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ABSTRACT: This study investigates the temperature-dependent frictional E R R TN 1T";5;3;;‘-5'5555f"!V!-‘;’i—‘F'V'-";';5;5‘37"-5""";-i
behavior of MoS, in humid environments within the context of a long- | ¢ ' >€ X
standing debate over increased friction due to oxidation processes or { I%j 1% 0o
molecular adsorption. By combining sliding friction experiments and i ,.,dso,,,..o.. s bond | = 2 o]
density functional theory (DFT)-based first-principles simulations, it aims |
to clarify the role of water molecule adsorption in influencing frictional
properties of MoS,, addressing the challenge of identifying interfacial
bonding behavior responsible for friction in such conditions. Sliding
experiments revealed that magnetron-sputtered MoS, exhibits a reduction
in the coefficient of friction (COF) with an increase in temperature from 25
to 100 °C under 20 and 40% relative humidity. This change in the COF | : |
obeys the Arrhenius law, presenting an energy barrier of 0.165 eV, indicative QL I B = mgimmlé"s, % mi
of the temperature-dependent nature of these frictional changes and T T
suggests a consistent frictional mechanism. DFT simulations showed that H,O molecules are adsorbed at MoS, vacancy defects with
adsorption energies ranging from —0.56 to —0.17 eV, which align with the experimentally determined energy barrier. Adsorptive
interactions, particularly the formation of stable H---S interfacial hydrogen bonds at defect sites, increase the interlayer adhesion and
impede layer shearing. TEM analysis confirms that although MoS, layers align parallel to the sliding direction in humid conditions,
the COF remains at 0.12, as opposed to approximately 0.02 in dry air. This demonstrates that parallel layer alignment does not
notably decrease the COF, underscoring humidity’s significant role in MoS,’s COF values, a result also supported by the Arrhenius
analysis. The reversibility of the physisorption process, demonstrated by the recovery of the COF in high-temperature humid
environments, suggests its dynamic nature. This study yields fundamental insights into MoS, interfaces for environments with
variable humidity and temperature, crucial for demanding tribological applications.

KEYWORDS: molybdenum disulfide, water molecule, adsorption, friction mechanisms, surface vacancies, interfacial hydrogen bonding

1. INTRODUCTION the oxidation process is widely considered as one of the main
reasons responsible for the increased friction of MoS,."”"’
The amount of MoOj; formed during tribological testing of
MoS, may not be significant, especially when compared to the
oxidation observed during prolonged exposure in humid
environments, since the friction process requires overcoming
high energy barriers for molecular dissociation at low
temperatures.'*'> Oxidation of MoS, to MoO,; was not
observed in an in situ Raman investigation of the MoS, film
after 6500 sliding cycles in a friction test performed at 330

Molybdenum disulfide (MoS,) is widely investigated for its
various applications including as a catalyst for hydrogen
reduction and molecule sensing and as a dry and liquid-based
lubricant." ™ Due to its low friction in vacuum and inert
atmospheres, MoS, is a preferred solid lubricant for gears and
bearings in space applications.”® The low friction of MoS, in
vacuum and dry environments has been commonly attributed
to the easy shearing of parallel-oriented MoS, layers bonded by
van der Waals forces.””® However, the lubricity of MoS,
deteriorates significantly with humidity due to increased

friction and wear.” Early work showed that the interaction of Received: December 11, 2023
oxygen and water molecules with MoS, at defects sites (such as Revised:  February 6, 2024
edge) initiates oxidation of MoS,, leading to the formation of Accepted: February 8, 2024

molybdenum trioxide (MoO;) and gas products.'”'" With the
formation of nonlubricating MoO; observed after long-term
storage or during friction processes in humid environments,
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Figure 1. (a) Low-magnification cross-sectional TEM image of the MoS, coating deposited on 304 stainless steel, with a selected area electron
diffraction pattern inset. (b) EDX elemental mapping of (a) showing elements of Mo (b1), S (b2), O (b3), Ti (b4), Fe (bS), and Pt (b6). (c) HR-

TEM image taken from the boxed region in plate (a).

°C.'° This finding challenges the prevailing assumption that
oxidation is the primary cause of increased friction in MoS,.
Contrasting the oxidation mechanism traditionally thought to
increase MoS,’s friction, atomic force microscopy (AFM)
studies and first-principles computations have revealed the
formation of incommensurate contact between MoS, and
MoO;. This interaction results in structural superlubricity,
evidenced by a coefficient of friction (COF) less than 0.01,
attributable to lower layer shearinﬁ energy compared to MoS,
layers alone.'*" Fleischauer et al.'” suggested that an increase
in oxygen substitution in MoS,_,O, would reduce the friction
via smoothing of surface topography and a decrease in the
interlayer forces. Therefore, the oxidation process may not be
the major or sole cause of the increased friction of MoS, in
humid environments, suggesting the need to explore other
mechanisms.

Haltner and Oliver'® noted that the COF of MoS, rises with
water partial pressure, suggesting that water molecule
physisorption might increase shearing strength and friction.
Emerging evidence supports the idea that water physisorption
rather than the oxidation is the process that significantly
increased friction. Atomic force microscopy (AFM) tests of
MoS, confirmed increased MoS, friction with humidity,
without any oxidation.'””’ Investigations of MoS, at different
temperatures also revealed that the increased friction in humid
environments is reversible at temperatures below 100 °C, a
behavior that is not expected from chemical reactions.”"**
Consequently, the process of water adsorption may account for
the increased friction observed in MoS, under humid
conditions. However, the challenge of experimentally deter-
mining the atomistic-scale structure of water molecules
adsorbed between MoS, layers leaves unanswered questions

about how exactly water adsorption influences MoS, friction,
maintaining the debate on whether adsorption or oxidation is
the primary mechanism for increased friction in such
environments.

Due to the ability to provide atomistic insights, density
functional theory (DFT) computations have been utilized to
study how the adsorption of water molecules on and between
MoS, layers influences their sliding behavior and consequently
the COF. Defects in exfoliated, CVD-grown, or magnetron-
sputtered MoS, could increase the reactivity of MoS, and
promote molecular adsorption.”>™*® Computational studies
showed that the tendency for molecules to adsorb
dissociatively or nondissociatively at these defect sites
depended on the reactivity of the defects.”””® Simulations
were also performed to illustrate the H,O adsorption on
vacancy sites of MoS,.””*" Calculations by Yang et al.”’ have
suggested that increased friction of MoS, in humid conditions
was linked to undissociated water molecules forming hydrogen
bonds at vacancy defects, raising the interlayer binding energy
and friction, a mechanism more influential than water molecule
dissociation at these defects. Supporting this mechanism, there
was a notable rise in the COF from 0.007 in dry conditions to
0.09—0.11 under ~40% relative humidity, with HR-TEM and
Raman spectroscopy providing evidence of water-induced
hydrogen bonding between MoS, layers. Interlayer sliding
properties with H,O adsorbed between either pristine or S-
vacated layers have been previously investigated,””> and the
adsorption of water at these layers was suggested to be
thermodynamically unfavored, as it leads to an expansion of
the layer spacing and demands additional energy.”’

