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ABSTRACT: Stacking various 2D materials in van der Waals heterostructures is a novel approach to design
new systems, which can host alkali metal (AM) atoms to tune their electronic properties or store energy.
Using state-of-the-art first-principles calculations, we systematically study the intercalation of the most
widespread AMs (Li, Na, and K) into a graphene/MoS2 heterostructure. Contrary to the previous work on
the intercalation of AMs into various heterostructures based on 2D materials, we consider not only single-,
but also multi-layer configurations of AM atoms. We assess the intercalation energetics for various
concentrations of AM atoms, calculate charge transfer from AM atoms to the host system, and show that
although intercalation of AMs as a single layer is energetically preferable, multi-layer configurations can exist at high concentrations
of AM atoms. We further demonstrate that the transition of the MoS2 layer from the H to T′ phase is possible upon Li intercalation,
but not for Na or K. Our findings should help to better understand the behavior of heterostructures upon AM atom intercalation and
may stimulate further experiments aimed at the tailoring of heterostructure properties and increasing the capacity of anode materials
in AM ion batteries.

■ INTRODUCTION
The intercalation of alkali metal (AM) atoms into layered bulk
and low-dimensional materials has recently received an
enormous amount of attention in the context of energy
storage1−3 and tuning the opto-electronic properties of the
materials.4−6 As for the former, increasing the capacity of
metal-ion batteries is believed to be crucial for further
development of portable electronics and electrical vehicles.
One of the promising directions of improving the character-
istics of metal-ion batteries, such as the capacity and the critical
number of cycles, is the use of composites as anodes.7−10

Among these systems, van der Waals (vdW) heterostructures
consisting of stacked layers of graphene and transition metal
dichalcogenides (TMDs), such as MoS2, have attracted
particular attention11−14 as perspective metal anode materials.
MoS2 has low electronic conductivity and undergoes a strong
volume change upon intercalation/deintercalation, but inter-
calation of AMs into these systems is energetically more
favorable as compared to graphitic structures,15 so that a
combination of MoS2 with conductive carbon matrices is
expected to be a promising direction. In particular, MoS2/
graphene heterostructures were synthesized11−14 and demon-
strated to be promising systems as anode materials in lithium-
ion batteries exhibiting extraordinary capacity (up to 1300 mA
h g−1) and excellent rate capability and cycling stability.

With regard to tailoring characteristics of heterostructures,
Li intercalation into electrochemical devices based on stacked
hexagonal boron nitride, TMDs, and graphene layers has been
demonstrated to be an effective approach to control the
electronic and optical properties of such systems.4 As for
MoS2/graphene heterostructures, intercalated Li atoms have

been found to increase the electronic conductivity and
electrochemical performance of these systems.11−13

The AM intercalation into heterostructures has also been
theoretically investigated. Specifically, studies focused on the
intercalation of AMs into MoS2/graphene and other
heterostructures have addressed the stability, charge transfer,
and electronic structure of these systems.15−18 In particular, it
was shown that intercalation of Li between Gr/MoS2 layers is
energetically more favorable over adsorption on either side15 of
the structure. It was also shown17 that an increase in the
concentration of intercalated Li atoms in Gr/MoS2 composite
leads to band gap opening in graphene. Larson et al. studied
the intercalation of lithium atoms into Gr/MoS2 hetero-
structures with different MoS2 phases (H and T′) and
determined that the morphology of MoS2 does not
significantly affect the stability, Li diffusion barrier, and charge
transfer.18

Na intercalation into hybrid structures has been studied as
well,19−22 as Na-ion batteries, if developed, are expected to be
economically and environmentally much more attractive than
Li-ion batteries. Massaro et al.23 carried out first-principles
calculations aimed at the investigation of sodium intercalation
between graphene and MoS2 layers, assessed the electronic
properties and possible diffusion paths of Na atoms along the

