(dz) at T = 300 K
including the raw simulation data (solid blue line) and the
moving average (solid red line). The values of FN remain under
10 nN at high probe-sample distances, i.e., dz > 10 Å. As the
gap decreases, the normal force steadily increases at lower
probe-sample distances, i.e., dz < 10 Å. Point A in panel (a) of
Figure 5 corresponds to the roughly three layers of water
molecules (i.e., hydration layers) confined in the probe-sample

Figure 5. Force−distance FN(dz) characteristic simulated at the temperature of T = 300 K. (a) The blue line corresponds to the raw MD simulation
data, while the red line represents the moving average (0.1 Å window). (b) The force−distance characteristic at T = 280, 300, 350, and 370 K. The
cross sections through the middle of the probe at the characteristic points (c−f) correspond to the respective points in panel (a).
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gap. We measure the number of confined water layers based on
the gap width versus the diameter of the water molecule. The
distinctive steps are visible, cf. points B and C in Figure 5(a).
At these steps, the final hydration layers exert resistance before
being expelled from the gap by the probe. As a result, the
normal force increases at these points as the number of layers
decreases from three layers to two and further, from two layers
to a single layer. This behavior is reminiscent of previously
seen behavior in the studies on ionic liquids and alkanes.60−63

The hydration layers are broken at somewhat low normal
loads, which agrees with previous results obtained with
frequency-modulation AFM.64 Distance points in Figure 5(a)
labeled as A, B, C, and D, correspond to the configuration
snapshots provided in the panels (c−f) of Figure 5,
respectively. We observe that the water molecules remain
trapped in the space between the probe and the substrate after
a single full layer gets squeezed out, cf. panel (f) of Figure 5.
For dz < 5.0 Å, the normal force FN further increases with the
reduction of the probe-substrate gap distance dz. After the
point of local minimum of the normal force FN, i.e., at the
distance dz ≈ 5.0 Å, cf. Figure 5(a), the normal force FN
steadily increases again, as the remaining trapped water
molecules get squeezed out. The probe-substrate (i.e., SiO2−
MoS2) direct contact is detectable from the final and steep
increase of the normal force FN, cf. point D in Figure 5(a).
In their MD simulation study, Vilhena et al.17 reported that

the normal force required to break the first hydration layer was
2 nN for Scontact = 0.8 nm2 diamond tip on graphene at T = 300
K, i.e., FN/Scontact = 2.5 GPa. In our current MD simulations,
the estimated contact surface is larger (20 nm2), and the
maximal load is 40 nN. The resulting load-bearing capacity of
the first hydration layer is FN/Scontact = 2 GPa, which is in
proximity to the result of Vilhena et al.17

The effect of temperature on the force−distance character-
istic of the studied nanotribological system is shown in Figure
5(b). Force−distance curves were obtained at temperatures
below the water’s boiling point, i.e., T = {280, 300, 350, 370}
K. As the temperature increases, there is an apparent decrease
in the normal force FN. Also, we observe that the normal force
minima becomes more profound, while simultaneously the
point of the probe-sample minimal distance gets delayed with
an increasing temperature, cf. Figure 5(b). We should note that
according to our MD simulation setup, the probe and substrate
atoms cannot change their relative positions. Simultaneously,
the mobility of water molecules increases with the temperature.
We observe that, at higher temperatures, fewer water molecules
are trapped in the probe-sample contact area. Elevation of
temperature results in kinetic energy increase of water
molecules confined within the microscopic roughness of the
amorphous SiO2 surface, facilitating their escape from the
roughness. The effect of temperature and the resulting mobility
of water molecules is manifested in the cross-section of the
system parallel to the MoS2 plate at dz = 3.2 Å in Figure 6.
Configuration snapshots show an evident decrease in the
number of water molecules (colored in blue) trapped inside
the probe-sample gap, with the temperature increase.
Simultaneously, with increasing temperature the diameter of
the void space under the probe increases, and the density of
trapped water molecules decreases. We observe in the
temperature range T = 280 K to T = 300 K about 20 water
molecules less in the gap, while in both ranges 300−350 and
350−370 K, there were roughly further 60 molecules less, for
each increment of the temperature.