The current research work aims to enhance our under-
standing of how molecular interactions impact the frictional
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behavior of MoS, under humid conditions at different
temperatures. It builds on Yang et al’s* previous work by
focusing on how water molecules adsorb onto MoS, with
existing vacancy defects and the subsequent effect on friction
by preforming sliding experiments, characterizing the resulting
worn surfaces and transferred material, and employing DFT
simulations for interface modeling. Interlayer binding energy
and the energy barriers associated with interlayer shearing were
evaluated to explore how the presence of adsorbed water
molecules modifies these parameters. The reversible nature of
water molecule adsorption on MoS, and its effect on the COF
were considered in order to understand the dynamic behavior
of this interaction. Additionally, the DFT investigation
characterized the H--S hydrogen bonds formed between
water molecules and MoS,, assessing how these bonds affect
layer adhesion and resistance to shearing.

2. METHODS

2.1. Experimental Details. MoS, films were deposited on 304
stainless-steel disks, each 2 cm in diameter, using a Teer UDP-650
unbalanced magnetron sputtering system according to the method-
ology measures while testing the coatings against AISI 52100 steel
balls, each 6 mm in diameter, using a tribometer with a heating system
(MS-9000, Lanzhou Huahui Instrument Technology Co., Ltd.). The
tests were performed under a normal load of 0.3 N in reciprocated
sliding mode at a frequency of 5 Hz, under ambient conditions at a
relative humidity (RH) of 20 and 40%. The effect of moisture
adsorption and desorption on the friction of MoS, was evaluated by
conducting tests at testing temperatures of 25—100 °C, where the
temperature of the furnace was controlled with PID regulators with a
temperature error of +2 °C and tests were not started until the
surface temperatures measured using a thermal detector (Bosch GIS
500) reached the designated value. For comparison, dry tests were
taken by reducing the chamber’s relative humidity to less than 3%,
achieved by circulating dry air.

Raman spectroscopy was used to analyze the structural changes in
the MoS, films before and after the friction tests using a Raman
spectrometer (Horiba Jobin Yvon) equipped with a 532 nm laser (see
Figure S1 for the as-deposited MoS, film). The morphology of the
ball surfaces and weak tracks on the MoS, were characterized using a
scanning electron microscope (Apreo S, SEM) at an accelerating
voltage of 15 kV. The internal structures of MoS, films and the
transfer layers formed on the counterface were analyzed using high-
resolution transmission electron microscopy (HR-TEM FEI Tecnai-
G2-F20), where the HR-TEM specimens were prepared using the
focused ion beam (FIB) technique with a lift-out method. As shown
in the cross-sectional images of Figure 1a,b, the MoS, with a thickness
of 221 um was deposited on top of the steel substrate with a Ti
interlayer of ~0.1 ym. The HR-TEM in Figure lc revealed that the
MoS, layer had a nanocrystalline structure mixed with amorphous
zones, which is consistent with the ring pattern in the selected area
diffraction image (SAED) inset of Figure la. The identified defect
structure agrees with previous TEM observations in the sputtered
MoS,.>** These defect features are highlighted in this study as
playing an essential role in affecting the molecular adsorption
processes and consequently frictional behavior.

The role of the defects in the adsorption of H,O to MoS, was
investigated by introducing structural defects on MoS, plates using a
ball milling method. MoS, powders (Xianfeng Nano) with an average
size of 3—5 pm were placed into ZrO, jars and milled for 24 h using
ZrO, balls at a rotational speed of 200 rpm. To facilitate H,O
adsorption at the generated defects, 10 wt % H,O was added at the
initial stage of the milling process. The milling process which is
known for generating defects resulted in observable changes in the
structure. Raman spectroscopy of MoS, after the ball milling process
in Figure S1 confirmed these milling-induced defects as evidenced by
the shift of the in-plane Eég from 378 to 377 cm™" and the broadening
of the Eég and A,, (~400 em™") modes.** ™ This preparation allows

for the analysis of H,O adsorption onto ball-milled MoS, layers,
offering a reference for understanding the H,O interaction with
defective MoS, during the sliding process, although the defect types
and concentrations between the ball-milled MoS, and the sputtered
MoS, may differ. The desorption analysis was carried out using
thermogravimetric analysis (Netzsch, Germany) in an Al O; crucible
with the temperature increasing from (room temperature) 22 to 600
°C at a rate of 10 °C/min in a dry air atmosphere.

2.2. First-Principles Calculation Methodology. The adsorp-
tion behaviors of H,O at vacancy defect sites of MoS, were studied by
first-principles calculations in the Vienna Ab initio Simulation Package
(VASP).”” The calculations utilized projector-augmented wave
(PAW) pseudopotentials and the generalized gradient approximation
(GGA) with the PBE functional.’*®*° The VAW-DF2 density
functional within VASP**™* known for accurately estimating the
interlayer binding energy (Eg) in graphene and MoS, systems by
considering the van der Waals interaction*** was applied to evaluate
the adsorption of H,0 molecules on MoS, layers following
methodologies from previous work.””

Given that 2H-MoS, (see the trigonal structure in Figure S2(a)) is
thermodynamically more stable than 1T-MoS, with its octahedral
structure,™*° it was selected for use in the computational studies. To
investigate the adsorption of H,O on vacancy sites of MoS,, a (4 X 4)
supercell of MoS, with lateral dimensions of 13.12 A was constructed,
incorporating a 15 A vacuum layer in the direction normal to the basal
plane so that the cell was large enough to prevent interactions
between H,O molecules from periodic images. During the total
energy and atomic force minimization process, a plane wave basis set
with a kinetic cutoff energy of 500 eV and a kpoint grid of (5 X 5 X 1)
were utilized. Atomic positions were relaxed until the maximum
Hellmann—Feynman force acting on any atom was less than 0.01 eV/
A using the conjugate gradient method, and the total energy between
two consecutive steps was converged to 107> eV. Spin polarization
was also included to account for the magnetism induced by the
dangling bonds at the vacancy defect sites.

Various vacancy types such as Vg, Vg, Vi, Vs, and Ve as
well as antisite defects have been identified in monolayer MoS,
deposited using CVD and PVD methods by means of HR-TEM.***
Thus, to systematically investigate the effects of these defects on the
H,0 molecule adsorption and interfacial properties, vacancies of the
types Vg, Vs, Vo, Viosy and Vyos3 were considered in a (4 X 4) cell.
These defects were modeled by removing specific atoms, namely, S’
for Vg, S' and S? for V,, Mo for Vy;,, Mo and S! for Vy,5, and Mo, S',
3 and S* for Vg as indicated in Figure S2(a). The potential
adsorption sites for the H,O molecule at these defect sites of MoS,
were investigated by positioning the H,O molecule at the vacancy
center, with initial orientations both parallel and normal to the basal
plane of monolayer MoS,. To account for the potential molecule
dissociation at vacancy sites, the H,O was placed at distances of 0 and
2 A above the MoS, layer, with the distance defined relative to the
topmost S layer (using averaged S atom positions) and the nearest
H,O atom. The representative initial configurations with H,O
adsorption with the H,O molecule at the center of Vyg; oriented
both normal and parallel to the MoS, (002) plane are shown in Figure
S2(b,c). The final adsorption sites were identified by determining the
lowest-energy configurations after system energy and atomic force
minimization.

