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Based on the first-principles plane wave calculations, we show that Li adsorbed on monolayer and bilayer MoS2
forming a uniform and stable coverage can serve as a high-capacity hydrogen storage medium, and Li-coated MoS2 can
be recycled by operations at room temperature due to Li having strength binding, big separation and is stable against
clustering. The full Li coverage MoS2 system (2 ∗ 2 hexagonal MoS2 supercell) can reach up to eight H2 molecules on
every side, corresponding to the gravimetric density of hydrogen storage up to 4.8 wt% and 2.5 wt% in monolayer and
bilayer MoS2, respectively. The adsorption energies of hydrogen molecules are in the range of 0.10eV/H2–0.25 eV/H2,
which are acceptable for reversible H2 adsorption/desorption near ambient temperature. In addition, compared with light
metals decorated low dimension carbon-based materials, the sandwiched structure of MoS2 exhibits the greatly enhanced
binding stability of Li atoms as well as slightly decreased Li-Li interaction and thus avoids the problem of metal clustering.
It is interesting to note that the Li atom apart from the electrostatic interaction, acts as a bridge of hybridization between the
S atoms of MoS2 and adsorbed H2 molecules. The encouraging results show that such light metals decorated with MoS2
have great potential in developing high performance hydrogen storage materials.

Keywords: MoS2, Li anchoring, hydrogen storage, first-principles
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1. Introduction

Due to the problems of global warming and limited oil
supply, there is an urgent need for alternative clean energy
sources in place of traditional fossil fuels. Hydrogen, as one of
the most abundant elements in the world, has been considered
as an ideal clear energy carrier due to its lightweight, nonpol-
luting, highly efficient, and easily derived attributes.[1,2] How-
ever, many technical challenges need to be overcome for a
wide application of hydrogen. For instance, it remains chal-
lenging to develop cost-effective, safe, and reliable technolo-
gies for compact hydrogen storage. Traditionally, compact hy-
drogen storage requires hydrogen gas to be physically stored
either in a compressed gas state or in a liquid state, and this
will lead to a serious safety problem. Therefore, finding and
developing an optimal medium for safe and efficient hydrogen
storage has become essential and meaningful in scientific and
engineering applications.

For application, a desirable hydrogen storage system
must have a high gravimetric and volumetric density, and be
low cost and safe. Recently, the carbon-based nanomateri-
als, such as graphene,[3–5] carbon nanotube,[6,7] and carbon
fullerenes,[8,9] have drawn sufficient interest owing to the pos-

sibility of reversibility, fast kinetics, and large surface area
to volume ratio. However, it is still a challenge to fabricate
carbon-based nanomaterials with high hydrogen storage ca-
pacity because the interaction between hydrogen molecules
and pristine carbon nanostructures is too weak to be use-
ful for practical hydrogen storage. To date, more theoreti-
cal and experimental studies have been devoted to increase
their chemical activity by decorating the carbon nanostruc-
tures with metal atoms, such as alkali metal,[10,11] alkaline-
earth metal,[12,13] and transition metal.[14–16] Metal atoms are
dispersed onto such carbon nanostructures through different
experimental conditions.[17–19] Specifically, since the cohesive
energies of transition metal (∼ 4 eV) are bigger than the bind-
ing energies of transition metal (∼ 3 eV) on carbon nanos-
tructures, thus they are prone to clustering, which can greatly
reduce the capacity of hydrogen storage.[20] In addition, al-
kali metal can be adsorbed stabilized and uniformly on carbon
nanostructures due to their much smaller cohesive energy, but
the binding energy of a hydrogen molecule is less than that of
transition metal decorated carbon-based nanostructures.[21–23]

Then, there are two major problems that remained unsolved,
which prevent practical applications of these carbon-based
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nanomaterials: (i) the binding energy of H2 molecular is too
small (for application, the binding energy of per H2 molecu-
lar on these materials should in the range of 0.1 eV–0.25 eV
for sufficient storage[24]); (ii) another important issue is metal
adsorbate clustering.[25]

The monolayer MoS2 is made of a honeycomb sheet
of molybdenum atoms covalently sandwiched between two
honeycomb sheets of sulphur atoms, which has attracted a
great deal of attention due to its sandwiched structure and in-
triguing properties. Bilayer MoS2 is composed of vertically
stacked monolayers of MoS2 with 0.65-nm distance, which
are weakly interacting layers held together by van der Waals
interactions.[26] However, the interlayer van der Waals interac-
tions between the two monolayers can notably affect the elec-
tronic properties of the two-dimensional nanomaterial.[27–30]