Simulated Dynamics of the AFM Probe. To examine
the interactions between water, the amorphous probe, and the
substrate, and to explore potential mechanisms leading to the
lattice-resolved stick−slip friction, we conducted FFM MD
simulations with explicit water. One could argue that the water
molecules trapped under the AFM probe will leave once the
sliding starts and that only the atoms of the two solids will
remain in contact. We investigate this point in Figure 7(a) by
following the evolution of the probe-substrate gap Δzgap with
the sliding distance Δx. The results are presented as the
difference between the current and the initial positions.
Accordingly, Figure 7 illustrates the extension of the spring
in the sliding direction due to the lateral force, as well as the
spring release in the direction of the substrate, during the
sliding process. In our MD sliding simulations, the probe
covered a distance of Δx = 15 nm, corresponding to roughly
46 MoS2 hollow (i.e., Mo top) site distances. At the onset of
sliding, the AFM probe rapidly descends toward the substrate,
as water molecules get squeezed out, cf. Δx < 3 nm, cf. Figure
7(a). For the case of both the water coated and the capillary
water systems, x ≈ 3 nm corresponds to the length of the
initial stick. After the initial descent, the probe’s elevation does
not change in immersed and capillary water systems. Further
stepwise descends are visible for the water coated probe at x ≈
{3, 6, 9} nm. Such behavior could be attributed to the
individual water molecules that are squeezed out or displaced
within the probe-substrate gap during the shear. A contact
point between the atoms of the probe and the substrate devoid
of water molecules, i.e., in case of a “dry contact”, would not
exhibit a reduction of the probe-to-substrate distance during
the sliding process since in all three systems probe is
geometrically equivalent. Without water molecules trapped in
the probe-substrate gap, all three systems would exhibit an

Figure 6. Cross sections of the probe-sample contact (a−d) show
water molecules above MoS2 plate at T = 280, 300, 350, and 370 K for
dz = 3.2 Å, respectively. The water molecules (blue oxygen) and
substrate (yellow sulfur) are visible. The effect of temperature is
visually noticeable as the area comprising MoS2 surface atoms
increases with temperature increase.
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identical probe-to-substrate distance. This indicates that the
evolution of the center of mass z− position in Figure 7(a)
results from the water molecules’ presence in the probe-
substrate contact. In both scenarios, whether the probe is
immersed in a layer of water or surrounded by capillary water,
the probe-to-substrate distance stabilizes after an initial
descent. The eventual penetration of water molecules inside
the sliding contact and their removal are dynamically balanced
out. Therefore, it can be deduced that, when aiming to obtain
high-resolution images using a water-based atomic force
microscopy technique, a specific minimal value of the normal
pressure is crucial for breaking the first hydration layer. After
that, water molecules are not completely removed, but they
behave as an integral part of the probe. The normal pressure
necessary to break the first hydration layer is temperature-
dependent, decreasing from 2.5 GPa at T = 280 K down to 1
GPa at T = 370 K, cf. Figure 5(b). Still, Figure 7(a) shows that
the lattice resolved stick−slip motion is obtained with the
capillary water. In a scenario where the probe is coated with a
few water molecules, the close approach to the substrate results
in exceptionally long slips. Conversely, the continuous water
layer in the case of the probe immersed in water, causes an
excessive separation between the probe and the substrate,
thereby introducing a dynamic interference of water molecules
into the stick−slip motion of the probe. It is important to note
that changes in probe elevation and the geometry of the
contact with the substrate in the experiment could also arise
from various processes, such as the mobility of surface defects
on the amorphous SiO2 surface or tribochemical reactions
between SiO2 and water.65,66

Figure 7(b,c) illustrates the evolution of interaction energies
(U) between single water molecule and MoS2 and SiO2
surfaces with sliding distance. The interaction energy values
were derived from MD simulation data in Figure 7(a). These
energies represent the combined effects of Coulombic and van
der Waals forces between a single water molecule and the
substrate/probe. While van der Waals forces are typically quite
small, around 0.05 eV, Coulomb attractive forces dominate the
present system. In Figure 7(b,c), the distance from the minima
of this energy is also given (Δr,min), so we can follow how the
water molecule enters into the gap and leaves it. These results
reveal that the interaction energies between water−solid
surfaces are higher than thermal energy (ca. 30 meV) or
energy of surface defects on SiO2.

