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ABSTRACT: Frictional energy dissipation at the interfaces of two-dimensional (2D) 1.2
materials through the excitation and transfer processes of kinetic energy into the bulk can be
easily influenced by an intercalated water film. An enhancement of friction on water-
intercalated graphene has been observed. Is this frictional enhancement by confined water a
general phenomenon? We address this issue by investigating the frictional behavior of
confined water layers intercalated between single-layer molybdenum disulfide (MoS,),
synthesized using chemical vapor deposition, and a silica substrate. The icelike water was
intercalated by exposure to high-humidity air. We found that the intercalated water molecules
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morphologically deform the 2D MoS, sheet, forming distinct subdomains after the exposure

to high humidity. We found that the adsorption of the icelike water layer between the MoS, and the silica leads to friction
enhancement, compared with a pristine MoS,/silica sample, which is associated with additional phononic friction energy
dissipation at the solid—liquid interface, as indicated by the phonon distribution analysis from the empirical force-field
calculations. Moreover, the atomic stick—slip behavior shows that the lattice orientation of the hydrophilic MoS, affects water
molecule diffusion at the interface of the MoS,/silica substrate. Chemical mapping of the water-intercalated MoS, on silica
using scanning photoelectron microscopy and vacuum annealing processes shows water intercalation without changing the

intrinsic composition of the MoS, on silica.

1. INTRODUCTION

Understanding mechanical kinetic energy dissipation in friction
has drawn much attention in the physical sciences. Heat is the
primary energy converted from the mechanical energy of
sliding bodies in contact.' ™ The processes of energy
dissipation (e.g, molecular vibration of surface atoms,’
chemical interactions,"~® electronic excitation with electron—
hole coupling,9 and stiffness'®'"') contribute to friction
phenomena at atomic scale. As a fundamental aspect of energy
dissipation, it is important to understand the conversion of
kinetic energy from sliding motion into the vibration of surface
atoms. Coupling surface vibration with phonon modes of the
substrate is also considered significant.” However, it is very
difficult to experimentally investigate the origin of friction
because of the complexity of the mechanism at the interface
between bodies. Thus, a simple experimental design that
provides a distinct main excitation mechanism for friction is
necessary. In a previous report, we performed experimental and
theoretical friction studies of graphene on mica with water
layer intercalation as an antilubricant."”'? Since the hydro-
phobic graphene is transferred to the hydrophilic substrate
(e.g., muscovite mica) using a mechanical method, the role of
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adsorbates from humid air at the interface of the graphene/
mica is a highly important topic when studying surface
behavior. The friction enhancement of graphene on mica by
water layer intercalation and its isotope effects revealed that it
is associated with phonon contributions.'”'* In this confined
water system, the hydrophobic graphene has very weak
interaction with the intercalated water layer because of a lack
of chemical bonds, whereas strong hydrogen bonds between
the water layer and mica still occur. However, the generality of
the role of confined water in friction remains an open question.

Hydrophilicity (i.e., an attraction to water molecules) plays a
key role in the nanoscale tribological properties of 2D materials
at ambient conditions. The Hertzian behavior of friction versus
load curves depends on the humidity conditions during atomic
force microscopy (AFM) measurements because of the effects
of capillary condensation between the tip and the sample.'*~"°
Gueye et al. demonstrated the relationship between friction,
humidity, and temperature using AFM experiments and
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proposed a 2D dynamic model.'” The water layer between the
tip and the sample leads to lower friction at low temperature
and high humidity and decreases the van der Waals interaction
between the tip and the sample during friction measurements.
By confirming identical atomic stick—slip behavior of graphene
in water and ultrahigh vacuum, Vilhena et al. suggested that
friction experiments in water can be substituted for ultrahigh
vacuum conditions."®