The adsorption behavior of H,O within MoS, layers was
investigated by placing a MoS, layer, either pristine or with a specific
type of vacancy defect, on top of another layer with adsorbed H,O
that has the same vacancy defects, using the most stable bilayer
configurations, namely AA’, AB, and AB’.*"*® The initial bilayer
interfaces were constructed by positioning the top MoS, layer 6.4 A
from the underlying layer, with this distance being the average layer
spacing calculated from the Mo atoms in both layers. To account for
the effects of the interactions between vacancy defects in adjacent
layers and their effect on the H,O adsorption at MoS, interfaces, two
were aligned as close as possible to each other, with periodic replicas
separated by a 15 A vacuum perpendicular to the basal plane. The
adsorption energy (Ea) for H,O adsorbed on MoS, both for a
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Figure 2. Coefficient of friction (COF) of the MoS, film (a) measured in dry air at 25 and 120 °C, (b) measured in a humid environment with 40%
RH at 25, 40, 60, 80, and 100 °C. (c) Average COF at 25 °C (298 K), 40 °C (313 K), 60 °C (333 K), 80 °C (353 K), and 100 °C (373 K)
measured under 40% RH and average COF measured under 20% RH at 25, 50, 80, and 100 °C and (d) linear fit of the COF plotted against
temperature from (c) where R is the gas constant and y and y are the average COF at the test temperature and at the baseline temperature of 25
°C (298 K), respectively. The slopes of the lines are consistent and represent the activation energy needed to break bonds or overcome energy

barriers created by surface interactions.

monolayer and within the bilayers was calculated using the equation
E, = Eyges, + 11,0 — Emos, — En,0, Where Epys. 4 11,0 represents the total
energy of the system with the adsorbed H,O, Eyg, is the total energy
of the MoS, layer (either monolayer or bilayer), and Ehois the total
energy of the isolated H,O molecule, all calculated within the same
simulation cell and using the same methodology.

To evaluate effect of the intercalated H,O on the interfacial
properties, the interlayer binding energy (Eg) was calculated using Ej
= (Elayerl + Epyers + Enpo — Eiptertace) /A, Where Eayert and Elayer are the
total energies of isolated MoS, layers, Ey ¢ is the total energy of the
isolated H,O molecule, Ej . represents the total energy of the
MoS, interface-intercalated H,O, and A is the interfacial area. The Eg
value for bilayer MoS, without intercalated H,O was also calculated
for comparison, where Ey o was taken as zero. To correlate changes in
Ey with the friction behavior, interlayer sliding of MoS, layers with
and without H,O sandwiched between the bilayer MoS, interfaces
was simulated by shifting the top MoS, layer over the underlying
MoS, layer along the lattice X direction and in a direction normal to X
by increments of 0.21 A (see Figure S2). During the layer shifting
simulations, the atoms in the bottom sulfur (S) layer of the lower
MoS, layer were fixed in all directions, while the atoms in the top S
layer of the upper MoS, layer were fixed laterally, allowing for out-of-
plane movement.

3. RESULTS AND DISCUSSION

3.1. Experimental Observations of COF Values of
MoS, in Humid Environments at Different Temper-
atures. Starting with thermogravimetric (TG) and differential
thermogravimetric (DTG) analyses of both pristine and ball-
milled MoS, powders, insights into MoS,’s thermal properties

are obtained, laying the foundation for subsequent sliding
experiments in humid environments. As shown in the TG and
DTG analyses of pristine MoS, and ball-milled MoS, powder
presented in Figure S3, the pristine MoS, powder showed a
minor weight loss (<0.2%) due to environmental water
adsorption, with significant weight loss initiating at 395 °C
and peaking at 480 °C—and totaling 7.8% by 600 °C. This
showed that pristine MoS, adsorbs minimal water from the
environment and remains structurally stable below 395 °C. In
contrast, the ball-milled MoS, exhibited a marked weight loss
of 4.7% below 150 °C, with the most rapid water desorption
occurring between 40 and 100 °C. The ball-milled MoS, began
to lose weight substantially starting from 250 °C, with DTG
curves showing two deep valleys corresponding to rapid weight
losses at temperatures of 300 and 450 °C as shown in Figure
S3. Interestingly, the milled MoS, experienced a considerable
weight loss of 25.4% at 100 °C. This significant weight loss can
be attributed to both the initial mixing of MoS, with 10% H,O
and an oxidation process promoted by defects that facilitated
the conversion of MoS, to both MoO, and MoOQ;, with MoO,
acting as an intermediate phase.””*”*" The transformation of
MoS, into MoO, and MoO; would result in weight losses of
20 and 10% in atomic ratios, respectively.

Sliding tests were systematically conducted at temperatures
ranging from 40 to 100 °C, a temperature range where
significant H,O desorption occurs. For comparative purposes,
additional tests were performed at room temperature. Initially,
sliding tests were performed in dry air both at 25 °C and at 120
°C to study the effects of oxidation and possible film softening
on the COF. As shown in Figure 2a, the COF values of 0.022
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at 25 °C and 0.019 at 120 °C in dry air were both low and
closely matched, indicating that oxidation of MoS, or softening
of the MoS, layers had a negligible effect on the COF. For
these reasons, the effects of molecular adsorption and
desorption on the friction of MoS, were studied by performing
the sliding tests in a humid environment with 40% RH at the
temperature range specified above, where the adsorbed H,O
molecules would be expected to gradually desorb from the
adsorption sites with increasing temperature. As shown in
Figure 2b, the MoS, exhibited an average COF of 0.12 at 25
°C under 40% RH, where the COF increased from the 0.10 at
the beginning of the test to 0.13 at its conclusion. The increase
in the COF toward the end of the testing period could be
attributed to the accumulation of H,O on the MoS, layers as
H,0 is known to form a thin layer above 40% RH.>'~*° It
should be noted that prior to testing, the initial MoS, film was
preconditioned by baking at 100 °C for a minimum of 1 h to
remove surface H,O. As the sliding test temperature increased,
the average COF decreased steadily to 0. 076 at 40 °C, 0.049
at 60 °C, 0.037 at 80 °C, and 0.032 at 100 °C. It is interesting
to note that the most significant reduction in the COF was
observed within the narrow temperature range between 25 and
40 °C, a trend consistent with the thermogravimetric (DGT)
analysis, which indicated a high H,O desorption rate within
this temperature range. Moreover, the COF at 100 °C
remained higher at 0.032 than the value recorded in dry
conditions, suggesting that H,O adsorption still impacts the
friction of MoS, at this elevated temperature.

