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The control of friction at the atomic scale is fundamental to optimize the exfoliation of layered materials.
To this aim, we report a density-functional investigation of how intercalated molecules affect the nanoscale
friction of van der Waals transition-metal dichalcogenides. We find that the molecule does not interact with
the electronic density of the layers directly; nonetheless it determines the features of the valence band of
the system. In particular, the valence-band width appears to be a promising parameter to correlate the
electronic properties with the nanofrictional response; it then constitutes a guide for the automatic search
of intercalation molecules suitable for layer exfoliation. The present outcomes also constitute a theoretical
tool for future investigations of the effect that intercalated species have on the nanoscale friction in layered
materials.
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I. INTRODUCTION

The discovery of graphene [1] opened up a new area of
research into low-dimensional materials. Since then, many
inorganic graphene analogs, such as boron nitride, boro-
carbonitrides, metal oxides, metal-organic frameworks,
and transition-metal dichalcogenides (TMDs) [2,3] have
attracted great attention because of their wide appli-
cability in photovoltaic devices, lithium-ion batteries,
hydrogen-evolution catalysis, transistors, photodetectors,
DNA detection, memory devices, and tribological applica-
tions [4–7]. Among the compounds mentioned, we focus
here on TMDs, lamellar structures held together by weak
van der Waals forces.

Like graphene and other van der Waals solids, bulk
TMDs can be exfoliated into single-layer or few-layer
structures by physical or chemical routes, such as the adhe-
sive tape technique [8], solvent-assisted exfoliation [9],
and chemical exfoliation via ion intercalation [10–12].
Exfoliation of these materials into monolayer or few-layer
thin films leads to additional exciting properties due to
confinement effects, which are not seen in the bulk counter-
parts [13–18]. In this respect, great expectations are placed
on finite two-dimensional systems, where transition-metal
dichalcogenides play a fundamental role—the flexible
chemistry and stoichiometry easily open several routes to
engineer heterostructures with diverse functionalities at the
nanoscale.
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The fundamental starting point to build two-dimensional
TMD-based systems is to obtain monolayer or few-layer
TMD films. The crucial aspect involved in harnessing layer
exfoliation is understanding the interlayer environment.
In bulk TMD structures, the weak van der Waals forces
allow relative sliding of adjacent layers and ease layer sep-
aration under external stimulations. Individual layers of
TMDs can be isolated from the bulk parent via mechan-
ical cleavage [19–21], liquid exfoliation [22,23], or ion
intercalation [11,24–26]. Mechanical cleavage produces
single-crystal flakes of high purity and cleanliness that are
suitable for characterization and fabrication of individual
devices. However, this method is not scalable yet, and
does not allow systematic control of flake thickness and
size [27]. A focused laser spot has been used to reduce
MoS2 bulk to monolayers by thermal ablation, but the
requirement for laser scanning makes it challenging for
scale-up [28]. On the other hand, liquid-phase exfoliation
of TMDs is very promising. Sonication-assisted exfolia-
tion in solvents [22,23,29,30] results in the production of
single-layer and multilayer nanosheets that are then sta-
bilized by interactions with the solvent and surfactant.
This method has the advantage of being simple despite
it producing high-quality small exfoliated nanosheets, but
one of the main drawbacks is that very little is known
about the stabilization mechanism [31]. Finally, ion inter-
calation has been regarded as an efficient way to reduce
several layered compounds into thin sheets [32,33]; how-
ever, this method is time-consuming, is extremely sensitive
to environmental conditions, and can result in structural
deformations [34], besides the complication represented
by ion removal and the subsequent reaggregation of layers
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[35]. The most-promising method would then seem to be
the intercalation of inert species rather than ionic species
to prevent unwanted interactions.

Computational investigations of exfoliation of layered
materials have focused mainly on interlayer adhesion ener-
gies also in the presence of exfoliation-assisting molecules
[36–40], and very few of them have dealt with TMD com-
pounds [41]. Adhesion is the main force resisting the layer
peeling, and is then one of the main structural responses
to be harnessed to facilitate the exfoliation process. How-
ever, adhesion is inevitably accompanied by the resistance
that adjacent atomic layers develop to prevent the relative
parallel shift, this occurring because the exfoliation is initi-
ated and done by mechanical stress at a tangent to the layer
surface [42–45]: layer sliding and layer separation are the
two main phenomena that must be controlled to obtain a
facile exfoliation of the lamellar structure. Nanotribologi-
cal properties of TMD layers therefore play a fundamental
role in the exfoliation process.