Molybdenum disulfide (MoS,), a form of MX, (M: Mo, X:
S) as a 2D transition metal dichalcogenide, consists of covalent
bonds between the M and X in hexagonal arrangements.'”~**
The tribological properties of MoS, are very well known as
lamellar solid lubricants.””~*” The thickness dependence of
MoS, on friction on a silica substrate was shown to be caused
by puckering effects.’® On mica, the friction coefficient of
monolayer MoS, depends slightly on the relative humidity of
the environment, compared with mica, because of its varied
hydrophilicity.” In previous reports, the MoS, is intrinsically
mildly hydrophilic, which was confirmed by Fourier-transform
infrared spectroscopy and ellipsometry.”"”> Another interest-
ing characteristic of hydrophilic MoS, on a hydrophilic
substrate is that the confined water layers are easily formed
at interfaces.” *® A Stranski—Krastanov growth model was
proposed for intercalated water molecules at the interfaces of
hydrophobic graphene/mica, whereas water intercalated
between hydrophilic MoS, and mica does not change because
of the greater interactions between the layers.”” Furthermore,
Varghese et al. showed the effect of adsorbed water molecules
between MoS, and mica on the optical properties of electron-
doped MoS,.”” Thus, variable-environment hydrophilic 2D
material systems provide an opportunity for understanding
frictional energy dissipation and the role of adsorbates on
morphological properties.

In this paper, we investigated the effects of water intercalated
between hydrophilic MoS, and silica on friction against a Si tip
using AFM. We found an enhancement of friction on MoS, on
silica by water layer intercalation that is addressed by
computational analysis. Both chemical mapping and vacuum
annealing show the adsorption of a water layer at the interface
of the MoS,/silica through nonlocal transformation of the
intrinsic composition of the MoS, before and after water
intercalation. Furthermore, we found that the diffusion and
growth of the water layer are associated with the lattice
orientation of MoS, because of the relative interaction between
the water layer and the MoS, sheet.

2. METHODS

2.1. Sample Preparation and Characterization. Mono-
layer MoS, was grown onto SiO,/Si substrates using the
ambient chemical vapor deposition (CVD) technique. Prior to
CVD growth, the substrates were cleaned using a Piranha
solution, a mixture of H,SO,/H,0, (3:1), for 1 hour followed
by deionized water rinsing and drying with N,. The MoO;
source (~3 mg) was placed downstream from the sulfur source
(~1 g) and then heated to 700 °C for the growth step. The
water intercalation treatments were performed in a glass cell
(140 mm diameter, 150 mm height, and over 95% RH within
several hours at room temperature (~23 °C)) with deionized
water. The RH was monitored using a digital thermo-
hygrometer (RH measurements of 1 ~ 99 + 3% (TFA-
GERMANY)). Vacuum annealing of the water-intercalated
MoS, on silica was performed at 300 °C for 1 h at 107 Torr.
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2.2, Friction Force Microscopy (FFM) Measurements.
Friction force microscopy (FFM) measurements were
performed at laboratory conditions (45—50% RH and 22—24
°C) using an environmental AFM (5500, Agilent). A Si tip
(PPP-LFMR-50, Nanosensor) with a nominal resonance
frequency of 23 kHz, cantilever thickness of 1.0 + 1 um,
and force constant of 0.2 N/m was used for the FFM
measurements of the water-intercalated MoS, sheet on silica.
The friction was estimated by subtracting the retrace from the
trace lateral signals during contact mode AFM measurements.
A low normal load in the elastic regime was utilized for the
friction measurements such that no damage occurred on the
MoS, sample during the FFM experiments.

2.3. Scanning Photoelectron Microscopy (SPEM)
Measurements. The X-ray was focused to a spatial resolution
of about 200 nm using a Fresnel zone plate for the SPEM
measurements and the photoelectron detector was positioned
at a tilted angle of 54° to the surface normal direction, which
indicated that the analytical probing depth became effectively
as short as the topmost layers. The binding energies were
calibrated using the Au 4f binding energy of an extra gold
substrate. It was operated with a photon energy of 696.4 eV
and an energy step of 0.8 eV. A binding energy of 284.8 eV for
C 1s was used for the reference. The measurements were
conducted at the beamline 8Al at the Pohang Accelerator
Laboratory in South Korea.

