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We investigate structure and energetics of interstitial hydrogen and hydrogen molecules in layered
2H-MoS2, an issue of interest both for hydrogen storage applications and for use of MoSs as an
(opto)electronic material. Using first-principles density functional theory we find that hydrogen
interstitials are deep donors. Hz molecules are electrically inactive, and energetically more stable
than hydrogen interstitials. Their equilibrium position is the hollow site of the MoSy layers. The
migration barrier of a hydrogen molecule is calculated to be smaller than 0.6 eV. We have also
explored the insertion energies of hydrogen molecules as a function of hydrogen concentration in
MoSs. For low concentrations, additional inserted H2 molecules prefer to be located in hollow sites
(on top of the center of a hexagon) in the vicinity of an occupied site. Once two molecules have been
inserted, the energy cost for inserting additional Ho molecules becomes much lower. Once all hollow
sites are filled, the energy cost increases, but only by a modest amount. We find that up to 13 Ho
molecules can be accommodated within the same interlayer spacing of an areal 3 x 3 supercell.

PACS numbers: 61.72.-y, 66.30.J-, 73.22.-f, 88.30.R-.

I. INTRODUCTION

Among newly proposed energy resources, hydrogen,
which is abundant and pollution free, is a highly promis-
ing candidate for use as a next-generation energy carrier.
Significant advances have been made in recent years in
hydrogen production' and storage.?? However, finding
higher-capacity hydrogen storage materials is still a pri-
ority. Layered MoSq, which has long been known and
used as a lubricant material,® is an attractive candi-
date for hydrogen storage® due to the weak interlayer
interactions (van der Waals bonding) and the relatively
large interlayer spacing.® Good performance for hydrogen
storage has already been demonstrated with MoSs nan-
otubes;”® in bulk MoS, high temperatures and pressures
are required to obtain hydrogen intercalation.® To im-
prove hydrogen-storage properties, a deeper understand-
ing of the interaction between hydrogen and MoSs is es-
sential.

2H-MoSs, which is a semiconductor, has also drawn
attention for (opto)electronic applications,!? due to its
large band gap'''? and favorable carrier mobility.'*
Since hydrogen is easily incorporated and electrically ac-
tive in MoSy , knowledge about the electronic behavior
of hydrogen impurities is important. Previous studies
mainly focused on the behavior of hydrogen at the sur-
face of MoSy. Molecular hydrogen can dissociate near the
surface of defective MoS, at elevated temperatures, ren-
dering MoS, an effective catalyst for the hydrodesulfur-
ization process.'® Hydrogenation of the surface of MoS,
has been realized, and formation of atomic stripes due to
hydrogen-sulfur chemical bonds was observed.!® Surface
hydrogenation was also explored theoretically by inves-
tigating the interaction of atomic hydrogen with mono-
and bilayer MoSy and it was predicted that hydrogena-
tion transforms semiconducting to metallic MoS,.1718
However, reliable information about hydrogen interac-
tions with bulk MoS, is still lacking, in particular about
the thermodynamics and kinetics of hydrogen insertion,

mainly due to a lack of a proper approach to accurately
describe the interlayer interactions and the electronic
properties.!?22

The use of a hybrid functional in density functional
theory (DFT) offers significant improvements in describ-
ing electronic structure, and when combined with the
inclusion of van der Waals interactions provides accurate
results for structural and electronic properties of layered
materials such as MoS;.2%24 Here we study the interac-
tions of hydrogen with MoS,, using a hybrid functional
with inclusion of van der Waals interactions to explore
the equilibrium geometry, formation energy, and elec-
tronic behavior of interstitial H and Hy molecules inside
layered MoS, structures. We also investigate Hy migra-
tion barriers and the energy required to insert additional
Hs molecules in MoSs as a function of the hydrogen con-
centration.

Section II outlines our computational methodology.
In Sec. III, we first describe the structural and elec-
tronic properties of pristine MoSs (Sec. IITA), followed
by the properties of hydrogen interstitials and hydro-
gen molecules inside MoSy (Sec. IIIB). We then dis-
cuss the migration of hydrogen molecules (Sec. III C) and
the energetics of multiple hydrogen molecules in MoS,
(Sec. IIID). Section IV concludes the paper.