Following the perspective outlined above, in the present
work we focus on how inert molecules change the tribo-
logical properties of TMD layers when intercalated in the
interlayer gap. The presence of the molecule induces an
increase of the interlayer spacing and weakens the van der
Waals interaction and hence the forces binding the lay-
ers together and preventing the layer sliding [44]; as a
consequence, the layer gliding is favored, and the energy
required to separate the layers is reduced. It has been
shown [46] that intercalated water molecules in MoS2 con-
siderably hinder the sliding motion of the layer. Moreover,
an enhancement of friction by water intercalation between
graphene and mica by a factor of approximately 3 rela-
tive to dry mica was found [47]; this has been supported
by density-functional-theory calculations that revealed that
the water broadens the spectral range of graphene vibra-
tions, leading to new excitation channels and increasing
the overlap with the atomic vibrations of the mica sub-
strate. We earlier observed that specific phonon modes play
a fundamental role in energy transfer under tribological
conditions in TMD-based materials [48]. In the present
work, by means of quantum-mechanical simulations, we
show that the nanotribological properties correlate with the
modifications induced in the valence band of the pristine
material. Although the molecule does not interact with the
atoms of the TMD layer, we find that the electronic states
of the molecule modify the relative M /X composition of
the occupied states up to the Fermi level [49] together
with the width of the valence band; the latter appears to
be the quantity to control to tune the frictional response at
the nanoscale in the presence of inert intercalated moieties.
Finally, we discuss how the present outcomes could con-
stitute a starting point to develop experimental guidelines
for the selection of inert species to assist the exfoliation
of layered materials, thus boosting the development of
nanoengineered devices with wide applicability.

II. METHODS

A. Computational details

Pristine TMDs are layered structures, with the formula
unit MX2, where M is a transition metal and X is a
chalcogen atom; M—X bonds are arranged in a trigonal
prismatic configuration forming layers characterized by
strong covalent character, which provides in-plane stabil-
ity of the periodic structure; the layers are held together
by weak out-of-plane van der Waals interactions, allow-
ing easy relative sliding parallel to the layer planes. We
select the hexagonal P63/mmc 2H polymorphs [5] with
M being Mo or W and X being S, Se, or Te as reference
structures [50–55]. We also consider the presence of one
CO2 molecule or one N2 molecule in the interlayer gap of
a 2 × 2 × 1 supercell of the pristine geometry. In this way,
we build the model geometries for our simulations, which
we name Z-MX , where M and X specify the kind of cation
and anion forming the MX 2 layers, respectively, while Z
(N2 or CO2) specifies the intercalated molecular species;
Z = 0 indicates that no molecule is present in the unit cell
and the structure is the pristine one (Fig. 1).

Our calculations are based on density-functional theory
with projector-augmented-wave formalism for the specifi-
cation of the atom pseudopotentials as implemented in the
ABINIT package [56–59]. After preliminary benchmarks
[60], we choose the Perdew-Burke-Ernzerhof energy func-
tional [61] for the exchange-correlation potential and the
DFT-D3(BJ) van der Waals correction [62] for the rep-
resentation of the long-range interlayer interactions. We
select a cutoff energy for the plane-wave basis set of
700 eV and sample the Brillouin zone by using a 7 × 7 × 5
Monkhorst-Pack division [63]. The solution of the self-
consistent-field equations is considered converged within
an energy tolerance of 10−10 eV, while the atomic positions

(a) (b)

FIG. 1. Schematic of a Z-MX model geometry; here, Z = N2
as an example. Each M cation coordinates six X anions via
covalent bonds, forming MX2 layers; the Z molecule sits in the
interlayer gap and modulates the van der Waals forces binding
the layers together. (a) Lateral view; (b) view along the c axis.
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and lattice parameters are fully relaxed with a tolerance of
5 × 10−6 eV/Å. We perform several geometric optimiza-
tions that differ in the starting position and orientation of
the molecule. Despite the differences among the starting
geometries, the corresponding final optimized configura-
tions are identical within a tolerance of 10−4 Å; we then
consider the ground-state geometries obtained to be well
defined and we consider these in the present calculations.
The stable geometries containing the intercalant molecule
are reported in Supplemental Material [64].