2.4. Computational Method. To calculate the MoS,/
water/SiO, structure, we used the slab model. In the first step,
a (3 x 3 x 5) supercell of f-quartz SiO, (a = 4.98 A) was used
for the substrate. To reduce lattice mismatch, we built a (5 X
5) MoS, monolayer (a = 3.09 A) on a hydroxylated
Si0,(0001) surface. The model has a lattice mismatch of
~3.4%. To consider the intercalation of an icelike water layer,
we optimized 18 H,O molecules on the hydroxylated
Si0,(0001) surface. The surface of the SiO, substrate is
terminated by hydroxyl groups (—OH) because of the RH
conditions in the experiments.

Empirical interatomic potentials were used to describe the
interactions between atoms, as implemented in the general
utility lattice program (GULP).”® To simulate the hydroxy-
lated surface of the SiO,, the CLAYFF force field” was
adapted for Si—O and O—H. The simple point charge/flexible
(q-SPC/Fw) potential was employed to explain the O—H
bond in the H,O molecules.*”*' For the Mo—S bond, we used
the Stillinger—Weber potential.*” The van der Waals
interaction at each layer was evaluated using the Lennard-
Jones (12—6) function.

12 6
T tij

where D;; (kcal/mol) and R; (A) are empirical parameters. The
parameters for Si, O, Mo, and S are listed in Table S1. The
Lennard-Jones parameters between the different species were
calculated using the arithmetic mean rule for R; and the
geometric mean rule for Dj;.

ELj(rij) = z Dij
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3. RESULTS AND DISCUSSION

The synthesized single-layer MoS, (SL-MoS,) was formed on
a SiO, substrate with a thickness of 300 nm using the chemical
vapor deposition (CVD) method.* The triangular structures
of the SL-MoS, were very well defined in previous r(iports
using high-resolution transmission electron microscopy” and
scanning tunneling microscopy (STM).45 The SL-MoS, on
silica was characterized by photoluminescence (PL)*® (Figure
la) and Raman spectra47 (Figure 1b) measurements. PL
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Figure 1. (a) Photoluminescence spectrum of the triangular single-
crystal MoS, on silica. The inset is a large-area optical microscope
image of the MoS, on silica, synthesized via chemical vapor
deposition (CVD). Inset scale bar is 100 ym. (b) Raman spectra of
pristine MoS, on silica acquired at ambient conditions. The two main
peaks appearing at 384 and 407 cm™’ are attributed to the in-plane
(IEzg) and out-of-plane (Alg) vibrations. Topography images of (c)
CVD-synthesized triangular single-crystal pristine MoS, on SiO,/Si
and (d) MoS, on silica after exposure to high relative humidity
(>90%) for several days.