In this study, we present systematic theoretical studies on the
structures and properties of different Li coverage monolayer
and bilayer MoS2. We also consider the diffusion barrier for
Li atom moved in the setting path in the case of full Li cov-
erage. Besides, we analyze the adsorption configurations and
energetics of H2 molecules adsorbed on those systems. Our
main concerns are as follows: i) what are the adsorption con-
figurations and energetics of Li atoms on monolayer and bi-
layer MoS2; ii) how do the Li atoms affect H2 molecules ad-
sorption on monolayer and bilayer MoS2? To answer these
questions, we investigate the electronic properties of Li-coated
monolayer and bilayer MoS2.

Computational details: Our calculations are performed
using density-functional theory (DFT) through the Vienna ab
initio simulation package (VASP) code.[31] The general gra-
dient approximation (GGA) parameterized by Perdew, Burke,
and Ernzerhof (PBE)[32] is used as the exchange–correlation
functional, and the projector augmented-wave (PAW)[33,34]

method is used to describe the ions–electro interaction. A ki-
netic energy cutoff 500 eV for the plane-wave basis, and the
Brillouin zone is sampled in k-space using the Monkhorst–
Pack scheme by 6 × 6 × 1 for the 2*2 hexagonal MoS2 su-
percell. In the structural optimization, convergence of the
Hellmann–Feynman forces is set less than 0.01 eV/Å per atom
and the vacuum region of greater than 20 Å to avoid artificial
interactions in the Z direction.

To find the most stable adsorption site for Li atoms among
the probable adsorption sites in Li-coated MoS2 systems, the
specific Li atoms are placed on the Mo top site (A), the S top
site (B), and the hexagonal center site (C), which are not estab-
lished randomly but build on the basis of the structure of the
honeycomb sheet and the rule for decorating metals. In our
simulation, the Li atoms are placed randomly onto the MoS2

with a perpendicular distance of 2.0 Å to 4.0 Å. After full
structures optimization, the average binding energy of the n

Li atoms on MoS2 is defined as

Ebind,Li = [E(MoS2)+nE(Li)−E(Li/MoS2)]/n, (1)

where n indicates the number of Li atoms, E(MoS2), E(Li),
and E(Li/MoS2) are the total energies of pure MoS2, a free Li
atom, and the Li-coated MoS2 systems, respectively.

In order to optimize atomic structures of H2 molecules ad-
sorbed on Li-coated MoS2 systems, H2 molecules are placed
randomly onto the Li atoms with a perpendicular distance of
2.0 Å to 4.0 Å. The initial bond length dH−H in H2 molecules
is set at 0.70 Å (0.70 Å in the gas phase). After full struc-
tures optimization, the average adsorption energy of the H2

molecule (Eads,H2 ) is defined as

Eads,H2 = [E(Li/MoS2)+nE(H2)−E(H2@Li/MoS2)]/n,
(2)

where n indicates the number of H2 molecules, E(Li/MoS2),
E(H2), and E(H2@Li/MoS2) are the total energy of the Li-
coated MoS2 system, the pure H2 molecular system, and the
H2 adsorbed on Li-coated MoS2 system, respectively. After
the full structures optimization, the adsorption energy of the
n-th hydrogen molecule Eads,n-th H2 is calculated by using

Eads,n-th H2 = EH2 onLi/MoS2
n−1 +EH2 −EH2 onLi/MoS2

n , (3)

where EH2 onLi/MoS2
n−1 is the energy of the (n−1) H2 molecules

adsorbed on the Li-coated MoS2 system, EH2 onLi/MoS2
n is the

energy of the n H2 molecules adsorbed on the Li-coated MoS2

system, and EH2 is the energy of the H2 molecular system.
In this work, we also focus on the hydrogen molecule dis-

sociates on both sides of Li-coated MoS2 by finite-temperature
ab initio molecular dynamics simulations. The ab initio mole-
cular dynamics simulations are performed by normalizing the
velocities of the ions at 300 K (room temperature) and 350 K
in 1000 times steps, as implemented in the VASP code. The
duration of time steps are intentionally taken as 1 fs, which is
relatively longer for a molecular dynamics calculation.