65 The interaction energy
with MoS2 approaches 80 meV, consistent with results, cf. ref
67. The distance of minimum shows that molecules can reside
for an extended (about 6 nm) sliding distance in the
tribological contact at one point due to stronger interactions
with SiO2 without chemically reacting with the surface.66 We
can also see by comparing two molecules that can move within
their position taking different configurations with different
interaction energies.
At this point, we focus on the effect of the normal load on

the probe-substrate interaction, in the presence of water
molecules. To better understand this problem, the center of
mass trajectory in the substrate plane (xy plane) projected
onto the MoS2 plate, is visualized in Figure 8(a). The stick
locations are seen as clumps at the Mo top sites, connected by
curved slip paths between the S atoms. We performed a fast
Fourier transform (FFT) on the lateral force for the FN = 4.8

Figure 7. (a) Evolution of the Δzgap gap thickness during a sliding simulation at an applied normal load of FN = 17.3 nN in case of the three studied
water setups along the x-axis. (b) The dependence of interaction energy (U) between a single water molecule and MoS2 and SiO2 surfaces and
distance from energy minima Δr,min is given as the probe moves along the x-axis. The smoothed using moving average (bold lines) and raw
numerical data (light lines) showing energy fluctuations are shown. (c) The evolution of dependence of interaction energy (U) is compared for two
water molecules as the probe moves along the x-axis.

Figure 8. (a) Top views (xy- plane) of the trajectories of the center of mass of the water coated, surrounded by capillary water, and fully immersed
probe’s center of mass at applied loads of FN = 4.8 nN and 29.8 nN. (b) PT model ηsim parameter determined in MD simulations.
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nN normal load in all three systems, from which we resolved
its underlying lattice periodicity which determines the single
slip-length of ≈0.33 nm. Accordingly, the analysis of the
dynamics and the distances between lateral force minima/
maxima, indicates that the tip is immobilized at the hollow
sites of MoS2 monolayers (i.e., Mo top sites). Also from Figure
8(a), one can see that slip lengths correspond to the single or
integer multiples of lattice from the in-plane position of the
probe’s center of mass projected onto the MoS2 plate. The
differences are striking when comparing normal loads of FN =
4.8 and 29.8 nN, in both scenarios with abundant and scarce
water. At low loads, the center of mass switches between
different tracks, but at high loads the probe follows a single
track when surrounded by a water capillary or immersed in
water. This affects the lattice resolution and sometimes results
in half-lattice-long constant slips. In the case of a water coated

probe, we observe a single-track lattice resolved motion of the
probe at a low load (FN = 4.8 nN), while at a higher load (FN =
29.8 nN), the slip paths are multiple lattice constants long.
Effect of the Normal Load on the Stick−Slip Friction

in MD Simulations. Figure 9 presents the simulated lateral
force traces of the system with (a) water coated probe, (b)
probe surrounded by water capillary, and (c) probe immersed
in a continuous layer of water. The traces are shown for the
three normal forces of FN = 4.8, 17.3, and 25.5 nN. We also
calculated the PT parameter, like in the FFM experiment, to
obtain insight into effective tip−sample sliding interaction, cf.
Figure 8(b). The calculated ηsim at the different loads in Figure
8(b) shows an increase from ≈10 to ≈25 for capillary and
layered water, and large fluctuations at FN > 30 nN. Therefore,
based on PT model observations, the corrugation interaction
energy is greater than the elastic energy in these two systems.

Figure 9. Representative lateral force traces, FL acting on the probe which is sliding along the x-direction for (a) water coated probe, (b)
surrounded by capillary water probe, and (c) fully immersed water probe. The lateral force traces are shown for the three normal forces FN = 4.8,
17.3, and 25.5 nN. The sliding velocity was vs = 2 m/s, while the spring stiffness was k = 1 N/m.

Figure 10. Simulated frictional behavior of SiO2−MoS2 tribosystem. Load dependence (FN) in water coated (black), capillary (red), probe
immersed in water (blue) of (a) average maximal lateral force (FL), (b) average slip length Δx, and (c) probe’s lateral elevation (zcm − zcm0 ) after 15
nm of sliding. Percentage of the slip length populations of single slip events (denoted by blue continuous line), double slip events (red dashed),
three to five lattice lengths (black dashed), and long jumps (cyan) are shown in panels (d) for water coated, (e) capillary, and (f) immersed probes,
respectively.
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The PT parameter ηsim also evolves with increasing load, which
is observed for the experimental PT parameter ηexp in ambient
conditions. In the case of a water coated probe, the PT
parameter is ηsim ≈ 6 and does not depend on the applied
normal load. In the case of a water coated probe, a lattice-
resolved stick−slip friction pattern is obtained only at FN < 5
nN, cf. Figure 9(a). At higher normal loads, i.e., 17.3, and 25.5
nN, we observe the multiple slip events. For all three systems,
the averages of the maximal lateral force during the stick phase,
are plotted in Figure 10(a). We extracted the friction
coefficient and the zero-force of the water coated probe:
μcoated = 0.1 ± 0.01 and FL,0 = 0.45 ± 0.2 nN, respectively. In
the cases of the probe surrounded by capillary water, and the
water-immersed probe, the friction coefficient is smaller: μwater
= 0.06 ± 0.001. The corresponding zero-force is FL,0 = 0.31 ±
0.1 nN for the probe moving through the water layer.
All slopes, during the stick phase when the lateral force

