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Thickness dependence of surface energy and
contact angle of water droplets on ultrathin
MoS, films¥

Yanhua Guo,®® Zhengfei Wang,® Lizhi Zhang,” Xiaodong Shen® and Feng Liu*°

We have performed a systematic density functional study of surface energy of MoS; films as a function of
thickness from one to twelve layers with the consideration of van der Waals (vdW) interactions using the
vdW-DF and DFT-D2 methods. Both vdW schemes show that the surface energy will increase with the
increase of the number of atomic layers and converge to a constant value at about six layers. Based on
the calculated surface energies, we further analyze the surface contact angle of water droplets on the
MoS; film surface using Young's equation as a function of thickness in comparison with experiments, from
which the water—MoS, interfacial energy is derived to be independent of MoS, thickness. Our calculations
indicate that the vdW interactions between the MoS, layers play an important role in determining surface
energy, and results in the thickness dependence of the contact angle of water droplets on the MoS; film
surface. Our results explain well the recent wetting experiment [Nano Lett., 2014, 14(8), 4314], and will

www.rsc.org/pccp

1. Introduction

The successful exfoliation of single-layer graphene' has opened
up new possibilities for the investigation of two-dimensional (2D)
materials.>™® Extensive studies have shown that 2D materials
exhibit unique and distinctive properties different from their 3D
counterparts. For instance, the linear band dispersion gives rise
to an anomalous quantum Hall effect in single-layer graphene at
room temperature, resulting in a new category of “Fermi-Dirac”
materials.” Besides graphene, one of the most well-studied 2D
materials is the layered transition metal dichalcogenides
(TMDCs), such as MoS,. It is built up of van der Waals (vdW)
bonded layers which consist of an atomic plane of Mo atoms
sandwiched between two atomic planes of S atoms. The weak
interlayer interaction allows for their exfoliation down to single-
and a few-layer forms through micromechanical cleavage' or
liquid phase exfoliation."” In contrast to gapless graphene, single-
layer MoS, has a direct bandgap in addition to moderately high
field-effect mobilities'* and efficient light emission, which
make it a promising candidate for low-power digital electronics"’
and optoelectronics applications.'®
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be useful for future studies of physical and chemical properties of ultrathin MoS; films.

Recent studies have established the influence of the number of
layers and stacking orders on the electronic and optical properties
of TMDCs.">" Mak et al™ found that the bandgap increases
(1.3 eV to 1.8 V) and transforms from indirect to direct when MoS,
is thinned to atomically thin sheets from the bulk, and showed that
this bandgap transition is due to quantum confinement in the
c-axis of the crystal. The direct bandgap results in photolumines-
cence from monolayer MoS,,** and also enables valley polarization
which is not seen in bilayer MoS,.>*> Additionally, there is an
obvious change in the photoconductivity spectra, absorption,
and electrocatalysis of ultrathin film MoS,, which in general
represents a strong thickness dependence. Similar to MoS,, the
layer-dependent electronic structure of WSe, has been reported
by Yeh et al®® lately, exhibiting a shift of the valence-band
maximum from I' (multilayer WSe,) to K (single-layer WSe,).

Since a 2D material is entirely made up of its surface, it is
extremely important to understand its surface properties for the
use of coatings, microfluidic applications and performance of
nanoelectronic devices. It has been well recognized that many
surface properties are related to surface energy, which is the
most fundamental parameter that characterizes the surface and
its interaction with other materials. However, surface energy
is difficult to measure directly via experiment. The methods
used most frequently for surface free energy determination rely
on wetting contact angle measurements. Several theories and
approaches have been proposed to derive surface free energy of a
solid surface using the contact angle information. It is noted that
the values of surface energy are different depending on different
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surface energy models, even if the same contact angle data are
used.?* Specifically, for MoS, thin films, Gaur et al.® have
recently reported a layer thickness dependence of its wettability
via static contact angle measurements. It shows that the
11-layer MoS, film has a similar wetting behavior to the single
crystal, while the contact angle decreases from 98° to 94° for
mono- and bilayer MoS, films.

In this paper, we perform a comprehensive theoretical study
of surface energy of MoS, ultrathin films by virtue of first-
principles supercell slab calculations based on density functional
theory. The evolutions of surface energy of multi-layers of MoS,
with increasing number of layers (n = 1 to 12) are investigated
via two approaches (vdW-DF and DFT-D2), accounting for the
vdW interactions. Also, two different stacking layer sequences are
considered. Based on the calculated surface energies, we further
analyze the surface contact angle of water droplets on the MoS,
film surface using Young’s equation as a function of thickness in
comparison with experiments. It reveals that the water-MosS,
interfacial energy is independent of film thickness.