The average COF from three repeated tests (one example of
which is depicted in Figure 2b) is plotted in Figure 2c,
illustrating the decrease in the COF with an increase in
temperature, with temperature measured in Kelvin on the
abscissa. A logarithmic plot of the data in Figure 2c¢ is
presented in Figure 2d, where y represents the COF at
different temperatures and y, is the COF at 25 °C, with R and
T as the gas constant and the temperature, respectively. A
linear fit of the normalized friction (In(p/p,)) against the
inverse of temperature (1/RT) showed a slope corresponding
to an activation energy (E,) of 15.9 kJ/mol or 0.165 eV. To
support these findings, tests were also conducted under 20%
RH, and the results are plotted in Figure 2c (for the
corresponding friction curves, refer to Figure S4). These
tests revealed a similar reduction in friction at both humidity
levels with increasing temperature. Notably, almost the same
slope was observed for tests conducted under 20% RH,
indicating an E, of 15.8 kJ/mol or 0.164 eV, as depicted in
Figure 2d. The similar E, values observed at both 20 and 40%
RH levels suggest that the underlying process governing the
COF in these cases is likely the same. Consequently, these
results further substantiate the influence of humidity on
friction, primarily attributable to the adsorption of water
molecules at defect sites. This phenomenon affects the COF
but does not markedly alter the activation energy required for
sliding between the surfaces within the tested humidity range.
It is worth noting that the E, determined in Figure 2d is almost
the same as that of 16 kJ/ mol** obtained from tests of sliding
borosilicate glass over a carbon nanotube under 45% RH,
indicating the same friction mechanism operating at different
friction interfaces. Meanwhile, the E, is slightly lower than the
activation energy barrier of 0.3 eV, as reported in a previous
study.>® In that study, the barrier was attributed to an analogy
with the activated propagation of dislocations during the
microscopic friction analysis at various temperatures for sliding

a Si3N, tip against MoS,. Considering the athermal behavior of
MoS,, which exhibits a consistent COF of 0.02 at both 25 and
120 °C in a dry air environment (as shown in Figure 2a), the
obtained E, in Figure 2d likely corresponds to energy required
for reducing interfacial bonds via thermal desorption of H,O
molecules from MoS, surfaces. As the energy required to
desorb molecules from surfaces is generally at the same level as
their corresponding adsorption energy (Ea), the E, value aligns
with Ea in the range of —0.16 to —0.28 eV**” previously
calculated for H,O adsorption at Vy, Vg, and Vg, sites of
MoS, using first-principles computations.

The morphologies of the worn surfaces were first examined
using SEM-EDS. According to Figure 3, material transfer from
the MoS, film to the ball surfaces was observed for all tests

Figure 3. SEM images and EDS maps of the 52100 steel ball surface
slid against MoS, under 40% RH illustrating morphological and
compositional changes at temperatures of 25 °C (a), 40 °C (b), 60 °C
(c), 80 °C (d), and 100 °C (e).
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Figure 4. Raman spectra obtained from wear tracks (a) and ball surfaces (b) tested at temperatures of 25 °C, 40 °C, 60 °C, 80 °C, and 100 °C

under 40% RH.

HR-TEM region

| o]

Transfer layer

Figure 5. (a) Low-magnification cross-sectional TEM image of the transfer layer formed on the AISI 52100 steel ball surface slid against MoS,
under 40% RH at 25 °C. (b) EDS elemental maps of (a) showing distributions of Mo (b1), S (b2), O (b3), Ti (b4), Fe (bS), and Pt (b6). (c) HR-

TEM image taken from the boxed region in (a).

performed across the temperature range of 25 to 100 °C,
conducted at a constant 40% RH. It is also noted that the
diameter of the wear scars on the ball surface decreased with
increasing temperatures, corresponding with the COF
reduction trends as shown in Figure 2. Meanwhile, SEM
analysis indicated that the wear tracks on the MoS, displayed
minimal wear, with a negligible transfer of material from the
steel counterface. A representative SEM-EDS mapping of the
wear track of MoS, tested at 25 °C displayed in Figure S$
predominantly showed signals of Mo and S with traces of O in
the debris accumulated at the edge of the wear track indicative

of minimal oxidative wear. The Raman spectroscopy of the
wear tracks of MoS, shown in Figure 3a further confirmed the
persistence of MoS, in the wear tracks after testing under
varied temperatures. The micro-Raman spectroscopy in Figure
4a confirmed that the wear tracks consisted of MoS,, which did
not oxidize significantly during sliding. The identification of
similar Raman peaks on the transfer layers formed on the ball
surfaces confirmed that MoS, was transferred to the counter-
face and formed MoS,-rich zones.

FIB-TEM analyses were performed to assess structural
changes during the sliding process and to clarify how H,O
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(a): Vio-H0

(b) Vs-Hzo

(C): Vsz"Hzo

(d): Vios-H20 (e): ViosaH0

Ea=-0.39 eV

Figure 6. Top (first row) and side (second row) views of H,O molecule adsorption configurations at vacancy sites of monolayer MoS,. The specific
sites are (a) molybdenum vacancy Vyo, (b) at a sulfur vacancy Vg, (c) at a disulfur vacancy Vg, (d) at a site with a missing molybdenum and
adjacent sulfur Vyg, and (e) at a site with a missing molybdenum and three sulfurs Vy,g;. The corresponding charge density difference (CDD)
contours are depicted in the bottom row, illustrating regions of electron depletion (orange) and accumulation (purple), which are indicative of
changes in the electronic structure due to adsorption. The adsorption energy (Ea) values are marked on the diagram range from —0.17 to —0.56 eV
with Vy,s showing the strongest adsorption affinity. Isosurface levels for CDD contours are set at 0.0005 e/Bohr” for (a—c) and 0.002 e/Bohr® for

(d, e).

molecules affected the layered structures. As shown in Figure
Sa, a low-magnification cross-sectional TEM image acquired
from the counterface surface after sliding contact with MoS,
revealed the formation of an approximately 0.15 pm-thick
layer. The elemental EDS maps presented in Figure Sb showed
that the transfer layer consisted mainly of Mo and S, with a
trace presence of O, which could have been integrated during
the sliding process in the humid environment. A small quantity
of Ti was also observed, which could be attributed to the
incidental transfer from the interlayer within the MoS, coating
structure. The HR-TEM image of the transfer layer taken from
the boxed area in Figure Sa is presented in Figure Sc. In
contrast to the structure of as-deposited MoS, in Figure 1, the
initially misoriented MoS, layers were reoriented along the
sliding direction. This realignment was particularly pro-
nounced at the top of the transfer layer, which was in direct
sliding contact and extended 3—35 layers of MoS,. These TEM
observations were consistent with our previous TEM
observations.””*® Thus, while the MoS, transfer layer provided
a low-friction MoS,/MoS, interface, these parallel layers
formed under humid conditions did not result in as low a
friction as observed in a dry environment.

According to the experimental observations, it can be
suggested that parallel MoS, layers could be formed during the
sliding process, and oxidation of the MoS, during tests in a
humid environment was insignificant as supported by the
Raman, SEM, and TEM analyses. However, the friction was
obviously affected by H,0O molecules from the testing
environment. The normalized COF showed a decreasing
trend with increasing temperature that obeyed the Arrhenius
equation, providing an activation energy of 0.165 eV for the
friction process, which could be related to the activation energy
required to desorb the H,O molecule from MoS,. Thus, the

experimental analyses indicate that the increased friction of
MoS, in a humid environment was likely due to the H,O
adsorption behavior that significantly hinders MoS, layer
sliding. Accordingly, in the following sections, density
functional theory (DFT)-based first-principles calculations
are presented. DFT studies aimed at a deeper understanding
of the thermodynamics of H,O physisorption on MoS,.
Eventually, these calculations shed light on how the adsorption
contributes to an increase in layer shear resistance and,
consequently, to the observed increase in friction.