We use PHONOPY [65] to diagonalize the dynami-
cal matrix of the stable structures built with the finite-
displacement method [66,67], whereas the force constants
are evaluated on 2 × 2 × 2 and 1 × 1 × 2 supercells of the
pristine and molecule-containing systems, respectively.

B. Sliding and breathing modes

The exfoliation process occurs because of the combined
action of external forces acting along the shear and ver-
tical directions with respect to the layer plane [42–45];
such forces are capable of overcoming the internal forces
that bind the layers together. This can be visualized in
the following way. If an external macroscopic force acts
on the system with a non-null component at a tangent to
the material surface, the atomic layers slide on shearing.
As a response, internal forces opposing the shift develop,
and the relative motion is realized as long as the external
tangent force is active and larger than the internal forces.
The internal forces manifest themselves as friction and are
the result of several factors, such as asperities, disloca-
tions, layer truncations, and defects; if such irregularities
are not present, friction still occurs and is due to only the
interatomic forces arising from the electronic density and
the atomic geometry. In this latter case, we refer to it as
“intrinsic friction” since it is an intrinsic characteristic of
the system [60,68,69], and it is the subject of the present
study.

Relative atomic motions are usually described by a set
of Cartesian vectors, the components of which represent
the atomic displacements. An equivalent description is
obtained by using suitable linear combinations of phonon
eigendisplacements, which are a complete geometric basis
set and therefore provide complete information on the
atomic configuration [70–72]. The phonon eigenvectors
representing relative layer displacemements parallel to the
layer planes are named “sliding modes” [73,74]: they
appear with the largest coefficients in the linear combi-
nation and keep active the layer sliding as long as their
population is above a certain threshold [48,75]. The slid-
ing modes may be visualized as restoring forces that
return the layers to their equilibrium position; in the har-
monic approximation, they are proportional to the square
of the mode frequency. As a consequence, a low frequency
associated with the sliding modes corresponds to a low

restoring frictional force and hence to low intrinsic friction
and facile sliding.

In addition to parallel sliding, other kinds of displace-
ments are significant during the exfoliation process. The
lateral displacement of the layers generates an excessive
overlap of the atomic electronic densities in the interlayer
gap; as a consequence, a repulsive force arises due to
Coulombic interaction and the Pauli exclusion principle.
As the effect of the external force is to drag the layers
along directions parallel to the MX 2 planes, such repulsive
force results into an increased separation of the layers; if
this movement were not allowed, then the repulsive force
would push the layers laterally back, thus increasing the
sliding energy barrier. This means that if the forces tying
the layers together are weak, then it is easier to sepa-
rate them, and the sliding is promoted. These forces arise
mainly from the van der Waals interactions and mani-
fest themselves as the breathing phonon modes; they may
be regarded as the harmonic representation of adhesion
forces. Analogously to the sliding modes, a low breath-
ing frequency then corresponds to an easy variation of
the interlayer distance and hence to low adhesion and
facilitated sliding.

Both sliding and breathing modes are then active when-
ever two subsequent layers are laterally displaced to be
separated; if the separation occurs because of only ver-
tical forces, then solely the breathing modes are active
and hinder the exfoliation. The control of both sliding
and breathing frequencies is then desirable to optimize the
exfoliation process. To this aim, we focus on the frequen-
cies of both the sliding modes and the breathing modes. To
reduce the number of parameters and facilitate the anal-
ysis, we consider the mean sliding frequency ωsl , which
reads

ωsl = 1
N

N∑

j

ωj , (1)

where ωj is the frequency of the j th sliding mode and N
is the total number of sliding modes considered; the mean
breathing frequency ωbr is defined in an analogous way. In
practice, the distinction between breathing modes and slid-
ing modes is done by considering reference vectors parallel
and perpendicular to the layer surface. The modes with
large scalar projections along the parallel or perpendicular
reference vectors are labeled as sliding modes and breath-
ing modes, respectively. This characterization criterion has
already been used for the mode decomposition of sliding
trajectories [75].