Received: June 1, 2022
Revised: August 25, 2022
Published: September 7, 2022

Articlepubs.acs.org/JPCC

© 2022 American Chemical Society
15558

https://doi.org/10.1021/acs.jpcc.2c03749
J. Phys. Chem. C 2022, 126, 15558−15564

D
ow

nl
oa

de
d 

vi
a 

H
E

L
M

H
O

L
T

Z
 Z

E
N

T
R

U
M

 o
n 

O
ct

ob
er

 4
, 2

02
2 

at
 1

5:
01

:1
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilya+V.+Chepkasov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jurgen+H.+Smet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arkady+V.+Krasheninnikov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.2c03749&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03749?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03749?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03749?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03749?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03749?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/126/37?ref=pdf
https://pubs.acs.org/toc/jpccck/126/37?ref=pdf
https://pubs.acs.org/toc/jpccck/126/37?ref=pdf
https://pubs.acs.org/toc/jpccck/126/37?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


interfaces, and estimated the corresponding energy barriers. In
addition to Na, K has also been actively considered as an
alternative to Li. Recently, the possibility of creating K-ion
batteries has been intensely studied.24,25 Zhang et al.
investigated K and Li intercalation into N-doped graphene/
MoS2 (2H and 1T) and showed that doping plays a vital role
in improving the structural stability of Gr/MoS2 structures.26

However, many aspects of AM intercalation in hetero-
structures remain not fully understood. In particular, the
energetics and possible phase segregation of AM atoms as a
function of their concentration have not been studied for Na
and K. Many investigations were focused on bulk structures,
not Gr/MoS2 bilayers, whereas recent experiments demon-
strated that formation of multi-layer Li structures is possible in
bilayer graphene.27 Calculations also predict that this should be
possible for some AMs (at least Li and K) intercalated into
MoS2 bilayer.28

In this work, we systematically study the intercalation of Li,
Na, and K into a Gr/MoS2 bilayer heterostructure using first-
principles calculations. We consider both single- and multi-
layer AM configurations and investigate the energetics related
to the stability of the system for various concentrations of
AMs. We further address the charge transfer and possible
transformation of MoS2 from the H to T′ phase.

■ SIMULATION METHODOLOGY
All our calculations were carried out within the framework of
the density functional theory (DFT) as implemented in the
VASP software package.29,30 An energy cutoff of 600 eV was
used for the supercell calculations. The Brillouin zones of the
primitive cells of the 2D materials and bulk AMs were sampled
using 12 × 12 × 1 and 12 × 12 × 12 Monkhorst−Pack grid
points.31 A Γ-centered k-point 5 × 5 × 1 sampling was used in
the supercell calculations. The maximum force on each atom
was set to be less than 0.01 eV for the geometry optimization.
All calculations were performed on a 5 × 5 graphene 4 × 4
MoS2 periodic supercell structure, consisting of 98 atoms. The
concentration of Li, Na, and K atoms changed either from 1 to
16 (for Na and K) or to 19 (for Li). Dipole corrections were
not used in the calculations, but test runs with account for the
corrections gave the values of the total energy being different
by less than 0.01 eV. The atomic structures and the charge
densities were visualized using the VESTA package.32 At least
20 Å of vacuum was used along the direction perpendicular to
the layers (z-axis) to prevent spurious image interaction. To
build the Gr/MoS2 structures with multi-layered AMs, we used
the Virtual NanoLab software.33 The typical atomic config-
urations for single- and multi-layer AM structures are
presented in Figure 1.

To estimate the energetics directly related to the stability of
different configurations, we calculated the intercalation energy
Ei per AM atom, corresponding to the energy change when
nAM AM atoms are moved from the bulk AM crystal into the
heterostructure. It is defined as

E E n E n( ) (0) /i AM AM AM= [ ] (1)

where E(nAM) is the total energy of the Gr/H-MoS2 system
with nAM AM intercalated atoms, E(0) is the energy of the
pristine Gr/MoS2 structure, and μAM is the chemical potential
of the AM atom in the bulk structure (hcp for Li, Na, and K).

We also considered the reaction energy, Er, the average gain
or loss for adding one AM atom from the system. It is defined
as

E E n E n( 1) ( )r AM AM AM= + (2)

This is essentially the derivative of Ei with regard to nAM. A
positive value indicates that it is energetically favorable for
additional AM atoms to be close to the existing AM structure.
Negative values suggest that the intercalated AM atoms tend to
be spatially separated.

