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Abstract
Layered materials, such as the transition metal dichalcogenide molybdenum disulﬁde (MoS2), are
promising materials for ion storage in electrodes of rechargeable batteries. To extend the application
range of these materials to ions beyond lithium-ions, we used van der Waals corrected density
functional theory simulations to study the intercalation and diffusion of lithium (Li), sodium (Na),
and magnesium (Mg) in the 2H structure of MoS2 as a function of interlayer spacing. All three species
exhibit an optimal intercalation energy, which is reached at about 11% expansion for Li and Mg, and
23% expansion for Na. Similarly, the slow diffusion kinetics of large Na and divalent Mg-ions can be
improved by layer expansion. When the interlayer spacing is increased by about 35% from its
equilibrium value, the diffusion of Na and Mg-ions becomes more facile than the diffusion of small,
monovalent Li-ions, with diffusion barriers similar to those of Li in graphene. Our results indicate that
interlayer expansion is a promising technique to improve intercalation kinetics and thermodynamics
for large and/or multivalent ions in MoS2, which can be a major limitation to battery performance.
The rationalization of our results in terms of bonding geometries forms the basis of a battery electrode
design framework with applications for a wide range of layered materials.

1. Introduction
Lithium-ion (Li-ion) batteries are in massive commercial adoption and manufacturing that is powering the
growth of energy storage in both mobile and stationary applications. However, Li-ion technology has safety and
resource limitations that call for alternative directions beyond Li-ion batteries [1]. Recently, both sodium (Na)
and magnesium (Mg) ion batteries have attracted signiﬁcant attention as future energy storage materials due to
their natural abundance, negative redox potential, and high speciﬁc capacity [2, 3]. The atomic and ionic radii of
Na (ratom,Na = 1.54 Å; rion,Na = 1.16 Å) are larger than those of Li (ratom,Li = 1.34 Å; rion,Li = 0.90 Å), thus limiting
the choice of cathode materials for Na-ion batteries to those with larger spaces [4–6]. Mg metal can be reversibly
deposited and stripped in a dendrite-free manner, but the strongly polarizing nature of divalent Mg2+ ions
hinders their diffusion in negatively charged host lattices despite being slightly smaller than Li (ratom,Mg = 1.30 Å;
rion,Mg = 0.86 Å) [7, 8]. Evidently, the key limitation for batteries using Mg- ion is the lack of suitable cathode
host materials that allow for efﬁcient intercalation with high ion mobility, which results in high capacity with fast
charge and discharge behavior [9–11]. The additional challenge for Mg-ion batteries is the limited selection of a
suitable electrolyte solution that can reversibly plate and strip Mg and is compatible with cathode materials
[12–14].
Transition metal dichalcogenides display a characteristic layered structure, and have been studied as
materials with excellent catalytic, photoelectrical, electronic, and optical properties [15–18]. In particular,
© 2016 IOP Publishing Ltd
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molybdenum disulﬁde (MoS2), a representative compound of layered dichalcogenides, is increasingly
important in a variety of applications [19–22]. Each layer of 2H–MoS2 is constructed by atomic tri-layers with
hexagonal symmetry, in which two sulﬁde layers form slabs that can be stacked to form trigonal prismatic holes
for molybdenum atoms. These tri-layers are weakly bound by van der Waals (vdW) forces so they can
accommodate various guest ions in the interlayer gap [23]. Using highly exfoliated, graphene-like MoS2 as a
cathode material, which can reduce the intercalation issues to some extent, initial successes for Li, Mg, and Naion batteries with competitive battery performance have been reported [2, 24]. Concomitantly, these
encouraging results have attracted interest for computational studies based on density functional theory (DFT)
to investigate the effects of MoS2 structure on its intercalation properties. For instance, Li et al [25] investigated
the adsorption and diffusion of Li in MoS2 bulk, bilayer, monolayer, and zigzag MoS2 nanoribbons and
Enyashin et al [26] studied the stability of Li intercalated in 2H- and 1T-MoS2 as a function of the Li content and
the intercalation site.
