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Shaping surfaces and interfaces of 2Dmaterials on mica with intercalating water
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ABSTRACT
Interfaces between mica and graphene, as well as the transition metal dichalcogenides (TMDCs)
MoS2 and WS2, were wetted with water and ethanol, and investigated employing scanning force
microscopy and molecular dynamics (MD) simulations. Below 25% RH, water wets the graphene-
mica interfacewith labyrinthine structures, exhibiting branchwidths of about 50 nm for single layers
of graphene, increasing to almost an order of magnitude more for four graphene layers. At mica-
TMDC interfaces, water films exhibit a transition from labyrinthine to compact morphology upon
going from single- to multi-layers of the TMDCs. Ethanol films show a compact morphology at all
the interfaces, regardless of the number of 2D material layers on top. The film morphologies are
attributed to an equilibrium between electrostatic repulsion of preferentially oriented molecular
dipoles, and the line tension of the wetted areas, which is dominated by the deformation of the
2Dmaterials at the edges of the wet areas. The compact front of the water wetting film under multi-
layers of TMDCs is attributed to a much larger bending stiffness of these materials than of graphene
multilayers. The thickness dependent stiffness of the 2D materials may be employed to shape their
surfaces from the nano- to the micrometer scale.
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Introduction

Molecular films intercalating interfaces modify the inter-
facial properties and the functional performance of
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devices comprising the interfaces [1,2]. For instance,
intercalating molecular films shift the energy level align-
ment at functional interfaces in electronic devices and
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consequently, the device performance [1,3,4]. Addition-
ally, insertion of merely molecularly thick films signif-
icantly alters the lubricity of interfaces [5]. How the
intercalant molecular films alter interfacial properties
depends on the structure of the films [6]. Acquiring
experimental insight into the structure of films con-
fined at solid–solid interfaces is challenging, particularly
in case of thin films of small and ubiquitous solvent
molecules such as water and ethanol.

Water films confined in nanopores exhibit unique
phase transitions, which has been subject of a series of
publications by Gerhard Findenegg et al. [7–10]. The
large Laplacian pressure of water condensing in nano
capillaries leads to the deformation of capillary walls,
trapping the liquid film inside [8]. Three-dimensional
imaging of capillary condensation at scales close to the
size of the rather small water molecule is still rare.

Flexible interfaces between a mica substrate and 2D
materials exfoliated thereon, are emerging as a model
experimental system to investigate structure and prop-
erties of thin films of small molecules confined to inter-
faces [11–16]. Muscovite mica is a naturally occurring
hydrophilic layered crystal. It exhibits macroscopically
large atomically flat cleavage planes. For this reason, it
is widely used as a substrate for imaging single macro-
molecules or thin molecular films. Furthermore, for its
structural and chemical homogeneity, mica has been
widely used to investigate properties of liquids when
squeezed between its surfaces [15,16]. 2D materials
deposited onto a mica surface covered with a molec-
ular liquid film prevent film disruption by a Scanning
ForceMicroscopy (SFM) tip [11]. Furthermore, 2Dmate-
rials such as graphene andmolybdenumdisulfide (MoS2)
when deposited on a substrate replicate the topography of
molecular films and even singlemolecules residing on the
substrate [11,12]. This allows to image the films confined
at the mica-2D sheet interfaces with SFM.

When deposited on a clean mica substrate, 2D mate-
rials essentially create homogeneous ultra-flat interfaces
[17,18]. Furthermore, graphene, MoS2, and WS2 are
impermeable to smallmolecules like water [19–21]. Con-
sequently, intercalation of the molecules into the inter-
faces occurs only through the edges of the 2D sheets,
thereby allowing to investigate interfacial wetting and
dewetting phenomena [13,22,23]. Moreover, comparison
of the wetted and dry interfaces allows to investigate the
influence of the films on the interfacial properties [4].