III. RESULTS AND DISCUSSION

We begin our analysis by considering the features of the
unit cell. As soon as a molecule is inserted into the inter-
layer region, the symmetries of the pristine structure are
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reduced to those of the P1 crystallographic space group.
For fixed M and X atomic species, lattice parameters a
and b are not affected by the kind of molecule, while
the main variation is observed for the c crystallographic
axis, which accounts for the volume increase (Fig. 2); no
significant difference is found instead for the cases with
the two different molecules. In general, the presence of a
molecule induces a lowering of ωsl and ωbr with respect
to the pristine case (Z = 0), irrespective of the chemical
composition of the layers; this is expected, because the
presence of the molecule increases the separation between
the layers and screens the interaction between them, mak-
ing the sliding (friction) and breathing (adhesion) restoring
forces weaker. However, although the steric hindrance of
the CO2 molecule is larger than that of N2 molecule, the
effect on the mean sliding and breathing frequencies is a
peculiarity of the system (Fig. 3): while the mean slid-
ing frequency decreases in the sequence 0 > N2 > CO2,
the mean breathing frequency increases in the Z-MoS,
Z-MoSe, and Z-WTe systems when Z changes from N2
to CO2. A comparison between Figs. 2 and 3 shows that

(a)

(b)

(c)

(d)

FIG. 2. (a)–(c) Length of the lattice vectors and (d) volume
of the unit cell of the systems considered for different molecular
moieties in the interlayer gap. The legend is common to all plots.
For a fixed Z, the values relative to systems with the same X
anion are very close and the corresponding data points almost
overlap in all the plots.

(a)

(b)

FIG. 3. Average frequency of (a) sliding modes and (b) breath-
ing modes for the molecular moieties considered. The legend is
common to both plots.

there is no direct relation between the cell volume and
the frequency shift; ωsl and ωbr increase or decrease with
the volume according to the specific chemical compo-
sition (Fig. 4). The frequency shift is not then a mere
result of the change in the geometry of the system but
arises from the subtle interplay between the electronic fea-
tures and the dynamic features. The phonon frequencies
are obtained from the diagonalization of the dynamical
matrix, which, in turn, is the normalized Fourier transform
of the interatomic force constants [70,71]; these depend
on the atomic types forming the system and determining
the electronic environment in which they are embedded.
Any change induced in the electronic distribution of the
pristine material is therefore reflected in a change of the

(a)

(b)

FIG. 4. Average frequency of (a) sliding modes and (b) breath-
ing modes as a function of the unit-cell volume. Volumes in the
left part of the plots correspond to the 0-MX systems. The legend
is common to both plots.
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(a)

(b)

(c)

FIG. 5. Density of states of the (a) 0-MoS, (b) N2-MoS, and (c)
CO2-MoS systems. The DOS are normalized by a factor chosen
to optimize the visualization. In each plot, the Fermi level is set
to 0 eV and is marked by a vertical dashed line, while the blue
arrow indicates the position of the bottom of the valence band,
with the corresponding value reported immediately above. The
legends are common to the different plots as appropriate.

atomic interactions and the corresponding phonon frequen-
cies. For this reason, we continue our analysis by focusing
on the electronic density of states (DOS).

A typical profile of Z-MX electronic DOS is reported
in Fig. 5, where we show the case of the Z-MoS systems.

(a) (b)

FIG. 6. Isosurface (blue) and plane projection of the partial charge density in (a) N2-MoS and (b) CO2-MoS obtained by our selecting
the electronic bands in the range [−6.5, −6.0] ∪ [−5.0, −4.5] and [−4.0, −3.2] eV, respectively, each including the corresponding
Z states (see Fig. 5). No significant charge is found in the region between the molecule and the sulfur atoms, this showing that
no hybridization occurs between the S-centered and molecule-centered atomic orbitals. The red-green-blue color gradient indicates
decreasing charge density.