■ RESULTS AND DISCUSSION
Prior to assessing the intercalation energy, we carried out the
calculations to study the dependence of the results on the
choice of the method to describe the vdW interaction. The
proper account for vdW interactions is highly important when
simulating multi-layer 2D materials and heterostructures,34−36

with and without intercalated species. Specifically, the
interlayer separation in the pristine system may change,35

thus offering more or less space available for the intercalation.
Moreover, the electronic properties, for example, the gap in the
electronic spectrum may also substantially change, as
demonstrated, for example, for platinum dichalcogenides.37

The methods for the calculation of the vdW interaction can be
divided into three categories: semiempirical models suggested
by Grimme et al.,38−40 models based on the atomic
polarization modified by the electron density,41−44 and full
density functional approximations based on pairwise dispersion
models using only the density.45,46 The analysis of the methods
for the prediction of the geometric and energy properties of
various 2D materials (including graphene and MoS2) was done
by Tawfik et al.36 Four of the eleven methods considered
(MBD@rsSCS/FI + ER,44 DFT-D3,39 optB88-vdW,47 and
DFT-dDsC43) provide higher accuracy as compared to other
methods. Also, the work of Tawfik et al.36 reported that the
most accurate method for a description of chemical and
dispersion forces in 2D materials is SCAN + rVV10.48

However, a critical issue with SCAN + rVV10 is its
computational performance. We used several methods for
calculating the vdW forces. The results of our calculations (μLi,
Ei, and the average charge transfer from Li atoms to the host
material) for 16 Li atoms in the system are listed in Table 1.
All methods gave almost the same charge transfer (0.83−0.85
e−), but the calculated Ei was quite different for different
methods. For example, in the case of DFT-TS and DFT-TS/

Figure 1. Typical atomic configurations illustrating the single- and
multi-layer structures of AMs between the sheets of the host material,
graphene (Gr) and MoS2. (a,b) Single layer of AMs in the Gr/MoS2
heterostructure with MoS2 being in the H or T′ phase, respectively.
hcp bilayer AM (c) and fcc trilayer (d) configurations in the Gr/MoS2
heterostructure.
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HI methods, the formation energy is positive because this
method yields μLi (for the bulk hcp structure taken as the
reference) approximately 2 times lower than other methods,
which was also shown previously.49 Hence, taking into account
the good prediction of energy (as compared to other more
accurate methods) and lattice parameter of 2D materials, as
well as computational performance, we used the zero damping
DFT-D3 method of Grimme39 in our calculations.

Having tested the vdW methods in the context of
intercalation simulations, we first studied what positions of
AMs are energetically more favorable and assessed the
energetics of AM atoms between Gr/MoS2 sheets in the
single-layer configuration. It was previously shown27 that in
bilayer graphene with different stacking (AA stacking and AB
stacking) the formation of a single-layer system with a
geometry close to the C6LiC6 configuration with Li atoms
being on top of the hexagons is possible. Here, we found that
Li atoms take positions on top of the Mo atoms, in agreement
with the results of a previous study.18

To find out the relationship between the energetics and
concentration of AM atoms, and determine the most
energetically favorable concentrations of Li, Na, and K atoms
in the Gr/MoS2 heterostructure, we calculated the total energy
of the system with an increasing number n of AM atoms and
computed Ei and Er as functions of the AM atom concentration
x = nAM/nMo where nMo is the total number of Mo atoms in the
supercell (nMo = 16 in our calculations). Figure 2 shows the
changes in Ei and Er with increasing x. We would like to
reiterate here that positive values of Ei indicate that
intercalation is energetically unfavorable (although still
possible if a voltage is applied to the system), and negative

values of Er indicate that segregation of the intercalated atoms
into areas with different concentrations should be expected. In
the case of Li, the maximum possible concentration of AM
atoms in Gr/MoS2 heterostructure is x = 1.00 (16 Li atoms per
16 Mo atoms), as Er < 0 for higher concentrations, although Ei
remains negative even at the highest concentration studied,
Figure 2a. This result is in good agreement with the previously
reported data.18 The Gr/MoS2 heterostructure can accom-
modate twice the number of Li atoms as compared to bilayer
graphene.54 As discussed previously,54 the presence of the
graphene layer makes the intercalated system more stable and
allows cycling of Li without formation of lithium sulfide.