3.2. H,0 Adsorption at Defects of MoS,: Adsorption
Energy, Charge Transfer, and DOS Analyses. The
adsorption behavior of H,O at Vg, Vi,, Vi, Viosy and Vygess
was investigated by calculating their adsorption energies. In
previous studies, such as ref 29, it was observed that water
molecules showed a tendency to dissociate when adsorbed at
the Vys, site. The current study, however, does not observe
this dissociative behavior at other types of defects (V, Vg,,
Vior Viosy and Vyos3), even when the water molecule is placed
in close proximity to the sulfur layer (0 or 2 A above it). This
suggests that these smaller and less reactive defects do not
facilitate the same chemical reactions as the Vg, site.

The absence of dissociation at these vacancy sites implies
that water molecules are likely to remain intact (physisorbed)
rather than breaking apart and reacting with the surface atoms.
This is supported by the exothermic nature of the adsorption
process, as indicated by the calculated activation energy (Ea)
values for each type of vacancy, namely —0.17 eV for Vy, —
0.22 eV for Vg and Vg,, — 0.56 eV for Vs, and —0.39 eV for
Vios3- When compared to the gristine MoS, layer with a
relatively high Ea of —0.15 eV,” these vacancies promoted
H,O adsorption on MoS,, and the adsorption configurations
are thermodynamically stable.
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The adsorption behavior of H,O molecules on various
vacancy defects in MoS, was investigated. H,O showed
different orientations and bonding characteristics at different
defect sites. As shown in Figure 6, both top and side views
indicated that the H,O adsorption on Vg and Vg, results in
nearly identical configurations with the O atom from H,O
positioned above the vacant S defects. The distance to the S
plane measures 1.92 A for Vg and 1.98 A for Vg, As for the
H,O orientation on the Vy, site, it can be seen from Figure 6¢
that the H,O molecule undergoes a significant change from its
initial configuration (H,O parallel to the MoS, basal plane as
illustrated in Figure S2). In this new configuration, its two H
atoms are oriented toward two adjacent S atoms with a
distance of 2.79 A. The molecule is situated farther from the S
plane, with a distance of 2.57 A. Compared to large separations
observed between H,O and the Vg, Vg,, and V), sites on
MoS,, the H,O was adsorbed directly within the S plane of
MoS, at the Vy 5 and V)3 sites, exhibiting nearly identical
orientations. In this configuration, one —OH group of H,0O
was adsorbed within the S plane, forming Mo—O—Mo bonds
with bond lengths measuring 2.46 A for Vys and 2.53 A for
Vioss- The shorter Mo—O—Mo bonds at Vs may contribute
to the lower Ea value. It should be noted that the Mo—O bond
length can vary within the range of 1.68—2.53 A depending on
the bond coordination.”” In the case of H,O adsorption at the
Vs site, the Mo—O—Mo bond length is higher than the value
of 2.34 A for undissociative H,O adsorption at Vyg, and
significantly larger than the 2.10 A length (with an Ea of —1.22
eV) recorded for dissociative H,O adsorption at Vys,.”” Thus,
considering the activation energy and formation of new bonds
at the vacancy sites, the reactivity of vacancy defects of MoS,
to the H,O molecule can be ranked as follows: Vy,g, > Viyos >
Vioss > Vsa(Vs) > Vi,

Each type of vacancies would provide an unique bonding
environment for molecule adsorption, leading to distinct
charge redistribution and behavior during the adsorption
process. For this reason, the charge density difference (CDD)
analyses were performed to understand the electronic
interactions between H,O and MoS, at the vacancy defect
sites. The CDD (Ap) was calculated using Ap = prorl — Puos,

— Pu,0r Where p o, Pyos, and pyo represent the charge

density of MoS, with H,O, MoS, alone, and H,O alone,
respectively. The isosurface contour was visualized using
VESTA.®’ As can be seen from the bottom row in Figure
6a—c, it is evident that different degrees of charge
accumulation occur around the H,O molecule at the Vy,
Vs, and Vy, sites of MoS, when the isosurface contours were
plotted in an isosurface value set to 0.0005 e/Bhor’. It can be
noted that at the V), vacancy, the two —OH groups induced
directional charge accumulation originating from the two
adjacent S atoms. Meanwhile, the charge transfer behavior for
H,O adsorption at Vg and Vg, sites showed similar charge
accumulation zones (as indicated by the purple color at the
bottom row of Figure 6b,c) at the center of the vacancy site
where dangling Mo bonds are present. Additionally, charge
depletion zones near the O atom of H,O can be identified by
the orange color on the charts. It is interesting to note the
differences in charge accumulation zones in Figure 6b,c,
particularly in the areas that coincide with the occurrence of
charge depletion zones near the S atoms from the bottom S
layer near the VS, site of MoS,. However, when compared to
the charge transfer behavior for H,O adsorbed at the Vg and

Vioss sites as shown in Figure 6d,e, the charge transfer zones
observed in Figure 6a—c were barely discernible when the
charge density contours were plotted using the same isosurface
value.

The charge transfer behaviors between H,O and MoS, at
Vimos and Vi ¢y were similar to each other, except that there
was an occurrence of charge depletion zones originating from
two adjacent S atoms at the vacancy sites, indicating an in-
plane interaction between the —OH and the S atoms within
the MoS, plane. This in-plane interaction would result in a
more stable adsorption state as evidenced by the lower Ea
value of —0.56 eV. Therefore, the CDD analyses revealed a
stronger interaction between H,O and MoS,, with more
significant charge transfer occurring at Vyg and Vg sites.
These results agree with the computed Ea values mentioned
above.

To quantify the electron transfer between the H,O molecule
and MoS, at five different vacancy sites, the Bader charge
analysis”' ~** was employed. This method approximates the
charge state of each atom involved. The net charge on atom
(Qnet) is calculated as Qnet = QBader - Qvalence) where QBader is
the calculated Bader charge and Qence 1S the number of
pseudoelectrons of each element (6 for O and 1 for H). The
change in the total number of electrons after adsorption on
MoS, is calculated using AQy,0 = Qu,0.00s — Qu,0-i0 With
Q1,005 and Qoo representing Bader charge of H,O

adsorbed on MoS, and isolated H,O, respectively. This
calculation provides insights into the electron transfer
dynamics during the adsorption process. As shown in Table
S1, the charge distributions for an isolated H,O molecule agree
well with previous simulation work.”® For the H,O adsorption
configurations that exhibited higher Ea values, namely V-
H,0, Vs-H,0, and Vg,-H,O, there was minimal net charge
transfer to the H atoms with Qy values comparable to those of
isolated H,O, whereas a slightly reduced charge on the O atom
was observed for Vy,-H,O and V¢-H,O. In contrast, H,O
molecules adsorbed at the more reactive Vi, Vyosy and
Vioss sites, which corresponded to lower Ea values, showed a
significant redistribution of net charges. Notably, there was a
considerable charge accumulation on H, (ranging from —0.607
to —0.635 e), attributed to the shorter H—S distance (with H,;
adsorbed in the S plane), and a less pronounced charge
transfer on H,. These variations in charge transfer patterns are
also evident in the CDD contours shown in Figure 6d,e.