Water is a particularly interesting molecule due to its
prevalence and relevance in technology and biology.Dur-
ing wetting of the graphene-mica and MoS2-mica inter-
faces, a 2.8± 0.2 Å thick film of water exhibits a highly
ramified labyrinthine morphology eventually forming a
homogeneous monolayer [22]. It has been hypothesised

that the labyrinthine structure of the water wetting film
is a consequence of counteracting electrostatic repulsion
and line tension, similarly to modulated phases in thin
layers of ferrofluids and Langmuir films [22,24]. The rela-
tive strengths of the dipole repulsion and the line tension
interactions determine the emergent length scale of the
modulated phases. The deformation of the 2D covers at
edges of the labyrinthine structures was assumed to con-
tribute to the line tension. Thereby, the flexibility of con-
fining walls has been expected to control the width of the
stripes. To test this prediction, we varied here the thick-
ness and type of the covering 2D sheets and examined
how this influences the structure of the wetting films.
Using ethanol instead of water allows to test predictions
on the morphology dependence on the dipole density of
the wetting film.

Results and discussion

In the following, we first present and discuss results
on water wetting mica interfaces with graphene, MoS2
and WS2 sheets of variable thickness. Then, we con-
tinue with the results and discussion of ethanol wetting
the interfaces. The interpretation of experimental results
and ensuing predictions on the properties of ethanol and
water films will be assessed by MD simulations.

Flakes of graphene, MoS2 and WS2 deposited onto
mica in a quite dry environment of less than 10 ppm
of water exhibit atomically flat surfaces in SFM tapping
mode (TM) height images. A water film intercalates at
the 2D material-mica interfaces starting from the edges
of the 2D materials upon increasing the humidity. Wet-
ting of one-layer graphene (1LG) and one-layer MoS2-
mica (1LMoS2) interfaces by water has been addressed
in detail previously [22]. We will focus in the follow-
ing on the dependence of lateral shapes on the thickness
of the covering 2D materials. Figure 1(a) shows typical
height images of up to three layers thick graphene on
mica, partially wetted by water. The water wetting film
exhibits labyrinthine patterns for 1LG and up to a few lay-
ers thick graphenes. The heights of water wetting films
are 2.8± 0.3 Å for all 2D covers we investigated. Imag-
ing of several samples confirmed the labyrinthine shapes
of wetting films with clearly identifiable labyrinthine
bands for multilayer graphene with thicknesses up to at
least 4 graphene layers. The channels, which separate the
labyrinthine patterns, were also visible under graphene
films thicker than 4 layers. That is, there is no evidence
for a transition from a labyrinthine to any other shape for
thicker graphene covers. The width of the bands has not
been measured for graphenes thicker than 4 layers. The
width of a band fluctuates strongly along the band. Nev-
ertheless, the measured widths, as function of graphene
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Figure 1. Layer-dependentmorphologies of ultrathinwaterwet-
ting film in graphene-mica, WS2-mica, and MoS2-mica interfaces:
SFM height images of (a) graphene-mica interface, (b) WS2-mica
interface, (c and d) MoS2-mica interface. In (b), WS2 single and
double layers are partially wetted. (c) shows early stage of wet-
ting under double layer MoS2 and D shows later wetting stage in
the same area of MoS2. Number of 2D material layers are shown
in roman numerals. In (a), under 1–3 layers thick graphenes the
water film exhibits a labyrinthine morphology. Image (b) shows
WS2 single layer with structured and double layer with com-
pact wetting film. Image (c) shows earlier stage of wetting where
region II of MoS2-mica interface is partially wetted with water.
D shows region II of MoS2 now fully wetted, and region I is par-
tially wetted. In both WS2 and MoS2 only under single layers the
wetting film is laterally structured. Under the two layers of WS2
and MoS2 a compact wetting film of water is observed. Bare mica
in all images is replaced with a grey color (see Supporting Infor-
mation for details). Images without the grey masks are shown in
supporting information Figure S1.

thickness, are presented in Figure 2. The measured width
of the bands grows with the thickness of graphene cover
(Figure 2); we will discuss the dependency further below.