spectra of a sample synthesized at 300 K show a very sharp
major fluorescence feature at around 1.88 eV that originated
from the direct band recombination of electron—hole pairs.**
The Raman spectra show two different major peaks, which are
associated with the in-plane ('E,,) and out-of-plane (A,,)
vibrations, appearing at 384 and 407 cm™’, respectively."”"
Furthermore, we show the quality and crystallinity of the MoS,
flakes using atomic stick—slip measurements*” on the pristine
MoS, sheet, which show clear sawtooth motions and lattice
constants (3.2 A) that are well matched with theoretical values
(Figure S1). The triangular single-crystal MoS, on silica (ie.,
we used the triangular structures with rounded corners from
the MoS, growth process) is shown in the large-area
topographical images that were acquired before (Figure 1c)
and after (Figure 1d) water intercalation at ambient conditions
with a relative humidity (RH) of 45—50% at room temper-
ature. It shows uniform morphological changes caused by
water intercalation. Since we need to consider the variation in
height of the MoS, sheet on silica depending on the contact
scanning conditions, the height of the SL-MoS, on SiO,/Si is
0.8 + 0.2 nm without water layer intercalation (OW), which is
consistent with the value reported by Lee et al.*’
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We exposed the MoS, sample to high-RH conditions (i.e.,
above 99%) for several days (i.e,, 117 h). Topography (Figure
2a) and friction (Figure 2b) images were simultaneously
obtained at ambient conditions (~45% RH) before exposure.
The cross sections along the red solid lines in topography and
friction are shown in Figure 2c. In the topography, the small
particles on MoS, flakes are visible. We suppose that these
particles on the flakes are MoS, because of the lack of contrast
in the friction image. Residues of MoS, particles can exist after
chemical vapor deposition of MoS, flakes on silica. After
exposure, topography (Figure 2d) and friction (Figure 2e)
images of the MoS, sample were also obtained at ambient
conditions. The labels correspond to (A) bare silica, (B)
MoS,/Si0,, and (C) MoS,/water/SiO,. The wrinkles with
heights of about 3—5 nm in the MoS, sheet bulging from the
intercalated water molecules are clearly distinguished by the
different heights in the line profiles (Figure 2f). The cross
section along the red line in the topography image shows that
two water layers are intercalated between the MoS, and SiO,,
as estimated by the height difference. The friction image clearly
shows enhanced friction by water intercalation between the
MoS, and SiO,. Figure 2g shows a schematic diagram
describing the cross-sectional view of intercalated water layers
between MoS, and the SiO, substrate. The absolute value of
the friction can be very sensitive to the scan conditions and the
atmosphere between the tip and the sample (45—50% RH).
Thus, we need to normalize the friction to compare the
different images. The normalized friction behavior of MoS, in
the presence of intercalated water layers between the MoS,
sheet and silica is shown in Figure 2h. For this bar graph, the
normalized friction value for MoS, + water was taken from the
region marked with a solid red line in the friction image
obtained after exposure. The friction was normalized using 1 as
the maximum value of the SiO, friction. The friction
enhancement on the MoS, with intercalated water layers is
clearly seen as increased by a factor of ~3.2 above that on
MoS,/Si0,. This result shows that the frictional energy
dissipation of the 2D materials can be easily influenced by
vibration of the intercalated water molecules at the interfaces.
There are many MoS, flakes on the silica substrate after CVD
synthesis. The flakes are simultaneously treated by exposure to
high humidity on the silicon substrate. Figure 2 shows
representative images of a MoS, flake on silica before and
after water intercalation.

Another noteworthy finding is that the lattice orientation of
single-crystal MoS, leads to the diffusion of adsorbed water
molecules between the MoS, and the silica substrate.
Topography (Figure 3a) and friction (Figure 3b) images of
the water-intercalated MoS, on silica are shown after exposure
to high RH for several days. The water-intercalated subdomain
in the MoS, flake located in the center of the topography
image has two straight lines that are parallel to each side of the
MoS, triangle. The schematic diagram (Figure 3c) shows the
areas of MoS,/SiO, (yellow) and MoS,/water/SiO, (blue),
distinguished by their different heights. The dotted lines on
each side of the triangular domains are shown using three
colors that are indexed by the three different parallel directions.
Since the single-crystal MoS, triangle is extremely well defined,
the three sides of the triangular structure represent the lattice
orientations of the MoS, flake. Thus, we can expect that the
water-intercalated MoS, subdomain is related to the lattice
orientation of the MoS,. Moreover, the atomic stick—slip
image measured on the MoS, plane (marked by the yellow

DOI: 10.1021/acs.jpcc.8b11426
J. Phys. Chem. C 2019, 123, 8827-8835


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b11426/suppl_file/jp8b11426_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b11426