2. Computational method

Our density functional theory (DFT) calculations employ the
Vienna ab initio Simulation Package,* equipped with the projector
augmented wave method®® for electron-ion interactions. The gen-
eralized gradient approximation in the form of the PBE-type para-
meterization is implemented for the exchange interaction of
electrons. The electronic wave functions have been expanded in a
plane-wave basis with an energy cutoff of 600 eV. The Brillouin zone
was sampled by 12 x 12 x 1 special mesh points in k space based
on the Monkhorst-Pack scheme. Atomic positions and lattice
parameters in all structures are measured by employing the
conjugate-gradient algorithm. The self-consistency was achieved
with a tolerance when the total energy difference between the last
two consecutive steps is less than 107® eV and the maximum
Hellmann-Feynman force on each atom is less than 107> eV A™".

All surface calculations were performed using the slab tech-
nique, implemented using the periodically repeating infinite
layers separated by vacuum layers along the surface normal.
A vacuum thickness of 30 A is adopted in all cases in order to
remove interaction between the slab layers. We assess two long-
range vdW correction methods due to the fact that standard DFT
calculations are unable to describe vdW interactions accurately
as shown extensively in the literature. The first is the DFT-D2
approach of Grimme,?” which adds a semiempirical pairwise
force field to the conventional Kohn-Sham DFT energy. The
second is the vdW-DF approach proposed by Dion et al,*®
which includes a nonlocal vdW correlation functional added
to the exchange-correlation energy.

3. Results and discussion

The 3D bulk MoS, has three different polytypes, 1T, 2H, and 3R,
wherein the S atoms are octahedrally coordinated in the 1T
structure, in contrast to the prismatic coordination of S in the
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2H and 3R phases. Because the 1T phase of one molecular layer
is found to be unstable,> we considered the 2H and 3R phases
to obtain the lattice parameters of MoS, films. Although the 3R-
MoS, is usually reported to be a high pressure polytype, recent
experimental and theoretical studies point out the existence of
the 3R phase in low dimensional materials®*® due to inherent
strain. Both 2H and 3R MoS, polytypes are built up from layers
consisting of an atomic plane of Mo sandwiched between two
atomic S planes having the same 2D hexagonal lattice in a
trigonal prismatic arrangement. The only difference between
the two phases is the layer stacking sequence. The MoS, layers
are arranged in antiparallel AB stacking sequence in 2H-MoS,,
but parallel ABC in the 3R phase. As a benchmark, the structural
properties of bulk MoS, are calculated at first (see the ESIt),
showing good agreement with previous theoretical studies.*"*>
In comparison with the experiments, the DFT-D2 method shows
much better values of the lattice parameter parallel to the
stacking direction, while the vdW-DF theory tends to system-
atically overestimate these values. And our calculations show
similar stability of the two phases.

Based on the optimized lattice parameters of bulk structures, we
consider two types of multilayers of MoS, with different stacking
configurations. Fig. 1 shows these two stacking sequences of AB
(Fig. 1(a)) and ABC configurations (Fig. 1(b)). In the AB stacking,
S atoms in the first layer are located above Mo atoms of the second
layer, resulting in a slight shift along the g-axis while the third layer
S atoms will be in the same atomic positions as the first layer. The
difference in the ABC stacking is that only the fourth layer will have
the same atomic positions as the first one. We have optimized the
multi-layered MoS, structures of the two different stackings from
monolayer (n = 1) to twelve layers (n = 12).

Next, we evaluated the surface energies of the MoS, films
as a function of the number of layers (n) ranging from 1 to 12.
The surface energy of an n-layer slab is given by the following
expression:

Esurf(n) = %(En - NEb) (1)
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Fig. 1 The optimized geometric structures of n-layered MoS, with two

stacking configurations: (a) AB and (b) ABC. Side view of the 3 x 3 super-cell.
Yellow and blue spheres represent S and Mo atoms, respectively.
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where E,, is the total slab energy per primitive surface unit cell,
N is the number of atoms in the slab, and S is the surface cell
area. The choice of Ey, which represents the total energy per
primitive bulk unit cell, is quite crucial in our calculation. In
the conventional method, the bulk atom energy Ej, is in general
obtained from a separate calculation of the corresponding
bulk, i.e., from the 2H and 3R phase MoS, bulk in our calcula-
tions. However, the surface energies obtained in this way keep
decreasing with the increase in thickness without convergence.
It is caused by systematic errors due to the different accuracies
in the slab and bulk calculations.**** Herein, we obtain the
bulk atom energy E,, by using the ‘slab method’ to ensure the
convergence of the surface energy with increasing layers. Eqn (1)
indicates a linear relationship between the total slab energy E,
and the number of atoms (N) in the slab as the surface energy
Equrr becomes constant when N is sufficiently large. Therefore,
the slope of the linear E,-N curve at large N gives an accurate
measure of the bulk atom energy.