In a combined experimental and computational approach we have previously demonstrated that controlled
expansion of MoS2 interlayer spacing can drastically improve Mg-ion mobility by two orders of magnitude and
enable the otherwise barely active MoS2 to approach its theoretical capacity for Mg-ion storage [21].
Experimentally, the expansion was realized by inserting a controlled amount of poly(ethylene oxide) (PEO) into
the lattice of MoS2 to expand the interlayer distance from 6.2 to 14.5 Å (equivalent to a lattice constant expansion
from c = 12.4 Å to c = 29.0 Å). Moreover, the bilayer PEO-intercalated MoS2 nanocomposite exhibits twice the
Na+ storage capacity as that of commercial MoS2 [27]. Here, we extend our previous work and present the ﬁrst
systematic assessment of Li, Na, and Mg-ion intercalation in the 2H–MoS2 structure with controlled interlayer
spacing using DFT. The range of interlayer spacing reaches from the bulk structure to near monolayer
conﬁgurations. We discuss the effect of size and charge of intercalating cations on their diffusion behavior in
2H–MoS2, and provide valuable insights for electrode materials design beyond Li-ions.

2. Computational details
Spin-paired total energy calculations were performed within the framework of DFT [28] as implemented in the
Vienna ab initio simulation package (VASP) [29–32]. The vdW-DF functional was adopted to treat exchange and
correlation including a self-consistent van der Waals (vdW) correction to account for dispersion interaction
[33, 34]. The wave function was expanded in a plane wave basis set with periodic boundary conditions using an
energy cut-off of 540 eV. The projector augmented wave method was employed to treat the wave function near
ionic cores [35, 36]. The hexagonal, trigonal prismatic 2H–MoS2 structure was represented by a 3 × 3 × 1
supercell, which included 18 Mo atoms and 36 S atoms. For this structure we obtained the lattice parameters
a = 3.15 Å and c = 12.60 Å at the equilibrium volume, which are in good agreement with experimental data
(a = 3.160 Å, c = 12.294 Å, α = 90°, γ = 120°) and those from theoretical results reported before [37, 38]. This
2H–MoS2 structure has two high symmetry adsorption sites available: the octahedral (Oh) site above the center
of a hexagon, where a total of six M–S bonds can form (ﬁgure 1(a)); and the tetrahedral (Th) site above a Mo
atom, where only one additional M–S bond can be formed with a S atom from the upper layer, resulting in a total
of four M–S bonds (ﬁgure 1(b)). We note that a 1T-MoS2 structure with only top sites on Mo atoms exists, but a
previous report concluded that intercalation into 1T-MoS2 is unfavorable due to the formation of disordered
structures after relaxation [26]. Because we only study the 2H–MoS2 structure in our work, we will refer to it
simply as MoS2, unless otherwise noted.
We studied the effect of layer spacing on M (M = Li, Na, Mg) intercalation by varying the lattice constant c in
the z-direction and ﬁxed one Mo atom in each of the two layers contained in the unit cell to constrain the layer
spacing to the intended value. Note that the interlayer spacing is half of the lattice constant c as illustrated in
ﬁgure 1. All other Mo and S atoms as well as the intercalated M atoms were fully relaxed. Integrations over the
Brillouin zone used a Monkhorst-Pack 4 × 4 × 1 k point mesh [39]. Intercalation geometries were considered
converged when the force was lower than 0.05 eV Å−1. To locate transition states and calculate activation
barriers we used the climbing image nudged elastic band method as implemented in the VASP transition state
tools with a minimum of ﬁve intermediate images along the reaction path [40, 41]. The initially linearly
interpolated images were fully relaxed within the nudged elastic band algorithm with a force convergence
criterion of 0.1 eV Å−1.
Similar to previous studies we deﬁne the binding energy of M with M = Li, Na, Mg as
Eb = E tot (M /MoS2) - E tot (MoS2) - E tot (M ), where E tot (M /MoS2), E tot (MoS2), and E tot (M ) are the total
energies of the atom M-intercalated MoS2, the corresponding MoS2 bulk structure with the same lattice
constant, and the free atom M, respectively [25, 42]. According to this deﬁnition, a more negative binding energy
indicates more favorable exothermic intercalation of M in MoS2. All binding energy and diffusion barrier values
are tabulated in tables S1 and S2 in the supporting information.