2. Results and discussion
First, the density functional theory calculations show that

the monolayer MoS2 is a semiconductor with a direct bandgap
of 1.60 eV at the K point. However, the bilayer MoS2 is a
semiconductor with an indirect bandgap of 1.40 eV, the va-
lence maximum and the conduction band minimum occur at
the Γ point and K point (see Fig. 1(c)), respectively, in agree-
ment with a previous calculation.[35] Next, we examine the ad-
sorption site of a single Li atom adsorption on the monolayer
MoS2. Three high-symmetry sites are tested, on the Mo top
site (A), the S top site (B), and the hexagonal center site (C).
After full structures optimization, a single Li atom prefers to
adsorb strongly at the A site, with a binding energy of 2.35 eV
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and a distance of 2.90 Å between the Mo and Li atoms. It is
very interesting to note that after full structures optimization
the Li atom will move to the A site even if the Li atom is placed
onto the S atom at first, suggesting that the Li atom adsorbed
on the S top site is unstable, just as in a previous result.[36] On
the bilayer MoS2, the Li atom is also more stable on the A site,

and the binding energy and the Li–Mo distance are nearly the
same as those in the monolayer MoS2. For comparison, we
also calculate the bulk cohesive energies of Li. The binding
energy of Li on the A site is larger than that of the Li bulk
cohesive energies (1.89 eV), suggesting that clustering of Li
atoms might be seriously hindered by the high binding energy.

(a)

(b)
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Fig. 1. (color online) Top and side view of typical atomic structures of monolayer (a) MoS2 and (b) bilayer MoS2, the Mo and S atoms are represented by
olive and yellow spheres, respectively; (c) band structures of monolayer MoS2 and bilayer MoS2, direct band occurs at the K point in monolayer MoS2, and
indirect band transition occurs between the valence band maximum at Γ point and the conduction band minimum at K point in bilayer MoS2.

To achieve optimized hydrogen storage capacity, the Li-
coated MoS2 system should have a larger number of Li atoms
forming a uniform and stable coverage due to the hydro-
gen molecule being generally absorbed near the Li atoms.[37]

Thus, we discuss the structures and electronic properties of Li-
coated MoS2 with high Li coverage cases by adsorbing two,
three, and four Li atoms on MoS2 (there are a total of four sta-
ble adsorption sites in one side of the 2 ∗ 2 hexagonal MoS2

supercell according to our calculations). We defined Θ as the
ratio of the number of adsorbed Li atoms to the total adsorption
sites. Thus the one, two, three, and four adsorption Li atoms
correspond to Li coverage of Θ = 0.25, Θ = 0.50, Θ = 0.75,
and Θ = 1.0, respectively. However, it should be noted that the
sandwich structure of MoS2 can adsorb Li atoms on both sides,
in which Li atoms bind to the S atoms of MoS2 and exhibit as
well separated compared with that in low-dimension carbon-
based materials. As expected, when one Li is adsorbed on one
side of monolayer MoS2, the second Li atom prefers to be ad-
sorbed on the same Mo top site on the other side. The same
phenomenon also exists in bilayer MoS2, the second Li atom
prefers to be adsorbed on the opposite Mo top site in the other
MoS2 sheet. We believe that it is possible due to the atomic

structures of these Li-coated MoS2 with high symmetry, which
is in agreement with previous results.[38] By comparing the to-
tal energy of more Li atoms adsorption on one side of MoS2,
we find that Li atoms prefer to be adsorbed on the nearest Mo
top sits in the high Li coverage case (Θ = 0.50, and Θ = 0.75)
no matter whether in monolayer and bilayer MoS2. The opti-
mized geometric structures, the average Mo–Li distance, and
adsorption energy per Li atom for different Li coverage mono-
layer MoS2 are shown in Fig. 2(a). Our results show that the
average Mo–Li distance is increased as the Li coverage in-
creases, suggesting that the average adsorption energy of Li
atom decreases with the increase of the Θ . It is worth noticing
that the average adsorption energy of per Li atom even in the
full Li coverage case is still larger than the Li bulk cohesive
energies, suggesting that the decorated Li atom highly prefers
being on the A site rather than forming metal clustering.