The valence band of the pristine material covers the energy
range from −6.92 to 0 eV [Fig. 5(a)]; once a molecule is
inserted into the interlayer gap, the width of the valence
band is narrowed by an amount that depends on the kind
of molecule [Figs. 5(b) and 5(c)]. The atom-projected DOS
reveals that the molecule contributes with its own states
to the valence band; however, no hybridization occurs
between the atomiclike wave functions centered at the
molecule and those centered at each surrounding X anion.
This behavior is expected because N2 and CO2 are inert
gases and any non-null wave-function overlap would indi-
cate an interaction between the molecule and the layers.
This is apparent from the analysis of the partial electronic
density generated by our considering the energy bands rel-
ative to the range that includes the Z states in the valence
band (Fig. 6): the partial electronic distribution is local-
ized on the molecule and around the cation within the
layer, while no density shared between the layers and the
molecule is found. The effect of the orbitals of the molecule
is then to change the width of the valence band by con-
tributing to the wave function of the whole system without
interacting with the orbitals of MX 2 layer, but yet deter-
mining the relative position of the latter within the valence
band. By comparing Figs. 2 and 7(a), we see that the
valence-band width does not correlate with the length of
the lattice vectors nor with the system volume; interest-
ingly, the width decreases in the sequence 0 > N2 > CO2
irrespective of the chemical composition of the layers.
Such behavior is similar to that found for the sliding and
breathing frequencies (Fig. 3); ωsl and ωbr seem to correlate
with the width of the valence band [Figs. 7(b) and 7(c)]. In
general, we observe that an increase of the valence-band
width favors higher sliding and breathing frequencies; this
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(a)

(b)

(c)

FIG. 7. (a) Width of the valence band as a function of the inter-
calated moiety. Average frequency of (b) sliding modes and (c)
breathing modes as a function of the width of the valence band.
The legend is common to all plots.

suggests that it is beneficial to narrow the valence band
to reduce the lateral friction and the layer adhesion and
hence to promote the layer exfoliation. In passing, we
note that the variation range of the valence-band width
depends on the specific atomic type forming the layers;
for practical applications, it can be pre-evaluated in high-
throughput calculations before the experimental validation
of the selected exfoliation-assisting species. As shown
above, although the orbitals of molecule are involved in
the formation of the valence band, they do not inter-
act with the atomlike orbitals pertaining to the M and
X ions; however, the modification of the width of the
valence band affects the relative position of the M and X
orbitals. This has the effect of modulating the overlap of
the M and X atom-projected wave functions generating
the interatomic charge density and hence of determining
the covalent character of the M—X bond. To quantify
this effect, we calculate the covalency CM ,X of the M—X
bonds in terms of the M and X atomic contributions to
the DOS in the valence band. The mathematical formula-
tion of CM ,X can be found, for example, in Ref. [76]; the
integrals appearing in the formulation are evaluated in the
range [−w, 0], where w is the width of the valence band
reported in Fig. 7. No clear behavior is found for CM ,X as
a function of Z [Fig. 8(a)]. While, for instance, a change
of the Z species induces a variation of the covalency in the

(a)

(b)

(c)

FIG. 8. (a) M—X bond covalency as a function of the molec-
ular moiety. (b),(c) The average frequencies of the sliding modes
and the breathing modes do not seem to correlate with the bond
covalency as they increase or decrease with CM ,X in a different
way for different chemical compositions. The legend is common
to all plots.

Z-WS and Z-WSe systems, no significant change occurs
for the remaining systems. Correspondingly, no correlation
is found between ωsl or ωbr and CM ,X [Figs. 8(b) and 8(c)],
as the mean frequencies increase or decrease according
to the atomic types forming the system. Incidentally, the
ordering of the covalent character for Z = 0 is consistent
with what we reported in Ref. [73], where different a van
der Waals correction, energy cutoff and k-mesh sampling
were used. To investigate the subtle variation in the elec-
tronic density induced by the Z species, we consider the
orbital polarization [60,77,78] Pa,b defined as

Pj ,k = nj − nk

nj + nk
, (2)

where j and k are two sets of atomic orbitals, while nj and
nk are their respective occupations. With this definition,
Pj ,k measures the excess of charge in the j orbital with
respect to the k orbital. We choose atom-centered hydro-
genlike orbitals to calculate the orbital polarizations Ppx ,py ,
Ppx ,pz , and Ppy ,pz of the X atoms, and Pt2g ,eg and Pdx2−y2 ,dz2

of the M cations; in this way, we are able to partition the
space according to the directional character of the orbital
and to monitor possible preferential distributions of the
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(a)

(b)

(c)

(d)

(e)

FIG. 9. Orbital polarization of the Z-MX systems versus the
intercalated moiety: (a) X Ppx ,py , (b) X Ppx ,pz , (c) X Ppy ,pz , (d)
M Pt2g ,eg , and (e) M Pdx2−y2 ,dz2 . Lines are a guide for the eye.