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Figure 1. Top and front view of M (M = Mg, Na, Li) intercalation geometries in 2H–MoS2 at (a) the octahedral Oh site above the center
of a hexagon, and (b) the tetrahedral Th site above a Mo atom. The teal, olive, and violet spheres denote Mo, S and M atoms. The
spacing between any two layers is equivalent to half the lattice constant c as indicated.

3. Results and discussion
3.1. Effect of layer spacing on Mg/Na/Li intercalation in 2H–MoS2
For the equilibrated MoS2 structure in the absence of any intercalated atoms we obtained a value of 12.60 Å for
the lattice constant in the c direction, which corresponds to a nominal layer spacing of 6.3 Å for the interlayer
distance. We refer to this value as the equilibrium layer spacing. We then varied the c lattice constant over a range
from 12 to 24 Å to determine the effect of layer spacing on the intercalation energy of Li, Na, and Mg atoms. This
range is sufﬁciently large to cover small layer compression (−5%) to large expansion (+90%), and is essentially
approaching the single layer limit. For intercalation energy calculations we considered only a single atom M
(M = Li, Na, Mg) in the unit cell, which causes asymmetric interactions between the two layers and results in an
unrealistic asymmetric layer spacing upon intercalation. In reality, multiple ions are intercalated and restore the
force balance acting on the individual layers. In addition, when we use PEO to increase the layer spacing, the
polymer thickness rather than the intercalated ions dictate the layer spacing [21]. We correct this artifact in our
simulation by ﬁxing the z coordinate of one Mo atom in each MoS2 layer, while keeping all other degrees of
freedom accessible. We consider this model a good compromise between capturing the realistic material
structure and computational efﬁciency.
For the equilibrium layer spacing Li, Na, and Mg preferentially intercalate at the Oh site, where they form six
equivalent M–S bonds as depicted in ﬁgure 1(a). The intercalation energies are −2.42, −0.44, and −0.87 eV for
Li, Na, and Mg, respectively. Figure 2 shows the binding energy and binding preference for all three species as a
function of the lattice parameter c. They all exhibit similar trends near the equilibrium layer spacing and reach an
optimal intercalation energy when the layer spacing is increased to ca. 14 Å (11% expansion) for the smaller Li
and Mg-ions, and ca. 15.5 Å (23% expansion) for the larger Na-ions. The corresponding optimal intercalation
energies are −2.57, −1.50, and −1.30 eV for Li, Na, and Mg, respectively. The weak intercalation energy of Na at
the equilibrium layer spacing and the large expansion necessary to stabilize Na are consistent with its large
3
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Figure 2. Calculated binding energies for the intercalation of (a) monovalent Li or Na, and (b) divalent Mg into 2H–MoS2 as a function
of the lattice constant c.

diameter preventing it from favorably intercalating in the relatively small space between equilibrated MoS2
layers.
As the MoS2 structure is further expanded in the c direction, the intercalation energy proﬁles for all three
species in ﬁgure 2 become ﬂat, indicating that the binding properties asymptotically approach those of a single
MoS2 sheet. In the single layer limit, there is no preferred binding site between Oh and Th for Na and Mg, but a
binding site preference reversal is calculated for Li. This change occurs at about c = 14.7 Å, just after the optimal
binding energy is reached. Above this value Li preferentially intercalates at the Th site. At c = 24 Å we calculate a
binding energy for Li of −1.94 eV on the Th site and −1.83 eV at the Oh site, i.e., binding at the Th site is
−0.11 eV more stable. This agrees well with the binding energy at the Th site of about −2 eV and a site preference
over the Oh site of −0.13 eV obtained in periodic DFT calculations by Chen et al [42] for an interlayer spacing of
18 Å (c = 36 Å). Similarly, Li et al [25] used a non-periodic, all-electron DFT method and reported a binding
energy of −2.12 eV at the Th site and −2.01 eV at the Oh site, which corresponds to the same binding site
preference we obtained. This close agreement with both prior studies approximating MoS2 monolayer
conﬁgurations suggest that no further changes are to be expected at lattice constants larger than what we have
considered in this work.