In the case of high coverage Li-coated MoS2, another im-
portant question that should be asked is whether the metal
atoms are normally highly mobile and tend to form clusters
on the MoS2 sheet. To clearly analyze the issue of Li cluster-
ing, we have calculated the diffusion barrier for one Li atom
moved in the direction of the set path in full Li coverage mono-
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layer MoS2. As a Li atom at the initial position (the optimized
structure) is moved in the direction of the arrow, its z coor-
dinate is optimized (x coordinate and y coordinate are fixed
according to the basis of the honeycomb sheet and the rule for
diffusion pathway). The remaining three Li atoms are fully
relaxed. Our calculations show that during the process of the
first Li moving, the other three Li atoms are pushed in the same
direction under Coulomb repulsion. Finally, all Li atoms are
adsorbed on the nearest Mo top sits, where Li atoms have a
stability configuration. That is, the clustering of adsorbed Li
atoms is prevented by the Coulomb repulsion. The variation
of the atomic geometries and energies is the first Li moving in
the direction of the arrow, as is shown in Fig. 2(b).
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Fig. 2. (color online) (a) Average Mo–Li distances and adsorption energies
of per Li atom for different Li coverage (Θ = 0.25, Θ = 0.50, Θ = 0.75,
and Θ = 1.0) in monolayer MoS2; (b) the variation of the atomic geome-
tries and energies as one Li atom moving in the direction of the arrow in full
Li coverage monolayer MoS2.

According to the variation of energies during the process
(the maximum ∆E = 0.24 eV), it is believe that Li atoms form-
ing a cluster by moving on the MoS2 sheet is prevented by the
greater potential barrier.[39] For comparison, we have consid-
ered another Li atom adsorption on full Li coverage monolayer
MoS2. The fifth Li atom is placed randomly on the monolayer
MoS2 with a perpendicular distance of 2.0 Å to 4.0 Å. Af-
ter full structure optimization, the fifth Li atom is adsorbed
onto the previous four Li atoms forming metal clustering (see
Fig. S1 in Appendix A: the Supporting Information). The
binding energy between the fifth Li atom and the previous four
Li atoms is about 2.12 eV, and the bonds length of Li–Li are
about 3.27 Å. There is no doubt that the Li adsorbate cluster-
ing will severely limit the hydrogen storage capacity because

the fifth Li atom is able to occupy the adsorption sites for H2

molecules, which is consistent with the previous report.[40]

Therefore, to achieve the highest hydrogen storage capacity,
the amount of adsorbed Li atoms should be controlled as any
excess loading will delay the adsorption sites for H2 molecules
thus sacrificing hydrogen storage capacity.

Now we investigate the interaction between Li-coated
MoS2 systems and H2 molecules. We first consider Θ = 0.25
Li coverage on one side of the MoS2 system. In our calcula-
tion, we place one hydrogen molecule randomly onto the Li
atom with a perpendicular distance of 2.0 Å to 4.0 Å. After
optimization calculations, the first H2 molecule is adsorbed
on the high-symmetry sites (on the top of the hexagonal cen-
ter site) and lies tilted towards the Li atom. The adsorption
energy and distance between Li atom and H2 molecule are
0.21 eV and 2.01 Å, respectively, and the H–H bond is ex-
panded 0.765 Å. Then we increase the number of adsorbed H2

molecules to search for the maximum number of H2 molecules
adsorbed on the Li-coated MoS2 system. It is found that what-
ever the initial H2 molecules locations are near the Li atom,
the seventh H2 molecule prefers to move away from the Li
atom and cannot be adsorbed. More interestingly, in the case
of the fourth H2 molecules adsorption, due to the symmetry
of the charge configuration of the Li-coated MoS2 systems,
they tend to move quite far away from Li with 2.52 Å, al-
most on the S top site. Intuitively, the reason why there is
a long distance between Li atom and the fourth H2 molecule
is that there is no available space for a H2 molecule in the
first layer occupied by the previous three H2 molecules. The
fifth and sixth H2 molecules are adsorbed about 2.52 Å above
the Li atom and form the second-layer H2 molecules with the
fourth H2 molecule. The optimized atomic structure for the
configuration with the number of maximally adsorbed hydro-
gen molecules on the Θ = 0.25 Li coverage one side of the
MoS2 system are given in Fig. 3(a). In bilayer MoS2, six H2

molecules can be adsorbed. The atomic structures for the con-
figuration are nearly as the same as those in monolayer MoS2.
As shown in Fig. 3(c), six H2 molecules are adsorbed on sym-
metry sites, which lie tilted towards the Li atom, and form two
layers configuration. Furthermore, the corresponding adsorp-
tion energetics, distances between Li atom and H2 molecule
are listed in Table 1.