In contrast to graphene, MoS2 and WS2 covered wet-
ting films of water exhibit a transition from labyrinthine
to compact shape as the thickness of the transition
metal dichalcogenide (TMDC) sheets is increased from
1 to 2. Figure 1(b)–(d) show images of single and
adjacent double layers of TMDCs covering the wet-
ting water film. While under one layer TMDCs the
water wetting film exhibits distinct labyrinthine mor-
phology, under two layer TMDCs it appears compact.
The absence of channels which delineate the labyrinthine
structures in TMDC multilayers further, supports the
observation. Hence, the wetting water film shape has

Figure 2. Graphene layer thickness dependent widths of struc-
ture. (a–d) height images of water wetting mica-graphene inter-
faces with graphene thicknesses ranging from 1 to 4 graphene
layers. Black lines in (a) mark typical cross-sectional profiles used
for measuring structure widths. (e) Structure width increases with
graphene layer thickness; the squares show the data for water
wetting graphene mica interfaces. The circle shows the band
width for water wettingmonolayer MoS2. The error bars show the
standard deviations. The solidline is the fit of the experimental
data for graphene with an exponential function A + Bexp(Cx).

undergone a transition labyrinthine-to-compact when
the cover thickness is increased from single to double
layer TMDCs. The wetting films exhibit compact mor-
phology also under thicker than bilayer TMDC flakes.

We will discuss in the following the dramatic dif-
ference between the wetting patterns of TMDC and
graphene bilayers, when undergoing wetting with water.
To rationalise the difference we recall that the emergence
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of wetting morphology has been attributed to the inter-
play of electrostatic repulsion of water dipoles oriented
normally to interface, and line tension.We define the line
tension as the energy cost per unit length to create a line
interface between the areas already intercalated and not
yet intercalatedwithmolecularly thin layers. The line ten-
sion is determined by the deformation of the 2Dmaterial
sheets at the boundaries of the wetting patterns [22]. The
same interplay is known to give rise to periodic stripe pat-
terns in Langmuir films [24]. The parameters governing
the stripe width in the stripe phase are the mean distance
d between the molecular dipoles, their dipole moment p,
and the line tension λ. The only dimensionless combina-
tion which can be built from these three quantities (and
the dielectric constant ε0, in the international system of
units) is a combination ε0ελd4

p2 = ε0ε
λ
μ2 with μ being the

mean density of dipole moment in the system. Therefore,
the natural form of the dependence of the stripes’ width
on the parameters of the system must be:

w = df
(

ε0ε
λ

μ2

)

The exponential form for the function f follows from
the calculation of the interaction energy of dipoles within
the stripe and stems from the sub-leading logarithmic
term corresponding to the long-range interactions [25].

w ∝ exp
(

ε0ε
λ

μ2

)
(1)

The complex shape of the patterns in our case can
be attributed to thermal excitations and/or inhomoge-
neous distribution of ions on the mica surface with the
typical dimension w still obeying Equation (1) [26]. The
larger electrostatic repulsion favours equidistant spac-
ing between the water dipoles i.e. it favours the reduc-
tion of the labyrinthine band width. On the other hand,
the larger line tension favours the unstructured wetting
i.e. larger band width. The morphological transition of
wetting film morphology from labyrinthine to compact
under double-layer TMDCs can be attributed to dimin-
ished electrostatic repulsion, an increased line tension, or
a combination of both. A full quantitative discussion of
all contributing factors is non-trivial; we will provide a
qualitative discussion in the following.

The orientation of water molecules at the interface is
dominated by the ionic mica surface i.e. the structure
of molecular layers is similar for TMDC and graphene
covers, and it does not depend on the thickness of the
covering sheets (see the MD simulations below). Nev-
ertheless, the difference in contribution of the covering
2D sheets to electrostatics may result in the wetting pat-
tern difference. Double layer graphene is expected to

screen coulomb interactions more efficiently compared
to a TMDC bilayer [27,28]. The screened coulomb repul-
sion should cause wider bands under bilayer graphene
than MoS2. This contradicts, however, our experimen-
tal findings. Therefore, we conclude that the possible
difference in the electrostatic repulsion of water dipoles
induced by the 2D covers does not dominate the pattern
formation. Thus, we focus our discussion in the follow-
ing on the difference in contributions to line tension
between the bilayers of TMDC and graphene. The 2D
material sheets covering emerging wetting patterns must
deform on the pattern edges. The deformation causes
both local bending and stretching of the sheets. The in-
plane stretching can be expected to be more localised
for TMDC sheets due to their larger friction with the
substrate to compare with graphene [5]. On the other
hand, TMDC bilayers are about two times softer com-
pared to graphene [29,30]. Quantitative estimation of the
in-plane strain contribution to line tension is difficult due
to unknown strain delocalisation.