In the case of Na, the maximum possible concentration of
AM atoms in Gr/MoS2 heterostructure is x = 0.56, Figure 2b,
and the maximum possible concentration of K is x = 0.5,
Figure 2c. This can be associated with larger atomic radii of Na
and K as compared to Li. We investigated the intercalation of
Na and K in the Gr/MoS2 heterostructure with x up to unity,
but we found that for concentrations above x ∼ 0.81 Na and K
atoms form two-layer structures instead of the single-layer one
and therefore the results for x > 0.81 are not included in the
plots.

As shown in previous theoretical55−57 and experimen-
tal4,58,59 studies, an increase of the Li concentration in pure
MoS2 causes a transition from the trigonal H phase to an
octahedral T phase and then to a distorted T′ phase. The
transition from the H phase to the distorted T′ phases is
associated with a substantial energy barrier which is
considerably reduced by increasing the concentration of Li
atoms. It is important to note that the H-MoS2 layer is a
semiconductor, whereas T′-MoS2 is a metallic system. To
understand what would happen in the Gr/MoS2 hetero-
structure, we studied the influence of the AM concentration on
the energetics of the H and T′ phases in the Gr/MoS2
structure. To do so, we also considered intercalated AMs in
Gr/T′-MoS2 and calculated the energy difference ΔE between
the Gr/H-MoS2 and Gr/T′-MoS2 heterostructures for each
concentration of AMs. Figure 3 shows the dependence of ΔE
on the concentration of Li, Na, and K atoms in the Gr/MoS2
heterostructure with the MoS2 sheet being in the H or T′
phase. As evident from the figure, in the case of Li at
concentration x ∼ 1, the T′ phase becomes more energetically
favorable than the H phase. Upon Na and K intercalation, the
H phase always remains preferable.

This phase transition from the H to the T′ phase is
associated with charge transfer from Li atoms to the MoS2
layer. It was theoretically demonstrated56 that in the
freestanding MoS2 monolayer the phase transition occurs at
the Li concentration of about x = 0.4 (note that as adsorption
of Li atoms on both sides of the MoS2 layer was considered in

Table 1. Computational Methods Used, Chemical Potential
of Li Atom in the Bulk Structure μLi, Intercalation Energy
Ei, and Charge Transfer Using Bader Analysis50 in a Gr/
MoS2 Bilayer Heterostructure with 16 Li Atoms

method μLi, eV/at. Ei, eV/at. e− from Li

DFT-D238 −2.02 −0.47 0.84
DFT-D339 −2.00 −0.16 0.84
DFT-D3-BJ40 −2.07 −0.18 0.83
DFT-TS42 −4.14 1.01 0.83
DFT-TS/HI51 −4.02 1.91 0.84
DFT-dDsC43 −1.97 −0.08 0.84
optB86b-vdW47 −1.54 −0.17 0.84
optB88-vdW47 −1.51 −0.21 0.84
optPBE-vdW47 −1.49 −0.12 0.84
rev-vdW-DF252 −1.60 −0.19 0.84
SCAN-rVV1048 −2.28 −0.27 0.85
vdW-DF253 −1.41 −0.32 0.83
vdW-DF45 −1.48 0.12 0.84

Figure 2. Intercalation energy Ei and reaction energy Er as functions of the AM atom concentration x = nAM/NMo for Li (a), Na (b), and K (c)
atoms intercalated as a single layer into a Gr/H-MoS2 bilayer heterostructure.
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that paper, which increased the number of possible adsorption
sites by a factor of 2, the concentration defined in our work
should be divided by two for a comparison with the results
presented in ref 56) and each Li atom donates approximately
0.8 e to the MoS2 monolayer. Thus, 0.32 e per Mo atom
should be sufficient for the transformation. In our simulations,
only one side of MoS2 is in contact with Li, and the charge
which is donated by Li atoms is shared between the graphene
and MoS2 layers. We found that Li atoms intercalated between
graphene and the MoS2 layer donate approximately 0.8 e,
Figure 4a,b, 0.5 e of which is accumulated on MoS2 and 0.3 e

on graphene, in agreement with the previous studies.17,18 The
transition from the H to the T′ phase was found to occur at x
∼ 0.94, which gives about 0.46 e per Mo atom, a value close
but slightly higher than what was reported for the MoS2
monolayer.