The Journal of Physical Chemistry C

(a) (b) (c)
£
E, 1
% 0
Bl
o Si0,/Si
[
K]
S o MoS,
I 0 1 2 3 4
Distance (um)
(e) (f)
S
40 A B C
.g) 1
o 0 ]
s rans
= '
s |
c 2 ;
.9 L
S o 1+ 1 MoS,+water
e 0 1 2 3 4
Distance (um)
) (h) ,
Lo
o
c 50
Mo S, +water :9; 0.4
B \(,‘.Q?‘»Q,‘.Q’ % .
s 5. E
A MoS, i'«’»..ﬁ» o ‘(.’ 2 0.2
| Sio, | 0.0
MoS, MoS,+water

Figure 2. (a) Topography and (b) friction images (5.5 ym X 5.5 ym) of triangular single-crystal pristine MoS, on SiO,/Si obtained in air at 45%
RH with an applied force of 10 nN. (c) Line profiles of height (top) and friction (bottom) along the solid red lines in (a) and (b). After exposure of
the Mo$, on silica to high RH (>90%) for 117 h, (d) topography and (e) friction images (3.5 gm X 3.5 ym) of the water-intercalated MoS, on
silica were acquired at ambient conditions. (f) Line profiles showing the height (top) and friction (bottom) of the regions with (labeled C) and
without water intercalation (labeled B) between the MoS, and SiO, (labeled A) along the red lines in (d) and (e). (g) Schematic diagram
describing the cross-sectional view of icelike water layers intercalated between SL-MoS, on a SiO, substrate along the red line in (d), (e), and (f).
(h) Plot of the normalized friction (bare silica friction = 1) in accordance with presence of the water layers between MoS, and SiO,.
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Figure 3. (a) Topography and (b) friction images (3.3 ym X 3.3 ym) of water-intercalated MoS, on a SiO,/Si substrate after exposure to high RH
(>90%) at an applied force of 10 nN. (c) Schematic diagram showing the shape and position of the water-intercalated areas between the MoS,
sheet and silica, and three parallel sets of dotted edge guide lines with different colors (i.e., red, blue, and black). (d) Atomic stick—slip friction
image (2.5 nm X 5.0 nm) on water-intercalated MoS, on silica and the sawtooth behavior of the AFM tip in cross-profile were obtained in the area
marked by the yellow rectangle in (a). (e) Line profiles of height (top) and friction (bottom) along the solid red lines in (a) and (b).
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rectangle in topography) shows that the edges of the
intercalated water area depend on the lattice orientation of
the MoS, (Figure 3d). The red and blue dotted lines in the
schematic diagram show a 120° relation between the hexagonal
arrangement of the elements in the stick—slip image. The line
profile of the stick—slip also shows the sawtooth motion of the
AFM cantilever on the MoS, surface. Therefore, the
interaction between the hydrophilic 2D MoS, and the water
layer plays an important role in determining the shape and
diffusion of the intercalated water layer at the interfaces.
Additional results showing that the edges of the water
subdomain are aligned along the sides of MoS, flakes on
silica are shown in the Supporting Information. Looking at
water diffusion at the interface, Kim et al. reported that the
diffusion pathways of the intercalated water follow the zigzag
directions of the graphene on the substrate because the relative
lower energy barrier for sliding occurs along the zigzag
direction rather than other directions, as revealed by MD
simulation.’® The interaction between the MoS, sheet and the
water layer also plays an important role in determining the
shape and diffusion of the intercalated water layer at interfaces.
Theoretical calculations of the potential energy of the
intercalated water between MoS, and silica can be considered
in a further study. The cross section along the red solid lines in
the topography and friction images after water intercalation
between the MoS, and SiO, are shown in Figure 3e.