The bending stiffness of MoS2, contrary to graphene,
increases by more than one order of magnitude from
mono- to bi-layer [31]. We assume the same for WS2
due to its structural similarity with MoS2. In graphene,
it has been shown to grow only by a factor of two [32].
We assume the 2D sheets to closely follow the substrate
i.e. we assume their strong adhesion to the substrate.
With these assumptions, line tension is expected to grow
linearly with the bending stiffness of the sheets. The con-
tribution of mechanical deformation of the 2D sheets
to the line tension can be split into two components:
in-plane stretching and bending deformations. The in-
plane stretching is expected to grow proportionally to
the thickness of the 2D sheets. On the other hand, the
bending deformation for TMDCs is expected to grow
with the cube of the sheets’ thickness i.e. much faster
to compare with graphene [31]. Additionally, we pro-
pose that the contribution of the bending deformation
to line tension in thicker than a single TMDC sheet
dominates the line tension. Then the labyrinthine bands
of a water film wetting TMDC bilayer-mica interfaces
are expected to be wider by more than three orders of
magnitude as compared to the width in graphene bilayer-
mica interface according to Equation (1). The charac-
teristic width of the labyrinthine bands of water wetting
graphene bilayer-mica interface were on the order of a
hundred nanometres, the expected width of the bands
under TMDC bilayers substantially exceeds the typical
lateral size of our flakes, which we propose to be the rea-
son for compactness of the observed wetting front under
the TMDC bilayer covers.

Let us assume, indeed, that the difference in the
width of the wetting pattern bands is dominated by the
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difference in the bending stiffness of the covering 2D
sheets. Indeed, for example, the widths of the patterns
under monolayer MoS2 and graphene bilayer are similar,
as well as the reported values of the bending stiffnesses of
both 2D sheets (from 2.6 to 5.8 eV for graphene bilayer
[32] and from 6.62 to 13.24 eV for MoS2 monolayer
[31]). The graphene bending stiffness has been shown
to grow roughly linearly with the number of layers [32].
Therefore, the width of the bands is expected to grow
exponentially with the graphene thickness according to
Equation (1). The dependency can indeed be well fitted
with an exponential function (Figure 2(e)) supporting
our assumption of 2D sheet bending stiffness as domi-
nant controlling parameter of water wetting patterns.

The discussion above implies that the wetting by
molecular liquids should be rather sensitive to the dipole
density of the wetting film because of the quadratic
dependence of the exponential factor on the dipole den-
sity in Equation (1). A transition from structured to
unstructuredwetting is expected to be achieved by reduc-
ing the dipole density by a factor of three considering that
the same transition was observed for line tension reduc-
tion by an order of magnitude. To test this, we imaged
wetting of the same interfaces with ethanol molecules.

The molecules have been shown to become less ordered
by the interface to compare with water, with the result-
ing dipole density being at least 50% smaller (see MD
simulations below, and reference [4]). The uncertainty is
due to the possible presence of water molecules in the
ethanol wetting film increasing the resulting dipole den-
sity. This suggests that ethanol wetting bands should be at
least an order of magnitude wider to compare with water
ones following Equation (1). To test the above prediction,
we imaged wetting of graphene-mica and MoS2-mica
interfaces with ethanol.

Figure 3 shows the height and corresponding phase
images of MoS2-mica and graphene-mica interfaces
undergoing wetting by an ethanol film. The heights of
ethanol wetting films are 3.4± 0.3 Å for all 2D covers
we investigated. No wetting is observed for both inter-
faces when the relative vapour pressure of ethanol (γ ) is
kept below a threshold of 14± 4%. Then, as γ increases
to 14± 4%, a homogeneous layer appears to grow from
the edges for both types of interfaces within a minute.
In both MoS2- and graphene interfaces, the ethanol film
exhibits a compact layer. The wetting film in topography
channel and its absence in the corresponding phase chan-
nel confirms that the layer grows under the 2Dmaterials.