II. COMPUTATIONAL METHODS

All our calculations are based on DFT using projector-
augmented waves?® (PAW) as implemented in the
VASP?6:27 code. We use periodic boundary conditions
and supercell structures to study the interaction of hydro-
gen (in both atomic and molecular forms) with layered
MoS,. Formation energy calculations are performed us-
ing the screened hybrid functional of Heyd, Scuseria and
Ernzerhof (HSE).?829 We have used standard values for
the mixing parameter (0.25) and the range-separation pa-
rameter (0.2 A=1), and a 350 eV energy cutoff. We have



explicitly included the van der Waals interactions based
on the vdW-D2 method;3%:3! an evaluation of a number of
different functionals®® indicated that the combination of
HSE with D2 yielded an optimal description of both elec-
tronic and structural properties of MoS,. For the bulk
MoS, calculations we used a 6 x 6 x 2 k-point grid3? and
an equivalent k-point sampling in Perdew, Burke, and
Ernzerhof (PBE)33 calculations for supercell structures;
a single k-point (0.25,0.25,0.25) is used for HSE calcula-
tions in the large supercell structures. Use of the hybrid
functional would be computationally prohibitive for the
large number of calculations required to study migration
and insertion of hydrogen molecules; these aspects were
studied with the PBE functional, also combined with the
vdW-D2 method. Calculations for test structures indi-
cated that for interstitial Ho molecules the difference in
calculated formation energies between PBE-D2 and HSE-
D2 is small, less than 0.01 eV, and that the equilibrium
structures are very similar. The structures are relaxed
until all forces are smaller than 0.02 eV/ A. Spin polar-
ization was included, which reduces the total energy in
case an unpaired electron is present.

The stability of a hydrogen interstitial H; in MoSs can
be assessed by studying its formation energy,?* defined
as

EY(HY) = Eiot(H]) — Eot(M0S3) — i + gep + A9, (1)
and similarly for Hy molecules:
EJ(Hy) = Eyor(Hy) — Erot(MoSy) — 2pu1. (2)

Here Eioi(HY) is the total energy of an MoSs super-
cell containing the interstitial in charge state g, Fiot(Hz)
the total energy of an MoSs supercell containing an Hy
molecule, and Fiot(MoSs) the total energy of the pris-
tine MoSy structure. py is the chemical potential of
hydrogen. For purposes of displaying our results, we set
py equal to half of the total energy of an isolated Hy
molecule at T" = 0. However, results for other chemical-
potential conditions can easily be obtained be referring
back to Egs. (1) and (2). ep is the Fermi energy, ref-
erenced to the valence-band maximum (VBM). A7 is a
correction term that removes the spurious interaction of
charged defects due to periodic boundary conditions.3%3¢

The charge-state transition level (g/q’) of interstitial
H can be calculated from the formation energies by

Ef(H% ep = 0) — Ef(H,7 ;ep = 0)
(¢/d') = - . (3)
)
When the Fermi level is below this energy, the charge
state ¢ is stable; otherwise, the charge state ¢’ is stable.

III. RESULTS AND DISCUSSIONS
A. Bulk MoS;

The most stable phase of bulk MoS, is the semicon-
ducting 2H phase. The primitive unit cell of 2H-MoSs

contains two AB-stacked atomic layers and each layer
forms a hexagonal lattice. The 2D layers are bound by
weak van der Waals forces. We optimized the structure of
2H-MoSs using either PBE or HSE functionals, in both
cases including the van der Waals interactions following
the Grimme-D2 method.?° These two functionals will be
referred to as PBE-D2 and HSE-D2. The optimized lat-
tice parameters are listed in Table I. Similar to previous
studies,?®> HSE-D2 values are in excellent agreement with
experiment, but PBE-D2 also yields lattice parameters
that deviate from the experimental values by less than
1%. In addition, the interlayer binding energy obtained
by HSE-D2 is 19.5 meV/ A2 in close agreement with the
value obtained by more advanced methods such as the
random phase approximation (RPA)37 (see Table I).

An important difference between PBE-D2 and HSE-D2
is that PBE-D2 underestimates the band gap of MoSs
by ~0.4 eV, while the HSE-D2 result is closer to the
experimental value. The discrepancy between HSE-D2
and experimental measurement is partly due to excitonic
effects which are not included in our calculations. In the
following we report results for the HSE-D2 functional,
unless otherwise noted.

B. Interstitial H and interstitial Ho molecules

To model the incorporation of hydrogen in MoSs in the
dilute limit, we have constructed a large 4 x4 x 2 supercell
to avoid spurious interactions between the periodically
repeated hydrogens and to prevent unrealistic structural
relaxations. The lattice constants of the supercell are
constrained to the bulk values, consistent with modeling
the dilute limit. In Fig. 1, we show the optimized MoSs
structures with interstitial H or hydrogen molecules in
the most stable structural configurations.