To understand the effect of intercalated water on the friction
on MoS,, we examined the phonon density of states (DOS) of
MoS, on a hydroxylated SiO, substrate with the form of
MoS,/SiO, and MoS,/water/SiO,. The phonon DOS was
computed using the force-field approach, implemented in the
general utility lattice program (GULP) (see the Computational
Method section for details).”® Figure 4 shows our calculation
models, which are monolayer MoS, on a hydroxylated SiO,
substrate with no water (MoS,/SiO,) (Figure 4a) and water
intercalation (MoS,/water/SiO,) (Figure 4b). Our calculated
structures are in good agreement with reported density
function theory (DFT) results.”' ~>? Figure 4c shows the
partial phonon DOS of MoS, (top), water (middle), and SiO,
(bottom) for MoS,/SiO, (black solid line) and MoS,/water/
SiO, (blue solid line). The phonon DOS of the MoS, exists at
0—15 THz, the phonon DOS of intercalated water is
distributed mainly between 0 and 30 THz, and the phonon
DOS of the SiO, substrate is mainly present at 0—40 THz. In
the presence of water layers, the phonon DOS of the water
layers increases whereas the partial phonon DOS of MoS, and
SiO, are almost unchanged because of the weak dispersion and
hydrogen interactions between the water layers and the MoS,
(or SiO,) (Figure S2). The low interactions result from the
intercalated water layer as an icelike structure that has a fully
contacting H network from the water layer on a hydrophilic
substrate, such as mica or silica.’*"*

The intercalated water layers can increase the phonon
excitation channels and the phonon DOS overlaps.'” During
tip—contact sliding, friction forces can excite atomic vibrations
of both the monolayer MoS, and the water layers. Phonon
excitation in the water layers provides additional excitation
channels, thus enhancing the friction. The higher phonon DOS
by water intercalation not only creates more phonon excitation
but also increases the phonon DOS overlap between the MoS,
and the SiO, substrate and between the water layers and the
SiO, substrate. Because the frictional energy is mainly
dissipated by transportation to the SiO, substrate through
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Figure 4. Side views of the optimized structures for monolayer MoS,
on hydroxylated -quartz SiO,(0001) substrate with (a) no water and
(b) with water layers. Atom representation: yellow (S), purple (Mo),
white (H), red (O), blue (Si), black (H in H,0), and green (O in
H,0). (c) Phonon DOS of monolayer MoS, on a hydroxylated SiO,
substrate with no water (black) and water layers (blue). Projected
phonon DOS of MoS, (top), water (middle), and SiO, (bottom) are
shown for 0—45 THz.

the water layers, the increased phonon DOS overlap can
contribute to enhanced frictional energy dissipation due to the
presence of water layers. The directly excited phonon modes
on the MoS§, surface can dissipate by the phonon DOS overlap
in the out-of-plane direction as well as via phonon—phonon
scattering in the lateral direction. Therefore, when inserting
water layers, the phonon modes of the water layers above 15
THz can be a potential channel for frictional energy dissipation
by phonon—phonon scattering or anharmonic scattering.
Mechanical energy dissipation in friction from the 2D/
water/bulk substrate model, such as our system of confined
water between MoS, and silica, can thus be introduced by
phonon contributions. In addition, other potential contribu-
tions to the frictional behavior of 2D materials can be
considered (e.g,, the puckering effect’® and the true contact
area between the tip and the surface®®). The binding energy of
the exciton as well as the electronic band gap of the MoS,
sheet can also be intrinsically affected by the substrate. Again,
we analyzed the friction at the same conditions with water
intercalation between the MoS, and the SiO, substrate to
exclude the intrinsic effect in the friction comparison. The
intercalated water layer between a 2D thin film and a substrate
can effectively screen the substrate charge-transfer effects.””
Furthermore, the CVD-synthesized triangular single-layer
MoS, is well known to have perfect crystallinity on the silica
substrate. We also used this type of MoS, sample, as confirmed
by PL, Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and atomic stick—slip measurements for the quality and
crystallinity of the CVD MoS, flakes on the SiO, substrate.
Thus, we can exclude any electrical effect from accidental
doping of MoS, in our friction analysis. The influence of free
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carriers in the probe was also ignored between the MoS,
samples in our friction comparison in accordance with the
confirmation of the stoichiometry of the MoS, on silica by XPS
and SPEM. In particular, the atomic stick—slip behavior shows
a pristine MoS, sheet without defect or lattice antisites, which
clearly show the lattice constants (3.2 A) as theoretical values.
Thus, the structural defects of the MoS, sheet were not
recognized by the characterization and it is also difficult to
quantitatively present the density of defects. Additionally, the
RMS roughness of the silica substrate is about 0.22 nm, which
is definitely lower than the height of a single water layer (0.37
nm). Thus, the formation of intercalated water layers between
MoS, and silica is clearly distinguished. When FEFM is
performed, the sharp AFM tip directly contacts the surface
of the MoS, through any adsorbents on the MoS,. Therefore,
our friction results are not affected by adsorbents on the MoS,
surface. The effect of lattice mismatch in our system is minor
because any interaction between the MoS, and the water layers
is a weak van der Waals interaction. In addition, the water
structure is not well-ordered at room temperature, which leads
to the absence of lattice mismatch after water intercalation.