Figure 3. Ethanol wetting kinetics: Relative vapour pressure of ethanol γ is shown top left of each image. Time inminutes is shown top-
right. Roman numerals indicate the number of layers of the 2D materials. Top row (left to right): single-layer MoS2 on mica. Bottom row
(left to right): single-layer graphene onmica. TheMoS2 interface did not showany changes at γ = 6% for 30min. The graphene interface
did not show any changes at γ = 3% for 20 min. As γ is increased to 14% a compact layer starts wetting the two interfaces from edges
eventually forming a completemonolayer. Phase images (insets) showno change in contrast, suggesting thewetting film is under the 2D
covers. In the bottom row sequence, wetting was halted by purging with dry nitrogen and subsequently resumed by increasing γ again.
Right-most image of graphenewas acquired after wetting resumed. Completelywetted interfaces recover the ultra-flat topography. Bare
mica areas are masked grey; images without the grey masks are shown in supporting information Figure S2.
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That is, as with water, impermeability of the 2D cover
materials to ethanol allows transport through the edges
only. The result of unstructured wetting of graphene- and
MoS2-mica interfaces with ethanol supports our model
predictions.

While the threshold for ethanol wetting onset is com-
parable within the error to that of water wetting, wetting
kinetics with the two liquids are different. The ethanol
film fully wets the interfaces while γ is kept constant
just above the wetting onset. That is, the wetting occurs
within a narrow range of relative vapour pressure con-
trary to the case of water wetting where complete wetting
occurs in the range 10%–25% relative humidity [22].
Moreover, from onset to complete monolayer formation,
ethanol film wets the interfaces faster compared to water.
At relative vapour pressure between 15-20% water takes
several hours to wet the interfaces of typical lateral size
∼10 μm.Whereas ethanol completely wets the interfaces
within tens of minutes when γ is kept about 1% above
the wetting threshold. In a previous study, we attributed
the slow wetting of water to a self-pinning mechanism
[22]. Edges of labyrinthine structures act as pinning sites.
The absence of wetting patterns and of the self-pinning
respectively explains the fast wetting with ethanol. That
is, the fast propagation of ethanol wetting front can be
attributed to its compactness – it does not cost any addi-
tional energy to move a line, while wetting by water
creates complex labyrinthine pattern with the energy cost
of additional boundaries.

MD simulations were performed in the NVT ensem-
ble to rationalise the effect of the different molecular
fillings and 2D covers on the dipole density of the molec-
ular layers. We constructed different periodic bound-
ary condition (PBC) interfaces consisting of a 6× 9× 1
mica supercell (54.78× 47.44× 20 Å) and commensu-
rable 2D materials: one-layer graphene (1LG), two layers
graphene (2LG), one-layer MoS2 (1L MoS2) and two lay-
ers MoS2 (2L MoS2). We filled out the four different slits
with different quantities of water (SPC/Emodel [33]) and
a mixture of water and ethanol (TraPPE model [34]).
The Bussi-Donadio-Parrinello thermostat [35], which
assures a proper canonical ensemble by rescaling veloci-
ties including an stochastic term, was employed to keep
the temperature at 300K for all simulations.

From the MD trajectories, we calculated the total
dipole moment of the molecular layer as the time aver-
age M from the contribution of the individual dipoles,
mi : M = ∑

i
mi = ∑

i
qiri, where qi and ri are the charges

and positions at each simulation step, and the sum runs
over all atomic species. The dipole density across the
interfaceμ is then obtained by dividing the z component
of the total dipole by the Area A : μ = Mz

A . Figure 4(a)
shows the dipole density as a function of film thickness
for different molecular fillings of PBC interfaces.