charge density for different M , X , and Z species. We first
observe that, irrespective of the chemical composition, the
px and py orbitals of the X anion are equally populated
[Fig. 9(a)]; this is consistent with the fact that the kind
of molecule does not affect lattice parameters a and b
[Figs. 2(a) and 2(b)], while the equivalence between the
a and b crystallographic axes is preserved within the MX 2
layers, such equivalence being present in the pristine sys-
tem. The change in lattice parameter c with Z [Fig. 2(c)] is
instead reflected in Ppx ,pz and Ppy ,pz [Figs. 9(b) and 9(c)]:
while negative values indicate an excess of electrons at
the X site along an axis orthogonal to the layer planes,
the presence of a molecule induces, in general, a further
accumulation along the same direction. The in-layer local
equivalence between the a and b crystallographic axes is
reflected in the fact that, for each Z-MX configuration,
identical Ppx ,pz and Ppy ,pz values are realized. The posi-
tive values of Pt2g ,eg indicate that an excess of electrons
is found in the t2g orbitals, thus favoring an in-plane dis-
tribution of the charge [Fig. 9(d)] irrespective of Z; such
a distribution is altered in a different way according to

the kind of molecule and by a different amount specific
to the atomic types forming the layers. The largest vari-
ation is found for the Z-MoSe and Z-WSe systems, in a
way similar to that observed for Pdx2−y2 ,dz2 . The negative
values of the latter point to a preferential distribution of
the dz2 orbital with respect to the dx2−y2 orbital [Fig. 9(e)];
however, a comparison with Pt2g ,eg excludes charge accu-
mulation along an axis perpendicular to the layer planes.
This analysis shows that there is no clear connection
between the Z species and the charge arrangement within
the layer; accordingly, no clear relation is found between
the orbital polarizations and the sliding and breathing fre-
quencies. This result is different from what we found in
the pristine MX 2 systems under different stimuli, in which
the orbital polarization plays instead a fundamental role in
determining the nanoscale frictional behavior [60,69,79].
We conclude that the molecule suppresses the effect of the
details of the electronic distribution inside the layer on the
vibrational modes considered. In our analysis so far, we
used the properties of the equilibrium geometry to esti-
mate the response of the system during the layer sliding
and separation (i.e., to predict the system behavior far from
equilibrium). We now want to check the reliability of such
a prediction. As a first step, for each of the systems con-
sidered, we create a sliding path along the M—X bond
[Fig. 10(a)]. A sliding path is a sequence of configura-
tions (atom positions and lattice parameters) that represent
the relative parallel shift of two subsequent MX 2 layers.
The initial guess of the paths is obtained by our consid-
ering linear combinations of eigenvectors corresponding
to the sliding modes, according to the prescription of the
normal-modes transition approximation [74]; in this way,
we create a total of 11 configurations for each sliding path.
We then perform a climbing-image nudged-elastic-band
(CI NEB) [80,81] full relaxation (atom positions and lat-
tice vectors) of the paths by means of the software program
VASP [82,83]; the general parameters (e.g., mesh sampling,
energy cutoff, and tolerances) are the same as those pre-
sented in Sec. II A. As a result of the climbing-image NEB
calculations, we obtain the potential energy barrier �Ebar
associated with the relative layer sliding. We can then
define the average friction force ffr as

ffr = �Ebar

�RNEB
, (3)

where �Ebar is the difference between the energy of the
ground state and the maximum energy realized along the
path, while

�RNEB =
√√√√

N∑

i=1

∣∣Ri
bar − Ri

0

∣∣, (4)

with Ri
bar being the position of the ith atom in the config-

uration realizing the energy maximum and Ri
0 being the
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(a)

(b)

FIG. 10. Example of (a) sliding path and (b) layer separation. Along the configurational coordinate ζ , the initial state, an intermediate
state, and the final state are indicated with ζ0, ζi, and ζ1, respectively.