Then, we study H2 molecules adsorbed on Θ = 0.25 Li
covering both sides of the MoS2 system. After full structural
optimization, the pairing of Li atoms are located at the op-
posite sides of the MoS2 sheet with distances of 5.75 Å and
13.01 Å in monolayer and bilayer MoS2, respectively. Fig-
ures 3(b) and 3(d) show that every Li atom can adsorb up to
six H2 molecules in Θ = 0.25 Li coverage on both sides of
the MoS2 system. As expected, the average H2 binding en-
ergy and distances between H2 and Li atoms exhibit as being
similar to those of Θ = 0.25 Li covering one side of MoS2.
In addition, the corresponding adsorption energetics, distances
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between Li atom and H2 molecule are listed in Table 1. Fur-
thermore, in all of those adsorption structures, there is only a
small change in H2 bond lengths as about 0.75 Å because the
interaction between H2 molecules and Li-coated MoS2 system
mainly exhibit characteristics of physisorption.

Table 1. The adsorption energy of the n-th H2 molecule (Eads,n−thH2 (in
unit eV)), average adsorption energy per H2 molecule (Eads,H2 (in unit eV)),
distance between Li atom and H2 molecule (dLi−H2 (in unit Å)) for different
number of H2 molecule adsorption on one side Θ = 0.25 Li coverage MoS2
systems.

The n-th H2 Li-coated system Eads,n-th H2 Eads,H2 dLi−H2

1 monolayer MoS2 0.21 0.21 2.01
bilayer MoS2 0.20 0.20 2.02

2 monolayer MoS2 0.20 0.21 2.02
bilayer MoS2 0.19 0.20 2.04

3 monolayer MoS2 0.19 0.20 2.04
bilayer MoS2 0.17 0.19 2.06

4 monolayer MoS2 0.14 0.19 2.52
bilayer MoS2 0.13 0.17 2.72

5 monolayer MoS2 0.13 0.17 2.53
bilayer MoS2 0.13 0.16 2.72

6 monolayer MoS2 0.12 0.16 2.53
bilayer MoS2 0.11 0.16 2.72

(a) (b) (c) (d)

(e) (f)

Mo
S
Li
H

Fig. 3. (color online) Optimized atomic geometries for the maximum num-
ber of hydrogen molecules adsorbed on Θ = 0.25 Li coverage one side and
both sides of the MoS2 system. Hydrogen molecules are formed in two layer
structures. To elaborate further on the configuration of the adsorbed hydro-
gen molecules, the top view of 6 hydrogen molecules adsorbed on Θ = 0.25
Li coverage MoS2 4∗4 supercell are shown in the bottom panel. Top view
of 6 hydrogen molecules adsorbed on Θ = 0.25 Li coverage (e) monolayer
and (f) bilayer MoS2, respectively.

Then the next question would be whether the hydrogen
storage capacity is increased with the number of adsorbed Li
atoms increases. To address this question, we analyze the
stable structure and adsorption energy of H2 molecules ad-
sorbed on a high-coverage Li–MoS2 system, specifically for
the full Li coverage case. We choose an initial geometry,
where H2 molecules are placed randomly above the Li atoms
with a perpendicular distance of 2.0 Å to 4.0 Å. Step by step,
we add additional hydrogen molecules close to the Li atoms,
where the hydrogen molecules adsorbed on Θ = 1.0 Li cov-
erage on both sides monolayer and bilayer MoS2 systems are
fully optimized. Finally, a total of 16 H2 molecules can be
adsorbed onto the surface of the Θ = 1.0 Li coverage MoS2

systems, corresponding to the gravimetric density of hydro-
gen storage up to 4.8 wt% and 2.5 wt% in monolayer and bi-
layer MoS2, respectively. The fully relaxed structures of 16 H2

molecules adsorbed on the Li-coated MoS2 system are shown
in Fig. 4. The 16 H2 molecules are adsorbed on the high-
symmetry sites (on the top of Mo atoms and S atoms) and are
perpendicular to the plane of the MoS2 sheet. We note that
all H2 molecules are formed in two layer structures, which is
the same as those in Θ = 0.25 Li coverage MoS2 systems.
Furthermore, the adsorption energetics, distances between Li
atom and H2 molecule for different number of H2 molecule ad-
sorption on one side of Θ = 1 Li coverage MoS2 systems are
very similar to those of H2 molecule adsorption on both sides
of Θ = 1 Li coverage MoS2 systems, and details of the results
are listed in Table 2. For comparison, we have investigated
the atomic structures of the maximal number of adsorbed H2

molecules for Θ = 0.5 and Θ = 0.75 Li coverage monolayer
MoS2 systems, suggesting that six and seven H2 molecules can
be adsorbed on Θ = 0.5 and Θ = 0.75 Li coverage monolayer
MoS2, respectively (see Fig. S4 in Appendix A: the Support-
ing Information).