For interstitial H, we find that its preferential position
is near a S atom, where it forms a S-H bond. Interest-
ingly, the position of the interstitial H with respect to
the S atom depends on its charge state. In the neutral
and negative charge states, the interstitial H is located
at the antibonding site, shown in Fig. 1(a). The S-H

TABLE I. Calculated and observed structural and electronic
properties of 2H-MoSz. a = |ai| = |a3| is the in-plane lattice
constant and c is the lattice constant in the out-of-plane di-
rection. E, is the electronic band gap. Ej is the interlayer
binding energy.

PBE-D2 HSE-D2 RPA  Experiment

a (R) 3.19 3.16 - 3.16*

¢ (A) 12.40 12.33 - 12.31*
E, (eV) 0.93 1.51 - 1.30°
E, (meV/A?) 18.4 19.5 20.5° -

2 Ref. 38

b Ref. 11

© Ref. 37
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FIG. 1. (Color online) Atomic configurations of (a) H? (or

H;), (b) H, (c) perpendicular- and (d) parallel-aligned Ha
molecules in MoS2 structures. Both side views and top views

are provided.

bond is aligned with a Mo-S bond, pointing towards the
interlayer spacing. The preferential position of the inter-
stitial H in the positive charge state (H;") is different: it
favors a location on top of a S atom, with the S-H bond
perpendicular to the MoS, layer.

Hydrogen molecules are electrically inactive and do not
form covalent bonds with MoS,. They are physisorbed in
the interlayer space. We explored different positions and
orientations of the Hy molecule with respect to the MoSs
layers, two of which are shown in Fig. 1. Figure 1(c)
shows Hs molecules aligned perpendicular to the MoS,
layers, and Fig. 1(d) shows Hy parallel to the layers. Both
perpendicular Hy and parallel Hy are equidistant between
two MoSs layers, and favor the hollow site of MoSs, as
this minimizes the expansion of the lattice in the inter-
layer direction and the repulsive interaction between Ho
with MoSs. We find parallel Hy to be the lowest-energy
configuration with a formation energy of 0.80 eV. When
parallel Hy is rotated within the plane (around the hollow
site it resides on), the different positions have very simi-
lar energies (differences < 10 meV). This will be relevant
for the determination of migration barriers, as explained
in detail in section IIIC.

In a 4 x 4 x 2 supercell, the perpendicular Hy struc-
ture is 0.19 eV less stable than parallel Hy, and is in
fact not even a local minimum: a slight distortion off the
perpendicular axis causes the molecule to relax to the
parallel configuration. However, our investigation of the
perpendicular configuration is useful in light of our stud-
ies of insertion of multiple Hy molecules, as documented
in Sec. IIID. The higher energy of the perpendicular Hy
structure compared to the parallel Hy configuration can

be explained by the difference in the expansion of the
interlayer spacing, which is larger for the perpendicular
Hs, and thus costs more energy: insertion of a perpen-
dicular Hy inside MoSsy expands the interlayer spacing
by about 0.10 A, while for parallel Hy, the expansion is
smaller (0.07 A). To make sure the effects of the inter-
layer expansion were accurately modeled we also carried
out calculations in 3 x 3 x 3 supercells. For perpendicular
Hs, the energy in the 3 x 3 x 3 supercell was 0.1 eV lower
than in the 4 x 4 x 2 supercell.

To gain insight into whether hydrogen in MoS, prefers
the atomic or the molecular form, we can compare the
formation energies of interstitial H in different charge
states with the formation energy of an Hy molecule (see
Fig. 2). Hy molecules are the lowest-energy configuration
over the entire range of Fermi levels in the gap. Intersti-
tial H in the positive charge state approaches the energy
of Hy in p-type material (Fermi level low in the gap), but
MoS; tends to be n-type doped.?® We conclude that hy-
drogen molecules are the preferred form of hydrogen in
MOSQ.
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FIG. 2. (Color online) Formation energy as function of Fermi
level for interstitial H and interstitial Ho molecules in MoS-.
The zero of Fermi energy corresponds to the VBM, and the H
chemical potential is set to half the energy of an Ha molecule
at T'= 0.

Even so, information about interstitial H; is important
because in some cases hydrogen may be introduced into
the layers in atomic form, and in order to assess how
it may interact with other impurities or defects knowl-
edge about its electronic behavior is essential. Figure 2
shows that the negative charge state is never stable, i.e.,
only the positive and neutral charge states can occur.
The (4/0) transition level occurs at 0.58 eV above the
VBM, indicating that Hj‘ is a deep donor, with the neu-
tral charge state preferred over a large range of Fermi
levels.