The different binding behavior of Li in comparison to Na and Mg can be explained in terms of bond lengths.
Before reaching the optimal intercalation energy with increasing lattice constant c, all species prefer the Oh site
where they form six M–S bonds, three with each layer, all having equivalent bond lengths. As c increases, the
intercalated ions start to break off from one of the two layers and only three M–S bonds remain intact. In the
monolayer limit the only difference between the Oh and Th site is the presence of a Mo atom in the center of the
three S atoms binding to the intercalated ion. Because Na and Mg form relatively long M–S bonds (2.8 Å), there
is negligible interaction with any nearby Mo atoms, rendering the Oh and Th sites isoenergetic. In contrast, Li
stays closer to the MoS2 layer with a M–S bond length of only 2.4 Å, allowing it to interact with the nearby Mo
atom in the Th site, which stabilizes Li intercalation and ultimately causes the binding site preference change.
3.2. Effect of layer spacing on Mg/Na/Li diffusion in 2H–MoS2
The intrinsic mobility of cations in the cathode material is directly related to battery performance in terms of the
rate of charging and discharging. We have previously demonstrated that by tuning the MoS2 interlayer spacing
with PEO to 14.5 Å (c = 29 Å), the diffusivity of Mg in MoS2 increased two orders of magnitude [21]. Our
calculations suggested that the lower diffusion barrier is a result of breaking three out of six Mg–S bonds in the
Oh position once the layer spacing exceeds ca. 9 Å (c = 18 Å). Above this spacing, Mg binds to only one MoS2
layer without preference for Oh or Th, allowing it to diffuse more freely. Any further increase in lattice spacing
does not signiﬁcantly affect Mg mobility, congruent with approaching the monolayer limit. In the following, we
extend our investigation of Mg mobility and systematically study the effect of layer spacing on the mobility of
Mg, Na, and Li in MoS2 host structures.
The diffusion path for Mg is independent of the layer spacing and is shown in ﬁgure 3(a). Its migration starts
from the most stable Oh position and proceeds via the metastable Th site before moving on to the next Oh site
4
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Figure 3. (a) Main diffusion path between Oh sites via a Th site in 2H–MoS2 layers. The teal, olive, and violet spheres denote Mo, S and
M atoms. (b)–(d) Relative energy along the diffusion coordinate from Oh to Th with respect to species M (M = Mg, Li, Na) intercalated
at the most stable Oh position in 2H–MoS2 with the indicated lattice constant c. The diffusion energy diagrams for c = 16 and 17 Å are
omitted for clarity. In panel (c) for Li with c = 18 Å the diffusion path is exothermic indicating the higher stability of Li binding at the
Th site in the ﬁnal state.

[21]. Energy proﬁles for Mg diffusion in MoS2 for lattice constants in the range 13 Å < c < 18 Å are provided in
ﬁgure 3(b), showing that Mg diffusion from Oh to Th is always endothermic until c increases to 18 Å. This is the
value above which Oh and Th sites become equally stable. As the lattice constant c increases from 13 to 18 Å, the
diffusion barrier decreases from 1.12 to 0.22 eV. For c = 18 Å the diffusion proﬁle is practically ﬂat and no welldeﬁned transition state exists.
A comparison of the diffusion energy proﬁles for Mg and Na into MoS2 layers in ﬁgures 3(b) and (d) shows
strong qualitative similarities. The completely ﬂat energy proﬁle without a discernible transition state and
equally strong adsorption on the Oh and Th site also exist for Na at large values of c. For smaller lattice constants
the transition state lies near the ﬁnal state for both, Mg and Na. Notably, the diffusion barriers for Na in the bulk
(c = 13 Å) and monolayer (c = 18 Å) limit are 1.14 and 0.20 eV, and nearly identical to the corresponding values
for Mg with Ea (c = 13 Å) = 1.12 eV and Ea (c = 18 Å) = 0.22 eV. The overlaid diffusion barriers for Mg and Na as
a function of the lattice constant c in ﬁgure 4 visualize these quantitative similarities most clearly. Overall, these
results suggest that the stronger polarization strength of divalent Mg2+ ions counteracts its size advantage in
comparison to larger, monovalent Na+ ions.