Table 2. The adsorption energy of the n-th H2 molecule (Eads,n−thH2 (in
unit eV)), average adsorption energy per H2 molecule (Eads,H2 (in unit eV)),
distance between Li atom and H2 molecule (dLi−H2 (in unit Å)) for different
number of H2 molecule adsorption on one side Θ = 1 Li coverage MoS2
systems.

The n-th H2 Li-coated system Eads,n-th H2 Eads,H2 dLi−H2

1 monolayer MoS2 0.25 0.25 1.96
bilayer MoS2 0.24 0.24 1.97

2 monolayer MoS2 0.24 0.25 1.98
bilayer MoS2 0.23 0.24 2.04

3 monolayer MoS2 0.23 0.24 2.04
bilayer MoS2 0.22 0.23 2.06

4 monolayer MoS2 0.22 0.23 2.06
bilayer MoS2 0.21 0.22 2.07

5 monolayer MoS2 0.18 0.22 2.83
bilayer MoS2 0.18 0.21 2.85

6 monolayer MoS2 0.18 0.21 2.84
bilayer MoS2 0.17 0.20 2.86

7 monolayer MoS2 0.17 0.21 2.88
bilayer MoS2 0.16 0.20 2.90

8 monolayer MoS2 0.16 0.20 2.90
bilayer MoS2 0.15 0.19 2.93

Finally, in order to analyze the H2 molecules dissociated
on both sides of H2 adsorption on the Θ = 1 Li coverage
monolayer MoS2 system, we carry the process out for a 3-
ps duration with a time step of 3 fs in the simulations at 300 K
(room temperature) and 350 K. The snapshots for the simu-
lation at 300 K are plotted in Fig. 5. It is clear that eight H2

molecules are dissociated in the molecular form on both sides
of Li-coated MoS2, and all Li atoms still remain adsorbed
on the MoS2 sheet. The structure of MoS2 can be sustained,
while the bonding between adsorbed Li atoms and the MoS2

sheet are weakened slightly. Interestingly, the dissociated H2

molecules are in the atomic form when the simulation tem-
perature increased to 350 K (see Fig. S5 in Appendix A: the
Supporting Information), suggesting that the Li-coated MoS2

is invalidated as potential hydrogen storage media at 350 K.
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(a) (c)

(b)

Fig. 4. (color online) Side (a) and top (b) view of 16 H2 molecules ad-
sorbed on Θ = 1.0 Li coverage monolayer MoS2; (c) side view of 16 H2
molecules adsorbed on Θ = 1.0 Li coverage bilayer MoS2 (top view of 16
H2 molecules adsorbed on Θ = 1.0 Li coverage bilayer MoS2 exhibit similar
to those in Θ=1.0 Li coverage monolayer MoS2).
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Fig. 5. (color online) Simulation snapshots of the hydrogen molecule dis-
sociates on both sides of H2 adsorption on Θ = 1 Li coverage monolayer
MoS2 system with the simulation temperature set to 300 K.

To explain the adsorption mechanism, we have plotted
the isosurfaces of deformation charge density and potential
lineups of Li-coated MoS2 systems, as shown in Figs. 4(a)–
4(c). The deformation electronic density is defined as the total
electronic density excluding those of isolated atoms. The red
color corresponds to positive values (electron accumulation),
and blue to the negative values (electron deletion). As shown
in Figs. 6(a) and 6(b), it is obvious that there is a significant
charge transfer from Li atoms to S atoms, which forms an elec-
tronic field along the z axis and enhances the polarization H2

molecule adsorption. It is suggested that a possibility for H2

molecule adsorption is due to the polarization mechanism.[41]

Furthermore, it is worth noting that the average charge trans-
fer from the Li atom to the MoS2 sheet decreases with the
increase of Li coverage in Li-coated MoS2 systems due to the
Coulomb repulsion between adsorbed Li atoms.[42] The Bader
charge analysis shows that the charge transfer from the Li atom
to the MoS2 sheet is about 0.860e and 0.859e in Θ = 0.25 Li
coverage monolayer MoS2 and bilayer MoS2 systems, respec-
tively. However, the average charge transfer in Θ = 1 Li cov-
erage monolayer MoS2 and bilayer MoS2 are only 0.411e and
0.409e. Besides, the monolayer and bilayer MoS2’s energy-
levels are shifted down due to the adsorption of Li atoms, as
shown in Fig. 6(c). Our further investigation shows that the
Pauli-exclusion principle and self-compensation effect play a
critical role in the electron densities redistribution. The Li
(2S1) atom has one valence electron, so when Li atoms are
close to the MoS2 sheet, then the Li’s outermost s-electrons
with large radial electron density distribution will overlap with
S (3S23P4) orbitals. It is thus the Pauli-exclusion interaction
pushes the electrons back into both Li atoms and MoS2 away
from the interface.[43,44]

x

z

y

(a)