The number of water and ethanol molecules filing the
interfaces follows the different experimental conditions.
In the following, we are going to analyse the results in

Figure 4. Dipole density for different molecular fillings of interfaces between mica and 2D materials, 1L and 2L of graphene and MoS2,
as a function of film thickness (a). MD snapshots after 50 ns of MD simulations of the 2L MoS2-mica interface filled with water (b) and a
mixture of ethanol and water molecules (c).
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the case of an interface between mica and double layer
MoS2. For the experimentally dry case, the water con-
tent amounts between 136 and 168 molecules (between
5 and 6.5 molecules/nm2) to account for water vapour
contents of 1–10 ppm [36]. Even those trace amounts
might result in a significant amount of water molecules
adsorbed on the highly hydrophilic surface of freshly
cleaved mica. The adsorbed water is expected to be con-
fined at the interface upon exfoliation of the 2D mate-
rial. The amount of water adsorbed on a mica surface
at very low water vapour pressures has been disputed.
Classical atomistic simulations predict mica surface to be
covered with roughly 5–6.5 water molecules per square
nanometre in the presence of 1–10 ppm of water vapour
[36]. From experiments, on the other hand, it was con-
cluded that smaller amounts of water adsorbed on mica
under low humidity [37,38]. Thus, the interface at the
lowest experimentally accessible humidity may contain
any number of water molecules between zero and 6.5
molecules/nm2.

For the water-filled case, the water content lies
between 456 and 520 molecules, which results in the
lift of 2L MoS2 between 2.7 and 3.0Å (see Figure 4(b))
[22]. In this case, different water contents resulted in
equal, within error, dipole densities. Hence, we report
an average value of –0.0120± 0.0008 e/Å. The possi-
bility of presence of water during ethanol wetting in
experiments cannot be excluded. It is likely that water
adsorbs between potassium ions on mica [39–41]. Con-
sequently, the experimentally ethanol-filled interface was
simulated as a water–ethanol mixture containing 130
ethanol and between 129 and 163 water molecules which
corresponds to a system saturated with ethanol at low
relative humidity [42]. This water–ethanol mixture lifts
2LMoS2 between 3.1 and 3.5Å above the experimen-
tally dry case as shown in Figure 4(c), matching our
experimental results [4]. The resulting dipole density
for the interface filled with the water–ethanol mixture
is –0.0074± 0.0007 e/Å. In this way, our MD simulations
support our assumption on the smaller dipole density
contribution in the experimentally ethanol wetting film
in comparison with the water one by a square factor,(

μWater
μEthanol

)2
, greater than two.

Summary

We present our findings on wetting of interfaces between
mica and flexible 2D sheets with molecularly thin lay-
ers of water and ethanol. Our work explores the lateral
morphology of wetting films and provides insight into
their origins for the ubiquitous and fundamentally rele-
vant liquidswater and ethanol. Supported by experiments

and MD simulations, we reveal that interplay of line
tension and electrostatic repulsion induces labyrinthine
morphologies in the wetting films. Moreover, we report
a transition from laterally structured to compact layer
morphology with change in line tension as well as
with electrostatic repulsion. Our work builds a phe-
nomenological framework for wetting filmmorphologies
in flexible confinements. Such systems are common in
molecular biology. Our findings are of significance for
lubrication at interfaces where lubricity depends on the
structure of intercalating layers.

Methodology

Experimental Procedures. Two-dimensional materials
were deposited onto surface of freshly cleaved mica by
mechanical exfoliation as described previously [12,13].
We emphasise that the exfoliation procedure involves no
adhesive tape contacting the substrate since adhesives
leave residues on substrate. Graphenes were mechani-
cally exfoliated from HOPG (Mikromasch, ZYA grade)
onto muscovite mica (Ratan mica Exports, V1 (opti-
cal quality)). MoS2 and WS2 layers were exfoliated from
synthetic crystals (2D Semiconductors) by the same pro-
cedure used for graphene. The samples were prepared in
the glove box (MBraun, LABmaster) filledwith dry nitro-
gen (H2O content < 10 ppm, O2 content < 100 ppm),
and first imaged with SFM within the same glove box.
Then the SFM instrument with the sample mounted was
transferred into an environmental chamber constructed
within the same glove box. The chamber is subsequently
sealed from the glovebox. The environmental chamber
was filled initially with the dry nitrogen from the glove
box, and then it was purged separately by the dry nitrogen
bubbling through respective liquid. That is, the sam-
ple remained under controlled environment before and
during the SFM imaging. Moreover, the sealed environ-
mental chamber helped to keep the glovebox free of the
water and ethanol vapour.