Before we continue, we brieﬂy clarify how the switch in binding site preference for Li affects the following
discussion of Li diffusion. With the exception of Li and c > 15 Å, intercalation at the Oh site is most stable and
diffusion from Oh to Th is endothermic. Thus, we have uniformly chosen the Oh site as the starting site for the
ion migration path along alternating Oh and Th sites (Oh → Th → Oh → Th → K) and use it as reference in
ﬁgure 3. The diffusion barrier is always deﬁned as the maximum span between the highest and lowest energy
value along the diffusion path.
Li diffusion on MoS2 monolayers was previously studied by Chen et al [42] and Li et al [25], who both
reported a diffusion barrier of 0.21 eV from the more stable Th site to the less favorable Oh site. In the near
monolayer limit with c = 18 Å we found the same endothermic diffusion path from Th to Oh, but with a slightly
higher barrier of 0.31 eV. For the bulk-like lattice constant of c = 13 Å Li migrates from the more favorable Oh
site to the metastable Th site with a diffusion barrier of Ea = 0.54 eV, again in excellent agreement with the
previously reported value of Ea = 0.49 eV at the equilibrium lattice constant [25]. Although Li diffusion in bulk5
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Figure 4. Activation energy barriers for Li, Na, and Mg diffusion between layers of 2H–MoS2 as a function of the lattice constant c. The
diffusion barriers are shown with respect to the most stable intercalation site for M (M = Li, Na, Mg).

like MoS2 structures is slower than on separated layers, it is still at least 0.6 eV more facile compared to Mg or Na.
This result is expected because Li is relatively small and monovalent, both of which are properties that beneﬁt ion
migration.
When comparing Li’s diffusion behavior between MoS2 layers with varied spacing to Mg and Na, however,
Li displays a different and somewhat unexpected behavior. As already discussed, the intercalation site preference
changes only for Li from Oh below 14.7 Å to Th as the lattice is further expanded (ﬁgure 2(a)). The lattice
constant at which the Oh and Th sites are equally favorable coincides with a minimum diffusion barrier of
0.26 eV at about c = 15 Å (ﬁgure 3(c)). On the other hand, neither Mg nor Na exhibits a local minimum in their
diffusion barriers as c is increased. As a result, for large lattice constants we unexpectedly ﬁnd that Li diffusion
becomes even more difﬁcult than Mg or Na diffusion as shown in ﬁgure 4.
We rationalize the different diffusion barrier behavior of Li and Na/Mg again in terms of binding
conﬁgurations. At c = 15 Å, where the minimum barrier for Li occurs, Li binds to both MoS2 tri-layers with an
equal M–S bond distance of 2.8 Å. The equal attraction to both layers causes Li to ‘ﬂoat’ perfectly centered
between the layers, such that it cannot experience the atomic scale corrugation of either layer. For larger layer
spacing Li can bind to only one layer, causing the M–S bond distance to reduce gradually to 2.4 Å, at which point
Li starts to interact with Mo atoms at the center of MoS2 tri-layers and therefore diffuses on a much rougher
surface as reﬂected by the increased diffusion barrier. Na and Mg, on the other hand, maintain a minimum M–S
bond length of 2.8 Å and are hardly affected by the presence of Mo atoms.