Friction enhancement of MoS, on silica is observed across
the whole area where the water layers are intercalated between
the MoS, and the silica rather than on the edges of the MoS,
flake. Thus, the effect of the edges of the MoS, in frictional
variation is minor. However, the boundary of the water
intercalation in a MoS, flake and the different average frictions
between areas are clearly observed in the topography and
friction images, as shown in Figure S3. Furthermore, in our
study, the intercalated water layers that lead to friction
enhancement of the MoS, by phonon contributions are formed
between the MoS, and the silica; note that the relative
humidity was consistently kept at about 45% during the
friction measurements. This is a different experimental
approach than that in the previous report that shows a
frictional reduction with a fully formed ice layer between the
tip and graphite at high relative humidity.”” We note that the
friction enhancement by water intercalation could be related to
chemical bonds between the water and the MoS, and silica.

We confirmed that the height of the MoS, sheet on silica is
reduced to values similar to those of pristine MoS, on silica
and the subdomains were removed after vacuum annealing at
300 °C for 1 h at 10~ Torr, which provides topographical
evidence for water intercalation (Figure S). Figure Sa shows a
topographical image of a large area of water-intercalated SL-
MoS, on a silica substrate after exposure to high-RH air for
several days. After vacuum annealing, we can clearly confirm
that the subdomain disappeared from the MoS, flakes on silica,
although some wrinkles remained on the flakes in Figure 5b.
The magnified image of one of the MoS, flakes on silica clearly
shows that the subdomains vanished that originated from
water layer intercalation and the edge alignments of the
subdomain in Figure Sc. The line profile shows that the
decreased height of the MoS, flake corresponds to the values
of pristine SL-MoS, on silica before water intercalation, as
shown in Figure 5d.

Furthermore, to confirm water intercalation between the
MoS, and silica and the elements in the thin layer, we
performed chemical analysis before and after vacuum annealing
using SPEM°® in beamline 8A1 at the Pohang Accelerator
Laboratory. Figure 6 shows the SPEM results, which uses a
Fresnel zone plate to focus the X-ray (spatial resolution about
~200 nm) on the triangular single-crystal MoS, on SiO,
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Figure 5. (a) Topography (15.0 pm X 15.0 pm) image before
vacuum annealing of the water-intercalated MoS, on silica with
regions containing MoS,/SiO,, MoS,/water/SiO,, and bare silica. (b)
Topography (7.8 ym X 7.8 ym) and (c) magnified (3.3 ym X 3.3
um) images after vacuum annealing of the water-intercalated MoS, on
silica. (d) Line profile showing the height along the red line in (c)
indicates that the intercalated water was removed by vacuum
annealing.
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Figure 6. XPS spectra of (a) S 2p (S 2py/5, S 2ps/,) and (b) Mo 3d
(Mo 3d,,,, Mo 3d;/,) after water intercalation between the MoS, and
silica that are identical to pristine MoS,/silica. The insets are SPEM
images acquired at each binding energy with an interval of 0.8 eV. The
bright areas (MoS, flake) show higher intensity than the blue areas
(bare SiO,). (c) XPS spectra of Mo 3d on water-intercalated MoS, on
silica after vacuum annealing.