position of the same atom in the equilibrium geometry.
With this definition, �RNEB is a measure of the displace-
ment covered by the atoms during the sliding. As a second
step, we estimate the adhesion force. Starting from the
equilibrium geometry, we consider 11 geometric config-
urations in which the two layers are progressively shifted
along the c-axis direction until the interlayer distance is
approximately 15Å [Fig. 10(b)]. For each configuration,
we fix the lattice parameters and the positions of the M
cations, and finally optimize the coordinates of the remain-
ing atoms. By tracking the evolution of the system energy
as a function of the interlayer distance, we observe an
asymptotic behavior; this assures us that the last config-
uration corresponds to noninteracting (separated) layers.
Analogously to the definition of the average friction force
ffr [Eq. (3)], we then define the average adhesion force
fad as

fad = �Esep

�Rsep
, (5)

where �Esep is the difference between the energy of the
ground state and the energy of last configuration, while
�Rsep is the layer-layer distance. Similarly to what we
observe for the sliding-mode and breathing-mode frequen-
cies, the frictional and adhesion forces display large values
in correspondence with large values of the band width
(Fig. 11). Moreover, we notice that the adhesion forces are
larger than the frictional forces, as the breathing frequen-
cies are larger than the sliding frequencies; this supports
the harmonic representation of the two forces discussed
in Sec. II B. In the same section, we examined how both
lateral friction and adhesion forces appear during the exfo-
liation process. This suggests we consider an average force
fav = (ffr + fad)/2 arising during the exfoliation; analo-
gously, we consider the average frequency ωav = (ωsl +
ωbr)/2. In general, we notice that both quantities increase
with increasing valence-band width (Fig. 12). These results
suggest that from the analysis of the equilibrium geometry
(electronic structure, phonon spectrum) we may infer the
response of the system far from equilibrium (layer sliding
and separation); in this respect, the width of the valence
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(a)

(b)

FIG. 11. (a) Lateral frictional force and (b) adhesion force as a
function of the width of the valence band. The legend is common
to both plots.

band seems to be a useful descriptor to parametrize the
forces opposing the layer exfoliation in the presence of
inert intercalated molecules.

To further confirm these findings, more inert species and
geometries should be the subject of future studies in which
the analysis method presented here is applied. Unfortu-
nately, the presence of a molecule reduces the symmetries
of the systems to only the translation (space group P1).
This implies the need to evaluate the ground-state wave
function by using a very dense Brillouin-zone sampling,
and the calculation of the atomic forces on many distorted
configurations, to obtain the phonon spectrum. Moreover,
the identification of the stable geometry requires the opti-
mization of several starting configurations differing in the
initial molecule position, thus increasing further the com-
putational needs to consider more kinds of intercalant
species. For this reason, we limit our analysis to the study

(a)

(b)

f av
 (
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FIG. 12. (a) Average force and (b) average mode frequency as
a function of the width of the valence band. Legend is common
to all the subfigures.

cases presented. However, we believe that our results
already point to an alternative route for how to investi-
gate the relation between the electronic structure and the
nanoscale mechanisms hindering the exfoliation. Finally,
the width of the valence band seems to be a promis-
ing descriptor for automated engines aimed at screening
databases in search of suitable exfoliation-assisting moi-
eties, boosting the design of nanoengineered devices with
targeted functionalities.

IV. CONCLUSIONS

We study how inert molecules modify the nanofric-
tional response when used as an intercalant for exfoliation
in van der Waals transition-metal dichalcogenides. The
exfoliation occurs if the applied external forces, aimed at
separating the layers, are larger than the internal forces that
return the atoms to their equilibrium positions; such inter-
nal forces manifest themselves as internal friction. If we
are able to reduce the internal friction, we can facilitate
the exfoliation process. We find that the inert interca-
lated molecule determines the width of the valence band
although it does not interact with the atoms of the layers.
The valence-band width seems to correlate with the vibra-
tional properties related to the nanoscale friction: small
widths correspond to small interlayer binding forces and
hence to reduced friction and easy layer sliding and sep-
aration. A similar correlation is found with the friction
and adhesion forces: the larger the valence-band width, the
larger the forces. Since such forces arise during the exfoli-
ation process, our results suggest that suitable values of the
band width may ultimately assist the exfoliation. The anal-
ysis protocol presented can be used in systematic studies
on the frictional response in the presence of inert inter-
calated species; this would help to define the potentiality
and the limitations of the valence-band width as a friction
descriptor. The present results also suggest suitable inert
molecules to be used in combination with other methods
directed at the fine control of the valence band, such as
external electric fields [60].
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