(b)

-10

0

10

-10

0

10

(c)

P
o
te

n
ti
a
l 
e
n
e
rg

y
/
e
V

monolayer MoS
2

bilayer MoS
2

MoS
2

Li on one side
Li on two side

0        5         10         15        20 

z axis/A

0

0.1

0.2

0

0.1

0.2

0.2

0.4

0.6

0.8

0

P
D

O
S
/
(s

ta
te

s/
eV

)

(d) S s
S p
Li s

1H
2
 s

3H
2
 s

-4   -3   -2    -1     0      1      2 

Energy/eV

Fig. 6. (color online) The isosurface (2.0×10−3 e in Å−3) of deformation electronic density of Li adsorbed (a) monolayer MoS2 and (b) bilayer MoS2; (c)
potential diagrams of pure monolayer MoS2, Li adsorbed on one side and both sides of monolayer MoS2, pure bilayer MoS2, Li adsorbed on one side and
both sides of bilayer MoS2; (d) the partial density of states of Θ = 0.25 Li coverage on one side of monolayer MoS2, one H2 molecule adsorbed on one side
of Θ = 0.25 Li coverage MoS2, and three H2 molecules adsorbed on one side of Θ = 0.25 Li coverage MoS2, zero energy is set to the Fermi level.
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To better understand the charge transfer and interaction
between Li atoms and MoS2 sheet, we also calculate the elec-
tronic dipole moment perpendicular to the MoS2 sheet for
different Li coverage on one side and both sides of mono-
layer and bilayer MoS2. The dipole moment is defined as∫
(r−Rcenter)ρions+valencerd3r, where Rcenter is the charge den-

sity averaged over a plane that drops to a minimum, and we
predict the charge distribution of the center by adding half of
the lattice vector perpendicular to the plane where the charge
density has a minimum. The dipole moments of Li cover-
age on both sides of monolayer and bilayer MoS2 are almost
zero because of the symmetry of the atomic configuration of
the monolayer and bilayer MoS2 along the z axis. However,
the dipole moments of Li coverage on one side of monolayer
and bilayer MoS2 are very sensitive to the Li coverage. Com-
pared with monolayer MoS2, the Li-coated bilayer MoS2 ex-
hibited higher dipole moment under the same Li coverage,
the biggest dipole moment of the bilayer MoS2 is 1.3 De-
bye at the Θ = 0.25 Li coverage. Surprisingly, the value of
dipole moments of monolayer and bilayer MoS2 are not in a
monotonously increasing trend, with the Li coverage increased
(see Fig. S2 in Appendix A: the Supporting Information).

Figure 6(d) shows the projected density of states (PDOS)
for Θ = 0.25 Li coverage monolayer MoS2, one H2 molecule
adsorbed Θ = 0.25 Li coverage MoS2, and three H2 molecules
adsorbed Θ = 0.25 Li coverage MoS2. Due to the interaction
with MoS2 sheet, the 1s and 2s states of Li are split into lots
of prominent peaks in the vicinity of −5.0 eV and 1.0 eV, re-
spectively. The 2s peak lies approximately 0.6 eV above the
Fermi level and is almost unoccupied, suggesting that most of
Li(2s1) electrons transfer from the Li atom to the closer MoS2

sheet. It can be clearly seen that there is strong hybridization
between the S(3p3) orbitals and the H2 molecule state at about
−5.5 eV and 2.3 eV in three H2 molecules adsorbed Θ = 0.25
Li coverage MoS2. Thus, the Li atom apart from the elec-
trostatic interaction acts as a bridge of hybridization between
the H2 molecule state and the S(3p3) orbitals of MoS2, which
plays an important role in the hydrogen molecules adsorption
process.