substrate with water intercalation. A photon energy of 696.4
eV was used. SPEM images (4.0 ym X 4.0 ym) and XPS
spectra of S 2p (Figure 6a) and Mo 3d (Figure 6b) were
obtained after water intercalation. The SPEM scan images were
obtained with binding energies of 228.0—233.6 eV for Mo 3d
and 159.4—165.0 eV for S 2p. The interval energy was 0.8 eV
for imaging. The XPS spectra, which were measured on the
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MoS, sheet, each have two main peaks for S 2p (i.e., S 2p; /5, S
2ps5,) and Mo 3d (ie, Mo 3d;/,, Mo 3ds,,). The binding
energy of the S 2p;/, and Mo 3ds,, peaks are 161.8 and 229.1
eV, respectively, and each energy gap is 1.2 and 3.2 eV for the
S 2p and Mo 3d, respectively, at 284.8 eV using C 1s as the
reference, which are all consistent with values from the
literature.”™” The bright contrast of the triangle shape in the
SPEM images is clear at the peaks of the XPS spectra that
identify the single-crystal MoS, on SiO, substrate. We thus
confirm that there is no change in the Mo 3d and S 2p in the
XPS spectra after water intercalation. The SPEM images also
show the triangular equilibrium shape of the MoS, without
local distortion, which means that the stoichiometry of the
MoS, thin film is not influenced by water intercalation. In
addition, molybdenum trioxide (MoOj5), which can be defined
at binding energies of 233.15 and 236.28 eV as Mo 3d;,, and
Mo 3d;),, respectively, was not detected before or after
vacuum annealing of the water-intercalated MoS, on silica, as
shown in Figure 6¢. In this experiment, we performed the
vacuum annealing of water-intercalated MoS, on silica at 300
°C for 1 hat 107 Torr to avoid any change in the MoS, sheet.
In previous reports, Wu et al. revealed that there was no
change in the MoS, sheet at annealing temperatures up to 300
°C.%" It is effective to use the mechanical exfoliation method to
clean the sample and remove any residue after the formation of
MoS, on a substrate. On the other hand, thinning and
decomposition of the MoS, sheet were revealed at temper-
atures above 330 °C, which is associated with oxidation to
form MoOj. Furthermore, Eda et al. show the change in the
XPS spectra of Mo 3d as a function of annealing temperature
from 50 to 300 °C and the MoOj; feature was not present in
the XPS spectra at temperatures up to 300 °C.°” This is
consistent with our measurements using the synchrotron XPS.
The local inhomogeneity of the frictional contrast (e.g., the
streaky feature in the friction image obtained after exposure on
the water-intercalated MoS, flakes) could be associated with
aspects of kinetic dynamics and instability of the water layers at
the interface during the friction measurements. We note that
the dynamic behavior of the water layers during the frictional
measurement could be a very intriguing subject for a follow-up
study.

4. CONCLUSIONS

In conclusion, we have found that water layers intercalated
between MoS, and silica lead to friction enhancement of the
MoS, sheet, compared with pristine MoS, on a silica substrate.
Water intercalation without chemical transformation of the
pristine MoS, on silica is confirmed by SPEM and vacuum
annealing. We also demonstrate that the lattice orientation of
hydrophilic MoS, leads to water molecule diffusion at the
interface of the MoS,/silica substrate. Phonon DOS analysis
indicates that frictional enhancement by confined water is a
general phenomenon that is associated with the direct
excitation of vibrational energies of the MoS, and the confined
water and the subsequent transfer to the bulk phonon modes
of the substrate.
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