increases linearly with the sample’s displacement, are similar
and they are independent of the normal load, cf. Figure 9. The
lateral stiffness calculated from the slopes is roughly 1 nN/nm,
and therefore it is determined by the spring’s stiffness which
keeps the probe in place in both water-probe configurations.
We focus now on two important factors for lattice resolved

stick−slip: the role of water in the contact region, and the
impact of interactions between the probe and the surrounding
water molecules (either in the capillary or water layer). As we
already saw, the modeled system exhibits a stick−slip friction
behavior even at the smallest investigated normal loads FN < 5
nN, cf. Figure 9. The evolution of the average slip length in
different environments is compared for different normal loads
in Figure 10(b). In all three investigated systems, we observe a
steady increase in the slip length with increasing normal load
FN. At the normal forces FN > 30 nN, we observe the average
slip lengths larger than 0.66 nm for immersed and capillary
systems, cf. Figure 10(b). Still, even at FN < 40 nN, high-
resolution (lattice resolved) images are achievable in the full
water layer. The increase of the average slip length with load is
much larger for the water coated probe, cf. Figure 10(b). In the
case of the water coated probe, the average slip length is larger
than 3 nm for the normal forces FN > 30 nN. A few water
molecules trapped between the probe and the substrate can
induce a slip with a lattice resolution in the case of a water
coated probe only at the lowest investigated loads (FN < 5
nN). Even under the normal force of FN = 8.7 nN, the average
slip length is larger than 1 nm.
Notably, the tip is not in direct contact with the surface in

either of the three modeled systems. From Figure 10(c), we
see that keeping the probe and the substrate somewhat
separated increases the resolution of the measurements.
Therefore, lattice resolved measurements become less sensitive
to normal loads if the probe is immersed in a water layer or
surrounded with water from a capillary. As a result, the FFM
experiments could be conducted with a wider range of normal
loads. Also, experimental measurements at higher normal loads
can be performed. Both experimental conditions, the wider
range and the inclusion of higher values of the applied normal
load, improve the signal-to-noise ratio, which is advantageous.
To obtain a detailed insight into the evolution of the slip

length in different configurations, we categorize the slip lengths
into: single, double, three to five, and longer than five slip
events, thus representing occurrences over one, two, three to
five, or six and more lattice constants, respectively, along with
the extent of these jumps in Figure 10(d−f). The probability of

double (≈ 0.66 nm) and multiple-slip events is increasing in
frequency at higher loads FN > 4.8 nN. Figure 10(d−f)
summarizes the evolution of the percentage of these slip events
at varying applied normal loads for the three investigated
systems. For the probe surrounded by a water capillary, there is
a notable prevalence of the single-slip over the double-slip
events, with the longer slip events being the least frequent. As
the normal load increases, the portion of the single-slip events
decreases from 100 to 50%, while the number of the double
slips increases consequently, cf. Figure 10(e). In the case of the
probe immersed in the water layer, the double-slip events are
also present at low loads, i.e., FN < 5 nN. The occurrence of
double-slip events is around 20%. The three-slip population
exhibits an intriguing behavior, initially being nonexistent, it is
peaking at the lowest load FN = 25.5 nN, subsequently
declining to zero, and resurging at higher loads with
approximately 40%, cf. FN = 33.1 nN in Figure 10(f).

■ DISCUSSION
Analysis of the experimental data reveals distinct distributions
in the measured slip lengths. Slip lengths exhibit characteristic
distributions, with a notable prevalence of single-slip events
under low loads in ambient conditions, compared to the probe
immersed in water. Also in simulation, under low loads for the
probe surrounded by capillary water, single-slip events are
significantly more prevalent when compared to those observed
for the probe fully immersed in water. The capillary simulation
results above 10 nN align well with the experimental findings
for ambient conditions, showing a shift from predominantly
single-slip to double-slip events. Furthermore, both systems
exhibit only single-slip and double-slip events. Similarly to the
experiments, the simulations show an early presence of double-
slip events in the water-immersed probe simulation. In
addition, an interplay between the single-slip and double-slip
events is observed with the normal load increase, for the water-
immersed probe. That interplay is characterized by an initial
decrease and subsequent increase in single-slip events,
accompanied by a reciprocal trend in double-slip events,
both in simulations and experiments.
The simulations allow investigation of cases that were not