The point where the positive and negative charge
states have equal formation energy, i.e., the (+/—) tran-
sition level, carries special significance in a semiconduc-
tor, since it probes the charge neutrality level and has
been shown to exhibit a universal alignment across a wide



range of semiconductors and insulators.*° For H; in MoS,
the (+/—) level occurs at 0.42 eV below the conduction-
band minimum (CBM). In previous work!? the position
of the CBM referenced to the vacuum level was found to
be at -4.25 eV , and therefore the (+/—) transition level
is at -4.67 eV on an absolute energy scale; this value is
consistent with the universal alignment of the hydrogen
level at around -4.5 eV.4°

C. Migration of Hz molecules

As discussed in the previous section, Hs molecules
are the energetically favored form of hydrogen in MoS,.
To study their kinetics we calculated the migration bar-
rier for an Hy molecule moving between two equivalent
neighboring equilibrium sites, using the climbing image
nudged-elastic band method.*42 As noted in the Meth-
ods section, PBE-D2 suffices for calculations of the mi-
gration path.

We use 5 images to determine the migration pathway
between neighboring equilibrium positions. The relaxed
images are shown in Fig. 3(a) and the relative energies
corresponding to these structures are shown in Fig. 3(b).
Structure 1 is the initial state of the migration process,
corresponding to the ground-state configuration of an Ho
molecule [Fig 1(d)]. The final structure [not depicted in
Fig. 3(a)] is identical to structure 1, but with the Hj
molecule translated by a lattice vector. To migrate, the
Hs molecule first rotates 30°, so that it is oriented parallel
to the edge of the Mo-S hexagon. This rotation requires
less than 10 meV. The molecule then moves towards the
edge of the hexagon. Image 4 of Fig. 3(a) corresponds to
the saddle point of the migration pathway, with the Ho
molecule on top of the edge of the hexagonal ring, and
one H atom located on top of a Mo atom. The energy of
the saddle point yields a migration barrier of 0.53 eV.

D. Insertion of multiple H: molecules

Now that we have discussed the behavior of a single
Hy molecule in MoS,, we consider what happens when
additional Hy molecules are inserted. For this study we
employ a 3 x 3 x 1 supercell, where we allow the lattice
to relax upon insertion of multiple Hy molecules. This
mimics the situation where Hy molecules are inserted in
between every other layer of the crystal (one unit cell
along the ¢ direction contains two layers). To describe the
energy cost required to insert the nth Hy molecule, given
that (n — 1) Ho molecules have already been inserted, we
define the insertion energy as

Bl = Eiot[nHa] — Eior[(n — 1)Ha] — 2pus. (4)

Here, Eiot[nHz] is the total energy of a MoSy supercell
with n inserted Hs molecules, and py is the chemical po-
tential of hydrogen. For purposes of reporting our results,
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FIG. 3. (Color online) (a) Migration pathway and (b) poten-
tial energy for a parallel Ho molecule migrating between two
neighboring stable sites. Image 1 in (a) is the initial stable
structure. Image 4 in (a) shows the structure corresponding
to the saddle point.

we set pp equal to half of the energy of an isolated Ho
molecule at T" = 0. We find that the insertion energy of
the first Hs in a relaxed 3 x 3 x 1 supercell is 0.73 eV, con-
sistent with the formation energy of a hydrogen molecule
obtained in a constrained 4 x 4 x 2 or 3 x 3 x 3 supercell,
as described in Sec. IIIB.

First, we explore the preferential position of a second
Hs molecule, when the first Hy is situated in site A, as
indicated in Fig. 4(a). We compare two different insertion
sites, indicated in Fig. 4(a) and denoted by capital letters.
A prime after the letter indicates that the position is
located in the second layer within the cell. The calculated
insertion energies for the second Hy molecule E2  at the
different sites are shown in Fig. 4(b).

We find that it is energetically most favorable to add
the second Hy within the same interlayer spacing as the
first Ho molecule. The neighboring B site is only slightly
more favorable then the next-nearest neighbor C' site.
The insertion energy is reduced from 0.73 eV for the first
Hs to 0.25-0.27 eV for a second molecule, because the
interlayer spacing has already been expanded by the first
Hs molecule. Inserting a second Hy molecule in the sec-
ond interlayer spacing (primed sites) requires a similar
amount of energy as for the first Hy molecule [see Fig. 2
or the first data point of Fig. 4(b)], because it requires an
expansion of the second interlayer spacing. Experimen-
tally, an increased interlayer spacing can also be achieved
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FIG. 4. (Color online) (a) Inequivalent insertion sites for a
second Hz molecule in a 3 x 3 x 1 supercell when one molecule
is already present at site A. (b) Dependence of the insertion
energy for a second Hs molecule on the insertion location,
when one Hs molecule is already present at site A. The dashed
lines are guides to the eye.

through a microwave-assisted technique,*® which would
reduce the hydrogen insertion energy, thereby facilitating
the hydrogen incorporation process.