On the other hand, the charge transfer of the O atom from
the H,0 molecule depends on the type of vacancy defects. The
O atom showed almost the same charge transfer (1.151 e) at
the Vy3 site but had an increased charge transfer at Vg
(1.194 e) and Vys, (1. 212 e) sites. Here, in addition to a
dissociated H,0O, a second undissociated H,O adsorbed at the
Viosz site was used to estimate the charge transfer behavior
between H,O and MoS, at the vacancy defect site.”” The total
charge transfer of the H,O molecule indicates that H,O gained
electrons (0.013—0.018 e) when absorbed at Vy,, Vg, and Vg,
sites but lost electron to MoS, (0.021—0.034 e) when
adsorbed at more reactive Vygs, Vyosy and Vyss sites. This
electron loss is associated with the formation of the Mo—O—
Mo bond with a relatively larger bond length of ~2.5 A,
indicating a substantial chemical interaction. These charge
transfer analyses agree well with the Ea values of H,O at
different types of vacancy above. This correlation indicates that
an increase in electron transfer from the H,O molecule to
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Table 1. Interlayer Spacing d, Binding Energy Eg, and Adsorption Energy Ea Values for Bilayer MoS, Interfaces with and
without Adsorbed H,O Molecules

AA’ AB AB’
MoS, bilayer interfaces d (A) Ey (J/m?) Ea (eV) d (A) Ep (J/m?) Ea (eV) d (A) Ey (J/m?) Ea (eV)
V/pristine 6.44 0.30 6.40 0.30 6.43 0.29
Vytos/pristine 643 030 6.41 0.30 645 030
Vitoss/pristine 643 028 641 0.28 6.41 027
V/Vg 6.41 0.29 6.40 0.30 6.40 0.29
Vitos/ Vaes 641 0.30 6.38 0.30 638 0.30
Vitoss/ Vivoss 643 025 6.39 025 642 025
V¢-H,O/pristine 6.52 0.30 0.01 6.52 0.29 0.11 6.55 0.28 0.10
Vigos-HoO/pristine 642 037 —0.67 6.41 0.38 —0.67 642 037 —0.67
Vitoss-H, O/ pristine 6.42 034 —0.57 6.40 034 —0.58 6.40 033 ~0.55
Vs-H,0/V 6.47 0.30 —0.01 6.44 0.30 —0.02 6.54 0.29 0.02
Vs HyO/ Vs 640 038 -0.72 637 0.38 —0.74 637 037 072
Vatoss H2O0/ Visoss 640 031 —0.57 6.39 031 —0.55 638 031 —0.50
Vios HoO/H, 0~V 6.42 043 ~1.19 638 0.45 —1.40 6.41 0.42 -120

(a): Vs-H,0/Vg—AB
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Figure 7. Bilayer MoS, interfaces with a single H,O molecule in the AB stack for configurations of (a) Vg-H,0/V, (b) Viyos-HyO/ Vs, and (c)
Vios3-H2O/Voss- Bilayer interfaces with two intercalated H,O molecules in (d) AA’, (e) AB, and (f) AB’ stacking configurations of Vy,s-H,0/
H,0—V,s. CDD contours for AB stacked interfaces are shown for (g) Vy,s-H,O/Pristine, (h) Vys-H,0/Viyes, and (i) Vyos-H,O/H,0— Vs
configurations. The CDD contours are visualized with an isosurface value of 0.002 e/Bhor®, where orange and purple indicate charge depletion and
accumulation, respectively.
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MoS, sites, as revealed by the charge analysis, aligns with a
decrease in Ea, suggesting that stronger electron transfer
corresponds to more energetically favorable adsorption.

Spin-polarized density of states (DOS) calculations for
representative structures of H,O adsorbed at Vy,, Vs, and
Vios sites on MoS, were conducted to understand the H,O
adsorption process at these defects. The results in Figure S6
show orbital hybridization between S-2p and Mo-4d due to the
formation of Mo—S bonds, which is consistent with previous
simulation work on DOS for Vg and Vi, gree Notably, three
midgap states were observed between 0 and 1 eV in the
projected DOS (PDOS) of Mo and S in Figure S6(a), and two
midgap states are located at the valence band edge and near 1
eV in Figure S6(b). Similar midgap states are also found in
Figure S6(c) for Vy,s-H,O. Compared to the DOS for H,O
adsorption at Vy;, and Vg, the Vy; s-H,O system exhibited spin
polarization, as evident from the difference between the spin-
up and spin-down peaks, resulting in a net magnetic moment
of 2 uB. This polarization was accompanied by an orbital
hybridization between 2p states of H and O and 4d states of
Mo as shown in the PDOS plots. Meanwhile, no such orbital
hybridization between atoms from H,O and MoS, was
observed for adsorption at Vg and V), sites. Thus, the strong
orbital hybridization between O-2p and Mo-4d states, along
with the formation of Mo—O—Mo bonds, significantly
enhances H,O adsorption on Vg sites, leading to the lowest
Ea for the Vy;,-H,O system.

3.3. H,0 Adsorption at MoS, Interfaces and Its Roles
in Interfacial Bonding and Layer Sliding. The presence of
H,0 molecules between MoS, layers leads to changes in
interlayer spacing and binding energy (Eg). To investigate the
role of H,O adsorption in the adhesion and sliding behavior of
MoS, layers, bilayer MoS, interfaces were constructed. This
was achieved by placing a pristine MoS, layer and a similarly
vacancy-defected MoS, layer on top of the MoS, layers in
configurations including V-H,O, Vy,s-H,0, and Vys3-H,O.
This arrangement ensured that only one H,O molecule was
positioned between the MoS, layers. The interfaces represent-
ing the most stable stacking sequences were used in order to
estimate the effects of H,O adsorption on interfacial bonding
and structures. For comparison, the same interfaces without
H,O intercalation were also computed, as summarized in
Table 1. As shown in Table 1, when examining the interfaces
without H, intercalation, the binding energy (Eg) values
quantifying the strength of the interlayer interaction or
bonding between the two layers exhibited a similar range in
the AA’, AB, and AB’ stackings. Notably, the AB stacking
configuration displayed the smallest interlayer spacing among
them. It can also be noted that a larger vacancy of Vyg; on
MoS, resulted in a reduction in the Eg from ~0.30 to 0.25 J/
m? This reduction can be attributed to the weakened
interlayer interaction induced by the void created by the
larger vacancy.

When examining the bilayer configurations intercalated with
a H,0 molecule, it can be noted from Table 1 that the
presence of H,O did not alter the Ey value for the Vg/Vg and
Vg-H,O/pristine (unmodified) configurations across all the
three computed stackings. However, there was an increase in
the interlayer spacing by 0.04—0.14 A. Additionally, the Ea
values were found to be in the range of —0.02 to 0.11 €V,
which were higher than Ea values for H,O on pristine and V-
defected monolayer MoS,. This suggests the existence of a
competition between the adsorption process, which lowers the

system’s energy, and a process that increases the system’s
energy by weakening the van der Waals interaction due to the
expanded layer spacing.