A Multimode SFM was operated in Tapping Mode
usingOlympusAC160TS cantilevers (nominal resonance
frequency 300 kHz, typical spring constant 26N/m). We
measured the heights of wetting patterns on the images
made with amplitude damping ratio of 0.8, i.e. rather
small tip–surface force. The apparent heights of wetting
films might reduce for larger damping ratios, i.e. larger
forces, which has been attributed to the compliance of the
soft molecular layers [22]. Ethanol (Berkel AHK, 1511U)
was transferred to gas-wash bottle under a stream of dry
nitrogen to limit uptake of water from humid air. For
water wetting experiments deionised water (Protegra CS
Systems, CEDI Technology > 10MOhm cm) was used.
For the gas-mixing setup PTFE tubes (Rotilabo PTFE),
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and acetal couplings (CPC) were used. The environment
control chamber (built in-house) inside the glovebox was
constructed with polycarbonate.

Monolayers of graphene and MoS2 were ascertained
after wetting by the shape of their Raman and fluo-
rescence spectra, respectively, as described in previous
works [5]. The thickness of the multilayers was calcu-
lated from the overview SFM images containing both
monolayers and multilayers. The number of the layers
in graphene and MoS2 multilayers were calculated as the
step height difference between the monolayers and mul-
tilayers divided by 3.4 and 6.4Å respectively plus one.
Relative vapour pressure of water and ethanol were con-
trolled by purging the environment control box with
nitrogen laden with water or ethanol vapour. The envi-
ronment control box was constructed inside the glove-
box. The setup allows preparation and imaging of the
samples without exposure to the ambient environment.
The gas is initially bubbled through the respective liquids
and subsequently diluted with dry gas in controlled pro-
portions. Relative humidity and temperature inside the
environment control box were measured using a testo-
625 thermo-hygrometer. In case of ethanol, nitrogen gas
bubbling through ethanol was assumed to become sat-
urated with ethanol vapour. It was further diluted with
dry nitrogen to control ethanol vapour in the environ-
ment control chamber. Ethanol was placed in an ice bath
to reduce its temperature to 3.0± 2°C and allow finer
vapour pressure control.

Molecular Dynamics Simulations. MD simulations
were performedusing the 2020 version of theGROMACS
simulation package [43]. Temperature was kept at 300
K by using a velocity rescaling method [35] and a time
constant of 0.1 ps. A time step of 1 fs was used in all sim-
ulations. A distance cutoff of 15Å was used to compute
nonbonded interactions. Electrostatic interactions were
calculated using the particle mesh Ewald (PME)method.
The LINCS constrain algorithm [44] was used to keep the
bond distance where hydrogens are involved. Mica sur-
face, KAl2(AlSi3O10)(OH)2, was simulated following the
Clay force field [45]. The long-range distribution of Si and
Al on the tetrahedral sites of the mica slab is not periodic
and the short-range ordering follows the Loewenstein
Al-avoidance rule and the local balance of Al charges
[46]. The top and bottom layers of the mica slab are
half filled with potassium ions, thus keeping charge neu-
trality and symmetry in the normal (z) direction. Dur-
ing the MD simulations, the lower oxygen atoms were
constricted to move to prevent bending of the sheet.
Graphene consisted of noncharged aromatic carbons of
type CA [47]. Interactions between water and graphitic
carbons were modeled using the Lennard-Jones 12−6
potential using the interaction parameters developed by

Wu et al. [48]. For each intercalated molecular layer and
2Dmaterial, MD simulations in the NVT ensemble were
performed. The first 5 ns was for equilibration, followed
by 50 ns for production. Only the last 30 ns was used for
production of the results shown here.
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