treated experimentally. The steep increase of the slip length
and a high friction coefficient determined for the probe coated
with a few water molecules (i.e., not enough water molecules
to form a capillary) are seen in simulations. While single-slip
and double-slip events dominate the experimental results, the
simulations of the probe coated with water reveal a longer
average slip length, which involves three or more slips. Also,
the friction coefficient of μcoated = 0.1 for the probe coated with
water is higher than both the experimentally observed value of
0.02 and the simulated value when an abundant amount of
water is present, with the value of 0.06. Importantly, the
discrepancy in the friction coefficient results suggests that the
experimentally measured system under ambient conditions
involved a probe surrounded by capillary water.
The simulations indicate that the presence of water extends

the range of normal forces within which lattice-resolved
resolution is achievable. Our analysis suggests that water
molecules introduce interactions with energy levels between
those of the thermally activated motion of amorphous SiO2
probe surface defects (approximately 5−25 meV,65) and the
elastic energies in the solids (probe/substrate), thereby
enhancing the measurement sensitivity.
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The ratio between the tip−sample interaction and the
cantilever elastic energy (i.e., the PT parameter η), increases by
factor 3 in the ambient condition experiments, and by factor 2
in the simulations. The mean values of the corrugation
interaction energy were larger than the elastic energy at the
contacts in both experiments and simulations. At the same
time, in the simulations of the water coated probe, the ratio η
was independent of the normal load. Such a result further
indicates that the trapped water molecules modify probe-
substrate contact.

■ CONCLUSIONS
We have conducted extensive FFM experiments and MD
simulations to investigate the structural, mechanical, and
nanotribological properties of the studied nanoscale SiO2/
MoS2 system in different aqueous environments. The
simulation study focused on the interaction between an
amorphous SiO2 probe and a monolayer crystalline MoS2
substrate, in the presence of three distinct configurations of
water with respect to the probe: a water layer coating the probe
and the probe-substrate gap, a sufficient amount of water
surrounding the probe which enables the formation of a water
capillary, and the probe fully immersed in a continuous layer of
water. The experimental setup was 2-fold: an AFM probe
immersed in a full layer of water and air with a relative
humidity of 35−40%, where capillary condensation was a
highly probable effect.
To understand the behavior of the water layer under the

applied normal load and the breaking of the first hydration
layer, we explored the vertical approach of the probe toward
the substrate, and we obtained the force−distance character-
istics at various temperatures. This molecular dynamics study
revealed a significant influence of the temperature on the
presence of water molecules within the probe-sample gap.
Higher temperatures rendered the water molecules more
mobile, resulting in fewer water molecules trapped in the
probe-sample gap. However, both the heating of the system
and the shear forces proved to be insufficient to expel the
trapped water molecules.
Achieving lattice resolved images through water-based

atomic force microscopy requires critical consideration of the
minimal normal pressure needed to disrupt the initial
hydration layer. Once this threshold is surpassed, the water
molecules persist as integral components of the probe, rather
than being entirely removed from the probe-sample gap.
The friction curves obtained via simulations and experiments

exhibited well-defined lattice-resolved stick−slip patterns. Our
MD simulations have explicitly revealed that the contact does
not remain dry and that water molecules that get trapped
become an integral factor in the overall nanotribological
interaction. The simulations have shown that the slip length
increases with the applied load to a prolonged stick−slip above
1 nm, when the amount of water surrounding the probe is low,
as in the case of water coated probe. This result indicates that
an abundance of water, either in the form of a capillary or
water layer, allows the water molecules that get removed
during sliding, to be replenished. In turn, the water trapped in
the nanotribological probe-sample contact keeps the probe and
sample separated further apart, compared to the dry case, or
when the amount of water present is insufficient to form a
capillary, hence resulting in the lattice resolution at the studied
normal loads. By exploring the quantity and the spatial
distribution of the water present in a nanoscopic contact of

amorphous SiO2 probe and monolayer MoS2 sample, our
combined simulation-experimental study contributes valuable
insights into the intricate nature of the nanoscale tribological
phenomena. Outlined phenomena involving trapped molecules
may play an important role in nanotribological contact and
have a strong impact on the quality and reliability of AFM
measurements performed in liquid environments. However,
open questions remain regarding the interaction of trapped
water with surface SiO2, particularly through hydroxylation and
the interaction with surface defects. Additionally, given the
anisotropic friction properties of MoS2, further studies should
investigate how does water influence this characteristic.
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