Using the Bader method, we extended the charge transfer
analysis to K and Na. Figure 4c,d shows the dependence of the
charge transfer from the AM atoms to graphene and MoS2 on
the AM atom concentration. In the case of Na, at a
concentration ranging from 0.25 to 0.45 we observed the
maximum number of electrons donated by Na (0.82 e) which
matches the minimum of intercalation energy for this
concentration, Figure 2b. Similar to Na, in the case of K the
maximum number of electrons which leave K atoms (0.85 e, at
x = 0.25) also matches the minimum of Ei, Figure 2c. In all

systems (except for the case with one AM atom in the Gr/H-
MoS2 heterostructure) more electrons are accumulated in
MoS2.

To get a better understanding of the spatial redistribution of
charge upon intercalation, we calculated the electron density
difference Δρ (the density of the combined system minus the
sum of the densities of the isolated heterostructure and single-
layer AM atoms with the same atom positions as in the
combined system) for single layers of AM atoms with different
concentrations averaged in the planes parallel to the Gr/MoS2
sheets as a function of the z-coordinate. The averaging was
done by integrating the electron density within the plane
parallel to the Gr/MoS2 sheets. The results for Na are
presented in Figure 5 for different concentrations correspond-

ing to the number of AM atoms in the supercell ranging from 1
to 13. Areas below zero correspond to the depletion of electron
density and above zero stand for density buildup. It is evident
that the transferred charge is spatially localized mostly next to
the S-layer of MoS2 facing the AM atoms. According to these
calculations, the charge accumulation, which can be associated
with chemical bonding between Na atoms and MoS2, is always
larger than that with graphene except for the case of one AM
atom between Gr/H-MoS2. We received qualitatively similar
results for other AMs that we considered (see the Supporting
Information).

Because previous experimental27 and theoretical28 data
indicated that formation of multi layers of AM atoms in
bilayers of graphene and MoS2 is possible, we also studied AM
multi-layers in the Gr/H-MoS2 heterostructure. To determine
the most energetically favorable configurations of AM multi-
layers, we considered different initial structures of the AM
atoms. Initial atom positions were cut from the bulk fcc, hcp,
and bcc metals along the low-energy directions (e.g., [111] for
the fcc structures) and placed between the graphene and MoS2
layers. The orientation of the metal crystal lattice with regard
to graphene/MoS2 and the sizes of the supercells were chosen
to minimize the strain in the system. The strain normally did
not exceed 1%. We calculated the intercalation energy and
charge transfer for two, three, and four layers of Li, Na, and K
in Gr/H-MoS2 and Gr/T′-MoS2 heterostructures. The
intercalation energy as a function of the AM atom
concentration for single- and multi-layer structures is shown
in Figure 6a−c. In the case of Li, the intercalation energy is
negative, which means that these structures can be formed. For
Na, it is interesting that the intercalation energy for bcc and
hcp multi-layers is negative and is roughly the same as for one

Figure 3. Difference in the total energy of Gr/H-MoS2 and Gr/T′-
MoS2 heterostructures with intercalated AM atoms as a function of
the AM concentration.

Figure 4. Charge transfer between the intercalated AM atoms and the
host structure as a function of the concentration of AM atoms
calculated using the Bader method for Li (a,b), Na (c), and K (d) for
the Gr/H-MoS2 and Gr/T′-MoS2 heterostructures.

Figure 5. Electron density difference Δρ for a single layer of Na
atoms with different concentrations (number of atoms) averaged in
the planes parallel to the Gr/MoS2 sheets as a function of the z-
coordinate (perpendicular to the planes). The positions of the atoms
are schematically shown.
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layer of Na with a concentration of atoms above 0.6. These
results indicate that the formation of Na multi-layers in Gr/
MoS2 is possible for high concentrations of Na atoms. The
same results were obtained for K, but for different structures�
bcc and fcc.