Since inserting Hy molecules in the same interlayer
spacing is energetically favored compared to a different
interlayer spacing, we have focused on exploring the in-
sertion process of multiple Hy molecules within the same
interlayer spacing. With increased Hs density, the lat-
tice constant along the out-of-plane direction increases
[Fig. 5(a)], while the insertion energy of additional Hp
molecules decreases [Fig. 5(b)]. For n > 2, the additional
energy required to insert an extra Hy molecule becomes
lower than the energy required to insert one or two Hs
molecules. The insertion energy is particularly low in the
range 3<n<9, where the values in Fig. 5(b) even become
negative. We note, however, that these absolute values
of insertion energies depend on the value of uyg chosen in
the definition of the insertion energy [Eq. (4)].

It turns out we can insert up to n=13 Hy molecules
within the same interlayer in the areal 3 x 3 supercell,
with the c lattice constant staying at a plateau value
[Fig. 5(a)]. At n=14, however, the c lattice constant
increases, accompanied by a jump in the insertion energy
[Fig. 5(b)].

This trend of insertion energy as a function of n can
be explained by considering the optimized structures
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FIG. 5. (Color online) (a) Lattice constant ¢ in the out-of-
plane direction and (b) insertion energy of the n*® Hy molecule
as a function of n in a 3 X 3 x 1 MoS; supercell. The dashed
lines indicate the separation between n = 13 and n = 14,
which is discussed in the main text. pp is set to half the
energy of an Hy molecule.

(Fig. 6). At low hydrogen concentrations, Ho molecules
are nearly parallel and aligned on hollow sites of MoSs.
With increasing n, Ho molecules tilt to reduce the repul-
sion between nearby hydrogen molecules [Fig. 6(c)]. At
n =9, all hollow sites in the first layer are fully occupied.
Additional Hs molecules distort the already inserted Ho
molecules off the hollow sites, causing a rearrangement
that minimizes the repulsion between the Hs molecules.
This rearrangement increases the insertion energy, but
only by a modest amount (0.1-0.2 V). For n > 9 the
Hs molecules are irregularly inserted in the MoSy inter-
layer spacing [Fig. 6(d)]. For these configurations, a lot of
different orientations with similar energies are possible.
Structurally, we find that the change of in-plane lattice
constants is less than 1%, while the interlayer distance
increases modestly with increasing Hs concentration in
the “plateau” region up to n=13 [Fig. 5(a)]. In this
plateau region, the molecules are all arranged roughly
with the same c coordinate. At n=14, however, the Hy
molecules rearrange in two layers (with different ¢ co-
ordinates) within the interlayer spacing of MoSy. This
requires a lattice expansion [Fig. 5(a)] and is also evi-
dent in the increase in insertion energy [Fig. 5(b)]. We
conclude that n=13 molecules per 3 x 3 supercell is the
maximum that can be accommodated without requiring
an excessive change in the interlayer distance.
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FIG. 6. (Color online) Equilibrium structures of MoSs in
3 x 3 x 1 supercell with (a) two, (b) six, (c) eight, and (d)
eleven Ha molecules. Both side (top panel) and top (bottom
panel) views are shown.

IV. CONCLUSIONS

In summary, we have investigated structure and en-
ergetics of interstitial hydrogen and Hs molecules in

MoSs, in order to build a better understanding for hy-
drogen storage applications and for use of MoS; as an
(opto)electronic material. Hydrogen interstitials act as
deep donors, but their energy is higher than the energy
of interstitial Ho molecules. The equilibrium position
of the molecules is in the hollow sites (above the cen-
ters of the hexagons) of the MoSs layers. The migra-
tion barrier of a hydrogen molecule is calculated to be
0.53 eV. We have also explored the insertion energies of
hydrogen molecules as a function of hydrogen concentra-
tion in MoS,. For low concentrations, additional inserted
Hs molecules prefer to be located in hollow sites in the
vicinity of an occupied site. Once two Hy molecules are
present, the insertion of additional molecules can take
place with much lower energy cost, up to the point that
all hollow sites are occupied. Beyond this concentration,
additional Hs still prefer to go within the same interlayer
spacing, with only a modest increase in insertion energy.
Up to 13 Hy molecules can be accommodated per 3 x 3
areal supercell without requiring a major change in the
interlayer spacing.
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