We next analyse the sandwiched structure effect on the
hydrogen adsorption and storage properties. Firstly, the sand-
wiched structure affects the binding between Li and S. Com-
parable with other 2D sheet materials, the Li on the Mo top
site has strong interactions with the top honeycomb sheet of
S atoms. Thus, the sandwiched structure enhances the sta-
bility of Li atoms. Secondly, the Mo atoms covalently sand-
wiched between S atoms drops the Li–Li repulsive interac-
tion compared with 2D sheet materials, due to the bigger dis-
tances between the adjacent adsorption Li atoms. Finally, the
3p orbitals of the top honeycomb sheets of S atoms hybridize

strongly with H2 σ , σ∗ orbitals, leading to strong adsorption
with H2 molecules. For this reason, the adsorbed Li atom
acts as a bridge, which enhances the interaction between H2

molecules and the MoS2 sandwiched structure.

3. Conclusions

In conclusion, by first-principles calculation, we have
studied the adsorption configurations and energetics of Li-
coated monolayer and bilayer MoS2 and H2 molecules ad-
sorbed on those system. Compared with graphene, Li has
strength binding, big separation, and is stable against clus-
tering on MoS2, making Li-coated MoS2 a great option for
efficient hydrogen storage materials. Due to the Li atom being
apart from the electrostatic interaction, it acts as a bridge of
hybridization between the S atoms and the H2 molecules; up
to 16 H2 molecules can be adsorbed on a 2∗2 suppercell of a
full Li coverage MoS2 system, corresponding to the gravimet-
ric density of hydrogen storage up to 4.8 wt% and 2.5 wt% in
monolayer and bilayer MoS2, respectively. Furthermore, our
MD simulations show that the Li-coated MoS2 system can be
recycled by operations at room temperature, suggesting signif-
icant potential applications in hydrogen storage technologies.
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Appendix A: Supporting Information

Some of the supporting information are provided for help
in understanding the present study in the following figures as
shown in Figs. S1–S5.

The top and side view of the optimized atomic geometries
for five Li atoms adsorbed on MoS2 is shown in the following
Fig. S1.

(a) (b)

2.935 3.268

3.20 3.154 3.0

Fig. S1. (color online) Top and side view of the optimized atomic geome-
tries for five Li atoms adsorbed on MoS2. The distances between the Li
atoms are listed. It can be clearly seen that the fifth Li atom is adsorbed on
the top of the previous four Li atoms and forms metal clustering, which will
reduce the number of adsorption hydrogen molecules.
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The dipole moment of different Li coverages on one side
of monolayer and bilayer MoS2 is shown in Fig. S2.
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Fig. S2. (color online) The dipole moment of different Li coverages on one
side monolayer and bilayer MoS2.

The spin density map of the antiferromagnetic ground
state on one side of Θ = 1.0 Li coverage monolayer MoS2

and 4 hydrogen molecules adsorbed on one side of Θ = 1.0 Li
coverage monolayer MoS2 is shown in Fig. S3.

(a) (b)

Fig. S3. (color online) The spin density (different between α-spin and
β -spin density) map of the antiferromagnetic ground state on one side of
Θ = 1.0 Li coverage monolayer MoS2 (a) and 4 hydrogen molecules ad-
sorbed on one side of Θ = 1.0 Li coverage monolayer MoS2 (b). The red
line: positive, blue line: negative.

The optimized atomic geometries for the maximum num-
ber of hydrogen molecules adsorbed on one side of Θ = 0.50
and Θ = 0.75 Li coverage MoS2 are shown in Fig. S4.

(a) (b)

Fig. S4. (color online) The optimized atomic geometries for the maxi-
mum number of hydrogen molecules adsorbed on one side of Θ = 0.50 and
Θ = 0.75 Li coverage MoS2. Six hydrogen molecules can be adsorbed on
one side of Θ = 0.50 Li coverage MoS2, and seven hydrogen molecules can
be adsorbed on Θ = 0.75 Li coverage MoS2.

The simulation snapshots of the hydrogen molecule dis-
sociates on both sides of MoS2 with the temperature set to
350 K are shown in Fig. S5.
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Fig. S5. (color online) Simulation snapshots of the hydrogen molecule dis-
sociates on both sides of MoS2 with the temperature set to 350 K. We carry
this out for a 3-ps duration with a time step of 3 fs. One can see that only
half of the adsorbed H2 molecules can be dissociated and the dissociated H2
molecules are in the atomic form. All that remained of the H2 molecules
is actually adsorbed in the molecular form. However, the binding energy is
strong compared to that of the H2 molecules adsorbed at 300 K.
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