This phenomenon is demonstrated in Figure 7a and
characterized by a significant expansion in the layer spacing,
reaching 6.44 A. This expansion occurred when the H,O
molecule was adsorbed onto the Vg site of MoS, from the
underlying layer. For H,O adsorbed at Vys and Vyg; sites,
the H,O intercalated at the interfaces increased the Ey values
to 0.31—0.37 J/m* without increasing the interlayer spacing
(see Figure 7b,c). Moreover, H,O was more likely to be
adsorbed at these interfaces due to the low Ea values of —0.50
to —0.74 eV. Compared to the interfaces with pristine (defect-
free) top layer MoS, Table 1 shows that the interlayer
spacings for interfaces with vacancies in both MoS, were 0.01—
0.08 A smaller. Also, it was observed that H,O was most stably
adsorbed at interfaces containing the Vys defect.

To understand how Ejy and layer spacing would change with
an increased number of intercalated H,O molecules, interfaces
of Vyos-H,O/H, 00—V, with both layers containing the Vy.g
defect and each adsorbed with a H,O molecule were
constructed in AA’, AB, and AB’ stackings and then simulated.
According to the computed structures shown in Figure 7d,e,
the AB stacking configuration, which had the smallest layer
spacing of 6.38 A, showed the highest E; of 0.45 J/m?”. This
was followed by 0.43 J/m? in the AA’ stack and 0.42 J/m?* in
the AB’ stack, the latter having a slightly larger layer spacing.
Moreover, the Ea values were —1.19, — 1.40, and —1.20 eV for
Vmos-H,O/H,0—=Vys in AA’, AB, and AB’ stackings,
respectively. These values were approximately double those
for interfaces with only one intercalated H,O molecule. Hence,
the computational data suggested that increased H,O
adsorption at the interface led to higher Ejy values.

CDD studies were conducted to illustrate the changes in
electronic properties in the presence of intercalated H,O
molecules. Charge transfer isosurface contour plots, as a tool in
CDD analysis, were utilized to illustrate these changes. Figure
7g—i shows typical contour plots for Vy,s-H,O/Pristine, V.-
H,0/Vyos, and Vys-H,O/H,0—V)s configurations in the
AB stacking, respectively. The charge depletion zone
(indicated by the orange zone) from the S atom of the top
MoS, layer for Vy,s-H,0/V)ys in Figure 7h was larger than
that in Figure 7g for Vy;,s-H,0/Pristine, which agrees well
with the lower Ea value of —0.74 eV for the former compared
to —0.67 eV for the latter. Thus, the Vy¢ defect enhanced
H,O adsorption to both the upper and lower MoS, layers.
Compared to the configurations with a single H,O molecule
intercalated at the interfaces, the Vy,s-H,O/H,0—Vys
configuration with two H,0O molecules adsorbed at the
interface as shown in Figure 7i exhibited more significant
charge transfer as evidenced by two orange zones near S atoms
of both layers. This correlates with the lowest Ea of —1.40 eV
for the configurations with two intercalated H,O molecules.

The CDD analyses revealed that the Ea values for H,O
adsorption on monolayer MoS, represent the interaction
energy between the H,O molecule and the MoS, layer.
However, for H,O adsorbed at bilayer interfaces, the Ea values
reflect the change in the system’s energy due to H,O forming
bonds with both the top and bottom MoS, layers. These
interfacial bonds are likely characterized by H---S hydrogen
bonds, with a bond length of ~2.7 A. These results indicated
that an increased number of H,O molecules adsorbed at the
MoS, interface lead to stronger interlayer adhesion, resulting in
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Figure 8. Energy variation and interlayer spacing of bilayer MoS, with and without an intercalated H,0 molecule during sliding motion in (a,b) in
the X direction and (c, d) in the Y direction (refer to Figure S2 for X and Y direction orientations).

MoS, layers being interconnected by hydrogen bonds, which
would impede layer shearing during the sliding process.

At this point of the discussion, it is appropriate to highlight
some noteworthy aspects related to the Ej calculations. Due to
the difference in vacancy properties, dissociation occurs only at
Viosy While physisorption is observed at all types of vacancies.
The current computational study expands on previous findings
29 by illustrating that H---S hydrogen bonds can form at
vacancies other than Vy,. This further supports the notion
that water adsorption at defects can elevate friction, with this
effect being reversible with temperature changes. Second,
regarding the calculation of Ejg, it is important to note that
using the conventional formula might overestimate layer
adhesion. This overestimation occurs because the H,O
adsorption energy to both the upper and lower layers is
considered simultaneously. Practically, during layer separation,
H,O is expected to detach from the weakest adsorption sites,
such as by breaking the H---S bond at the interface. Despite
this, the trend and values of Ej still provide valuable insights
into the frictional properties of MoS, in moist environments,
notably indicating an increase in friction.

To rationalize the effect of H,O molecules on the sliding
behavior of the MoS, layer, a DFT study was undertaken. This
approach is particularly valuable as direct experimental
observation of this process, such as using atomic force
microscopy, is challenging due to the complexity of the system.

3.4. Sliding Behavior of MoS, Layers with Adsorbed
H,0 Molecules. DFT studies were performed to shed light on
the effects of H,O adsorption at MoS, interfaces on the

interlayer sliding behavior in three AB stacked bilayer MoS,
configurations, namely (1) Pristine/Pristine, (2) Vy;s-H,O/
Pristine, and (3) Vyos-H,O/H,0—V)y. Layer sliding in the X
and Y directions (normal to X) was considered. When sliding
along the Y direction, the H,O molecule adsorbed on the top
MoS, layer remains positioned above the H,O molecule
adsorbed on the underlying MoS, layer. However, this
arrangement does not apply when sliding along the X
direction.

The changes in the system energy and interlayer spacings
during sliding the MoS, are presented in Figure 8a—d.
According to Figure 8a,b, when sliding along the X direction
for the three interfaces, it is evident that the presence of H,O
at the interfaces does not significantly alter the interlayer
sliding energy barrier (0.43 eV for Vy,s-H,O/Pristine and 0.46
eV for the other two interfaces). The variations in the
interlayer spacing showed similar trends with those observed in
the interlayer sliding energy. This behavior could be related to
the relatively longer H:--S bond length, which facilitates
hydrogen bonding between adjacent S atoms. This can be
inferred from the relatively smaller interlayer spacing observed
in Vy,s-H,O/Pristine and Vy,s-H,0/H,0—V s compared to
that of Pristine/Pristine (see Figure 8b). The results for sliding
along the Y direction in Figure 8c,d showed a significant
change in the interlayer sliding energy barrier due to the
presence of H,O at the interfaces. Specifically, the energy
barrier was 0.72 eV for Vy,¢-H,O/Pristine, 0.76 eV for
Pristine/Pristine, and 1.23 eV for Vy,s-H,0/H,0—V,,c. The
maximum energy barrier for pristine MoS, layers in an AB
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stack sliding along the Y direction, which was 0.76 eV, agrees
well with previous simulation results of 0.88 eV (scaled to a 4
X 4 cell) using the PBE + D potential.”*

Thus, the presence of H,O at the interfaces typically
increased the interlayer sliding energy barrier when sliding
along the Y direction. Although shifting along the Y direction
resulted in a higher sliding energy barrier and larger interlayer
spacing (6.8—6.9 A), the sliding behavior of Vy;,s-H,0/
Pristine with a lower interlayer spacing and sliding energy
barrier than those of Pristine/Pristine also suggests that H,O at
the interface suppressed layer expansion induced by repulsion
between S planes at the energy barrier position. Meanwhile,
considering the energy barrier position, the repulsion between
the upper and lower layers was intensified by the repulsion
between the two intercalated H,O molecules. This effect is
evident from the increased interlayer spacing, reaching a
maximum of 6.9 A for the Vy,¢-H,0/H,0—Vy config-
uration as shown in Figure 8d. The water molecules tend to
repel each other and consequently increase the layer spacing.
Meanwhile, when the H,0 molecule slides against the S plane,
the formation of H--S hydrogen bonds acts as a spring-like
bond, restraining the increase in the layer spacing as the
interface transitions from a close-layered stacking to one with
greater layer separation. Consequently, this process leads to a
significantly higher sliding energy barrier, peaking at 1.23 eV.