The calculated surface energy curves from the DFT-D2 and
vdW-DF calculations are shown in Fig. 2 as a function of layer
thickness. As one can see, for the two types of stackings (AB
and ABC), there is a good agreement of the surface energies
obtained by the same method, which indicates the similar
stability for all the configurations. For different methods, the
variations of the surface energy with the increasing number of
layers are predicted to be similar. Fig. 2 shows that the surface
energies are very sensitive to the thickness of ultrathin MoS,
films, increasing smoothly with an increase in the number of
layers. When the slab thickness, 7, reaches about six layers, the
surface energies are well converged, which implies that the
slabs with more than seven atomic layers possess a bulk-like
interior. Especially in the DFT-D2 approach, the total energy of
the system is defined as a sum of the self-consistent Kohn-
Sham energy and a semiempirical correction:

Eprrp = Exsprr T Edisp (2)

Eq4isp represents the vdW interactions which have been com-
puted using the semiempirical correction of Grimme. We show
the evolution of Eg;sp, as a function of number of layers in Fig. 3.
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Fig. 2 Surface energy as a function of number of atomic layers for MoS;
with two stacking configurations: AB in DFT-D2 (uptriangle), AB in vdW-DF
(downtriangle), ABC in DFT-D2 (circle) and ABC in vdW-DF (square).
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Fig. 3 Evolutions of van der Waals interactions as a function of the
number of MoS; layers obtained using the DFT-D2 method.

The values of Eg;s, decrease with the increasing number of layers,
indicating increasing vdW interactions. Similar to surface energy,
when the number of layers n becomes big enough (~ 6 layers),
the vdW interactions become constant. Therefore, the strong
thickness dependence of vdW interactions gives rise to a strong
thickness dependence of surface energy.

Now we analyze the dependence of the wettability of
MoS, on layer thickness, and derive the water-MoS, interfacial
energy as a function of number of layers by comparing our
theory with the experiments.® The contact angle is given by the
Young’s equation as:*’

cosf = Ts 70 (3)

il
where yg, 71, and yg represent the solid surface free energy,
liquid surface free energy, and solid-liquid interfacial energy,
respectively. Here, we choose the surface free energy of water
(1) as 72 mJ m~ 2% Eqn (3) shows that quantitatively, the values
of cosf will increase with an increase of y¢ in the case of a
constant value of yg, which means that 0 will decrease. Indeed,
based on our calculated surface energies as shown in Fig. 2, 0
should decrease with the increasing layer thickness, consistent
with the experiments.® Furthermore, we can derive the water-
MosS, interfacial energy by combining the experimental results
and our calculations. Gaur et al.® have measured the contact
angles with water for monolayer (97.83°), bilayer (94.37°) and
11-layer (88.37°) MoS,, and confirmed a similar wetting behavior
for bulk and MoS, films with 11 layers. Thus, we are able to
obtain the interfacial energies between H,O and the n-layer MoS,
film (n = 1, 2, 11) respectively from eqn (3). The derived values of
74 are calculated to be 152.85, 156.66 and 152.64 m] m™ > using
the DFT-D2 method, and 215.94, 217.37 and 213.49 m] m >
using the vdW-DF method, respectively. The two methods
show that the variations of yg are only ~2-3%, well within the
theoretical and experimental error bars. Therefore, our analysis
indicates that the water-MoS, interfacial energy is insensitive
to the thickness of the MoS, film. Taking the average value of
water-MoS, interfacial energy yg = 154.05 mJ m~> (DFT-D2) or
215.6 mJ m > (vdW-DF), the contact angles of water droplets
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Fig. 4 Evolution of contact angle with the layer number of MoS, using
different calculation theories (DFT-D2 vs. vdW-DF).

on the MoS, film surface as a function of thickness can be
determined via eqn (3), and the results are shown in Fig. 4. The
contact angle exhibits strong thickness dependence, especially
for the ultrathin MoS, film, due prominently to the changing
surface energy. When the number of MoS, layers goes beyond
six, the contact angle becomes almost unchanged. The
enhanced long-range vdW forces which are responsible for
the modification of surface energy will in turn induce reduction
of contact angle of H,O on the MoS, film.

4. Conclusion

In conclusion, we have performed a quantitative analysis of surface
energy and the contact angle of water droplets on MoS, films as a
function of thickness. We show that there is a very strong thickness
dependence of surface energy and hence the contact angle, due to
the changing vdW interlayer interactions in ultrathin films of less
than six layers. The converged surface energy at a thicker film is
calculated to be 154.58 mJ m > (DFT-D2) and 215.55 mJ m™>
(vdW-DF) for both AB and ABC stacking sequences, while the
water-MoS, interfacial energy is independent of thickness. Our
results explain the recent water wetting experiments of MoS,
films, and provide important thermodynamic surface/interface
data for future studies of MoS, films as well as their applications.
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