Figure 4 depicts that at a lattice constant of ca. 17 Å the diffusion barriers for Li, Na, and Mg are nearly
identical with a value of 0.28–0.30 eV. It is interesting to note that Li diffusion in graphene has a similar barrier of
0.277 eV, suggesting that 2H–MoS2 with expanded layer spacing is a promising candidate for next generation
cathode materials [43]. If one considers the intercalation energy trends in ﬁgure 2, however, it becomes evident
that the lower diffusion barrier at larger expansion comes at the cost of weaker intercalation energies and a
thermodynamic penalty. For optimal battery performance one must ﬁnd the ideal compromise between
intercalation energy (voltage) and mobility (electrical current). Here it turns out that Li remains the clear winner
with an intercalation energy minimum in close proximity to its diffusion barrier minimum, both of which are
near the bulk lattice constant of MoS2. Overall, Li has the strongest intercalation energy of all three investigated
species combined with a low diffusion barrier, which explains its predominant use for rechargeable batteries.
Yet, our simulations indicate that it is possible to improve Na and Mg mobility and their intercalation kinetics in
these layered materials by increasing the layer spacing at the cost of decreasing the operating voltage.
The main objective of this modeling work is to capture the key difference of Li+, Na+ and Mg2+ diffusion in
expanded MoS2 to a ﬁrst order of approximation. Comparing with experimental results we reported earlier
[21, 27], we recognize the insertion of polyethylene oxide molecules, which is not considered in the simulation,
certainly affects the thermodynamic and kinetic properties of ion diffusion in between the layers (such as the
binding energy, intercalation voltage, and the migration barrier), but the major conclusions should still
hold true.
6
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4. Conclusions
We have performed periodic, vdW corrected DFT calculations to study systematically the effect of varying the
spacing between 2H–MoS2 layers on the thermodynamic and kinetic intercalation behavior for Li, Na, and Mg.
The layer spacing was altered by changing the lattice constant c normal to the MoS2 layers. At the equilibrium
value of the lattice constant c Li, Na, and Mg ions preferentially bind to the octahedral Oh site of 2H–MoS2 and
their intercalation energy weakens in the order Li < Mg < Na. When the lattice constant c is increased beyond
14.7 Å, only Li changes its binding site preference to the tetrahedral Th site. We identiﬁed optimal lattice
constants of ∼14 and ∼15.5 Å, corresponding to the strongest intercalation energy for Li and Mg, and Na,
respectively. At the optimal layer spacing for each ion, the binding energy decreases in the order Li < Na < Mg,
indicating that MoS2 can be tuned to intercalate large Na ions more strongly than the smaller, but divalent,
Mg ions.
The diffusion energy barrier for Li, Na, and Mg generally decreases as the lattice constant c increases,
indicating that layer expanded MoS2 has higher ion mobility and can achieve faster charge and discharge
kinetics. We identiﬁed a shallow diffusion barrier minimum for Li, whereas the barriers for Na and Mg
monotonically decrease until they reach the value of Li diffusion in graphene in the single layer limit. The
diffusion barrier minimum, as well as the site preference change for Li, can be rationalized in terms of bonding
geometry and bond lengths. Li bonds strongly to S and can form short Li–S bonds, such that it can still interact
with the Mo atoms at the center of a MoS2 tri-layer. In the absence of a second layer, i.e. the single layer limit, Li is
attracted to Mo atoms, thus favoring the Th site above a Mo atom and decreasing its mobility. In a narrow
enough gap between two layers, the interactions of Li with the exposed S atoms from both layers are dominant,
diminishing the role of Mo. This argument is congruent with the longer bonds formed by Na and Mg,
preventing these ions from any signiﬁcant interactions with the more distant Mo atoms independent of layer
spacing. Thus, we conclude that the similar behavior of Li, Na and Mg for bulk-like MoS2 structures is governed
by their dominant interactions with S atoms, and that the different behavior of Li at large lattice spacing results
from added interactions with Mo atoms.
In summary, our results demonstrate that the storage capacity and diffusion kinetics of MoS2 can be
improved by tuning its layer spacing. MoS2 was chosen as a prototype dichalcogenide and we expect these results
to be directly translatable to other layered cathode materials. To this end, our study proposes guiding principles
for the design of improved battery electrode materials that allow the replacement of scarce Li with abundant Na
or Mg, while simultaneously improving device safety.
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