MoS, layers without an intercalated H,O molecule were
bonded primarily through the van der Waals interaction
between negatively charged S layers, which ensured a low
friction of 0.02 for sliding MoS, in dry air at both 25 and 120
°C as shown in Figure 2a. When a H,0O molecule was adsorbed
at the MoS, interface as presented in Table 1 without
increasing the layer spacing, H--S hydrogen bonds would form
between the positively charged hydrogen from H,O and the
negatively charged S atom from the adjacent MoS, layer,
alongside van der Waals interactions. These hydrogen bonds
would enhance the interfacial adhesion, which in turn restricts
layer expansion and consequently impedes layer sliding. Given
that hydrogen bonding is stronger than van der Waals
interactions and considering that defect structures, which
promote H,O adsorption, can inherently form during the
sputtering of MoS, and also be generated as a result of sliding-
induced damage,z‘)’6> it is reasonable to attribute the increased
friction under humid conditions to the formation of interfacial
hydrogen bonds through the physisorption of H,O at these
defect sites. This is also supported by a small activation energy
of 0.165 eV that correlates well with the physisorption energy
of H,O on MoS, and a higher energy barrier for sliding MoS,
layers with adsorbed H,O than for pristine layers. Hence, the
friction reduction of MoS, with increased temperature under a
humid environment in Figure 2 could be attributed to the
thermal-activated reduction in the amount of interfacial
hydrogen bonds via desorption of H,O from MoS, surfaces,
where higher temperature leads to a lower amount of H,0O
adsorption and lesser interfacial H---S hydrogen bonds
impeding layer sliding.

The DFT studies revealed H,O adsorbed undissociatively at
Vs, Voo, Vivoss Vimosy and Vi, sites of MoS, with Ea values of
—0.56 ~ —0.17 eV, agreeing with Ea values of —0.15 eV for
H,O physisorption on the surface of MoS, and of —1.34 to
—0.43 eV for H,O dissociative adsorption at edge sites of
MoS, in reference 33. Besides physisorption of H,O, it is noted
from references29,30 that H,O dissociative adsorption at the
most reactive Vs, vacancy would occur with small activation

energy required, which would lead to the formation of Mo—O
bonds that may serve as an initial step for oxidation of MoS, to
form MoO;. Previous experiments and molecular dynamics
simulations by Curry et al.”® also confirmed that oxidation of
MoS, occurred primarily at the top layer of MoS, in highly
reactive environments of atomic oxygen and molecule oxygen
at 250 °C. Considering that the continuous oxidation process
to form MoOj requires removal of S and diffusion of O, which
could be a rate-limited process, oxidation of MoS, in the
current study under a humidity of <40% and a low load of 0.3
N was expected to proceed at a slow rate as a result of less
structural destruction by a small friction force with fewer H,O
molecules supplied than the ones in high-humidity environ-
ments. The physisorption of H,O onto MoS, at low humidity
levels without significant oxidation is in alignment with the
Raman and TEM observations. Thus, the friction increase in
humid environments observed in the study is mainly attributed
to the effect of physisorption of H,O. The desorption analysis
and Arrhenius analysis showed that the nature of this H,O
adsorption process is reversible as heating to elevated
temperatures to thermally desorbs H,O from surfaces of
MoS,. The common activation energy of 0.165 eV from
Arrhenius analyses indicated that the operating friction
mechanism of MoS, stays unchanged in both environments
with 20% RH and 40% RH. Comparing the activation energy
of 0.165 eV with the computed Ea values from DFT, it can be
noted that they fall within the same range despite different
approaches being used. Thus, it can be assured that the
adsorption of H,O is responsible for the increased friction of
MoS,. Previously, the molecular dynamics simulations by
Onodera et al.°® showed that the low friction between MoS,
layers largely resulted from Coulombic repulsion between S
atoms and the friction depends highly on interlayer contacts.®”
This study revealed that the formation of new interfacial bonds
by the H,O adsorption at defects would also be able to
dominate friction of MoS, by increasing the Ep value and
impeding layer sliding. However, it should also be noted that
the interlayer sliding simulations are performed to show that
H,0 adsorption would be able to alter the layer sliding
performances, and the sliding energy barrier is subjected to
change if the interface registry differs, such as layer stacking
and rotation of the interfacial layer. Meanwhile, this work has
shown the formation of interfacial H---S hydrogen bonds in
vacancy-defected MoS, with low H,O coverage through DFT
computations. Future studies, both experimental and simu-
lation-based, are needed to explore the detailed mechanisms of
hydrogen bond formation at other defects, such as edges and
antisites, particularly under higher H,O coverage.

4. CONCLUSIONS

In this study, the increased friction of MoS, under humid
conditions, a phenomenon conventionally attributed to the
formation of MoO; through tribo-chemical processes, was
explored. By conducting a combination of sliding friction
experiments at different temperatures and employing DFT
computations, it has been demonstrated in this study that the
increase in the COF of MoS, in a humid environment can be
primarily attributed to the adsorption of H,O molecules,
resulting in the formation of physical bonds between MoS,
layers. This process exhibits reversibility, with friction
reduction observed upon H,O desorption. DFT computations
revealed the stability of physisorbed H,O at defect sites,
forming interfacial hydrogen bonds with MoS,. Sliding friction
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tests conducted in dry air at 25 and 120 °C demonstrated low
coefficients of friction (COF) of 0.02, suggesting that oxidation
and film softening at these temperatures do not significantly
affect friction.

Raman and TEM analyses have confirmed that MoS, layers
near the contact surface became parallel to the sliding interface
during the sliding process. However, this parallel layer
orientation alone did not fully account for the low friction
observed in humid conditions. In sliding tests conducted at 20
and 40% RH and elevated temperatures, the COF consistently
showed a decreasing trend. Notably, the activation energy
remained similar at both RH levels, with a constant value of
0.165 eV. This alignment with the computed H,O adsorption
energy range of —0.56 to —0.17 eV suggests that H,O
desorption from the MoS, surface is more likely to occur at
sites characterized by relatively high adsorption energies. Thus,
during the sliding process in a humid environment, where a
new interface forms at the leading edge of the sliding direction,
DEFT studies have revealed that the disruption of the interfacial
hydrogen bond formed between H,O and MoS, requires a
significantly greater additional energy input. This additional
energy dissipation leads to an increase in friction.

Overall, this study establishes a theoretical and experimental
foundation for designing interfaces that can enhance or inhibit
hydrogen bonds in MoS, films, enabling their functionality for
various applications. Understanding these principles aids in the
development of innovative materials and surfaces with tailored
properties to meet specific needs.
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