As we showed previously for the intercalation of Li, see
Figures 3 and 4a, the T′ phase becomes energetically favorable
in MoS2 at about 0.5 e per MoS2 cell, so that it can also exist in
multi-layer structures. As seen from Figure 6d, only in the case
of Li, the multi-layers (in the case of bcc and hcp) donate the
needed number of electrons to MoS2. We compared the
intercalation energy of all structures of Li multi-layers between
Gr/H-Mos2 and Gr/T′-MoS2 and observed that in the case of
bcc and fcc configurations the T′ phase is more energetically
favorable. These results show that if multi-layer Li structures
are formed, the phase transition from H to T′ in MoS2 layer
should indeed take place. Multi layers of Na and K do not
donate enough electrons for the transition, Figure 6e,f, in
agreement with our calculations of the total energies of the
systems, which indicate that the H phase has lower energy.

■ CONCLUSIONS
To sum up, using DFT calculations, we systematically studied
the intercalation of Li, Na, and K atoms into a graphene/MoS2
heterostructure. We considered not only single-, but also multi-
layer configurations of AM atoms, which have not been
investigated before. We assessed the intercalation energetics
for various concentrations of AM atoms, calculated charge
transfer from AM atoms to the host system, and showed that
although intercalation of AMs as a single layer is overall
energetically preferable, multi-layer configurations can exist at
high concentrations of AM atoms. We further demonstrated
that the transition of the MoS2 layer from the H to T′ phase is
possible upon Li intercalation, but not for Na or K.

The simulations performed in this work were motivated by
recent technical advances based on a peripheral galvanic cell
geometry and Hall voltammetry that allow the study of
intercalant motion, diffusion, and ordering without the
complications brought about by the solid electrolyte interface
in standard conventional battery cells.27,60 The simulations
offer important guidance as to which intercalants and
heterointerfaces may be beneficial for further experimental
explorations that aim at identifying systems with excellent

mixed conductor properties as required for efficient anodes.
Structural phase transformations may hamper reversibility and
the awareness of their existence or absence is therefore
valuable in the selection of promising intercalant/heterointer-
face combinations.

Overall, we expect that our results should help one to better
understand the behavior of heterostructures assembled from
2D materials upon AM atom intercalation. We also envisage
that our findings may stimulate further experimental effort
focused on the tailoring of the electronic properties of such
heterostructures. Moreover, the results of our simulations
should be beneficial for increasing the capacity of anode
materials in AM ion batteries.
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Figure S1: ET ′

f and EH
f as functions of the concentration of alkali metal atoms.
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Figure S2: (a, d, g) Energy of a single Li, Na, K atoms in the bilayer Gr/H-MoS2 structure
with respect to the energy of the most stable configuration (location of the atom). (b, e, h)
- charge donated by AM atoms, (c, f, i) - charge accumulated on MoS2 and Gr.
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Figure S3: (a, d, g) Energy of a single Li, Na, K atoms in the bilayerGr/T′-MoS2 structure
with respect to the energy of the most stable configuration (location of the atom). (b, e, h)
- charge donated by AM atoms, (c, f, i) - charge accumulated on MoS2 and Gr.
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Figure S4: Top and side views of the Gr/H-MoS2 (a) and Gr/T′-MoS2 (b) heterostructure.
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Figure S5: Top and side views Li (a), Na (b), K (c) atoms between the sheets of the host
material, graphene (Gr) and MoS2 with a concentration of x=0.625.

Figure S6: Side views of 2L and 3L of Li (a), Na (b), K (c) atoms between the sheets of the
host material, graphene (Gr) and MoS2
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Figure S7: Formation energies of multy-layers Li, Na, K structures between Gr/H-MoS2 and
Gr/T′-MoS2.
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Figure S8: Electron density difference ∆ρ for a single layer of Li (a), Na(b) and K (C)
atoms with different concentrations (number of atoms) averaged in the planes parallel to the
Gr/MoS2 sheets as a function of the z-coordinate (perpendicular to the planes).
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