
%RQGLQJ�EHWZHHQ�JUDSKHQH�DQG�0R6��PRQROD\HUV�ZLWKRXW�DQG�ZLWK�/L�LQWHUFDODWLRQ
7RZILT�$KPHG��1��$��0RGLQH��DQG�-LDQ�;LQ�=KX�
 
&LWDWLRQ��$SSOLHG�3K\VLFV�/HWWHUV���������������������GRL������������������� 
9LHZ�RQOLQH��KWWS���G[�GRL�RUJ������������������ 
9LHZ�7DEOH�RI�&RQWHQWV��KWWS���VFLWDWLRQ�DLS�RUJ�FRQWHQW�DLS�MRXUQDO�DSO������"YHU SGIFRY 
3XEOLVKHG�E\�WKH�$,3�3XEOLVKLQJ 
 
$UWLFOHV�\RX�PD\�EH�LQWHUHVWHG�LQ 
(OHFWURFKURPLVP�DQG�VPDOO�SRODURQ�KRSSLQJ�LQ�R[\JHQ�GHILFLHQW�DQG�OLWKLXP�LQWHUFDODWHG�DPRUSKRXV�WXQJVWHQ
R[LGH�ILOPV�
-��$SSO��3K\V����������������������������������������
 
7XQDEOH�0R6��EDQGJDS�LQ�0R6��JUDSKHQH�KHWHURVWUXFWXUHV�
$SSO��3K\V��/HWW����������������������������������������
 
6XEVWUDWH�LQGXFHG�PRGXODWLRQ�RI�HOHFWURQLF��PDJQHWLF�DQG�FKHPLFDO�SURSHUWLHV�RI�0R6H��PRQROD\HU�
$,3�$GYDQFHV�������������������������������������
 
6WUDLQ�LQGXFHG�PDJQHWLVP�LQ�0R6��PRQROD\HU�ZLWK�GHIHFWV�
-��$SSO��3K\V����������������������������������������
 
(OHFWURQLF�VWUXFWXUH�DQG�RSWLFDO�FRQGXFWLYLW\�RI�WZR�GLPHQVLRQDO���'��0R6���3VHXGRSRWHQWLDO�')7�YHUVXV�IXOO
SRWHQWLDO�FDOFXODWLRQV�
$,3�&RQI��3URF���������������������������������������
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
198.102.153.1 On: Mon, 14 Sep 2015 22:11:18

SAND2015-7872J

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1351127088/x01/AIP-PT/COMSOL_APLArticleDL_090915/comsol_banner_multiphys_1640x440.png/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Towfiq+Ahmed&option1=author
http://scitation.aip.org/search?value1=N.+A.+Modine&option1=author
http://scitation.aip.org/search?value1=Jian-Xin+Zhu&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4927611
http://scitation.aip.org/content/aip/journal/apl/107/4?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/118/2/10.1063/1.4926488?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/118/2/10.1063/1.4926488?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/105/3/10.1063/1.4891430?ver=pdfcov
http://scitation.aip.org/content/aip/journal/adva/4/4/10.1063/1.4871080?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/5/10.1063/1.4864015?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4710474?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4710474?ver=pdfcov


Bonding between graphene and MoS2 monolayers without and with Li
intercalation

Towfiq Ahmed,1,a) N. A. Modine,2 and Jian-Xin Zhu1,3,b)

1Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
2Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquerque,
New Mexico 87185, USA
3Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los Alamos,
New Mexico 87545, USA

(Received 13 May 2015; accepted 14 July 2015; published online 29 July 2015)

We performed density functional theory (DFT) calculations for a bi-layered heterostructure com-
bining a graphene layer with a MoS2 layer with and without intercalated Li atoms. Our calculations
demonstrate the importance of the van der Waals (vdW) interaction, which is crucial for forming
stable bonding between the layers. Our DFT calculation correctly reproduces the linear dispersion,
or Dirac cone, feature at the Fermi energy for the isolated graphene monolayer and the band gap
for the MoS2 monolayer. For the combined graphene/MoS2 bi-layer, we observe interesting elec-
tronic structure and density of states (DOS) characteristics near the Fermi energy, showing both the
gap like features of the MoS2 layer and in-gap states with linear dispersion contributed mostly by
the graphene layer. Our calculated total DOS in this vdW heterostructure reveals that the graphene
layer significantly contributes to pinning the Fermi energy at the center of the band gap of MoS2.
We also find that intercalating Li ions in between the layers of the graphene/MoS2 heterostructure
enhances the binding energy through orbital hybridizations between cations (Li adatoms) and
anions (graphene and MoS2 monolayers). Moreover, we calculate the dielectric function of the Li
intercalated graphene/MoS2 heterostructure, the imaginary component of which can be directly
compared with experimental measurements of optical conductivity in order to validate our theoreti-
cal prediction. We observe sharp features in the imaginary component of the dielectric function,
which shows the presence of a Drude peak in the optical conductivity, and therefore metallicity in
the lithiated graphene/MoS2 heterostructure. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4927611]

Currently, Li-ion batteries (LIB) are a very popular
power source for portable electronic devices and hybrid
vehicles. However, despite being renewable and environ-
mentally friendly, conventional Li-ion batteries are still far
from meeting the national U.S. ABC target for a cheap
($150/kW h) and high capacity (3000 kW h/kg) power
source.1 This is mostly due to the widespread use of graphite
based anodes in LIB, which only have a small theoretical
specific capacity (372 mA h/g).2 Thus, the development of
the next generation LIB calls for identifying alternative
materials for the negative and positive electrodes. In this
respect, both graphene and MoS2 monolayers have demon-
strated potential as materials for designing superior electro-
des with high specific capacity. High capacities from 600 to
1000 mA h/g have been observed for single atomically thin
graphene nanosheets.3–6 Moreover, several experimental
works7,8 on transition metals and metal oxides supported on
graphene as negative electrodes have shown enhanced per-
formance for LIB. On the other hand, the usage of a transi-
tion metal sulfide MoS2, with graphene like structure, was
proposed as a potential anode material in a patent in 1980.9

Despite its high insertion capacity (!1000 mA h/g), MoS2

alone has not been realized as the primary anode material
due to its low cyclic stability.4 Therefore, new design

principles for MoS2-based anode materials should be
explored. Some recent experimental work10 has also demon-
strated the potential of graphene/MoS2 as the anode material
for LIB.

In this letter, we propose to use graphene and MoS2 van
der Waals (vdW) bilayers11 as an anode material for Li
atoms.4 Our study is carried out within the framework of den-
sity functional theory (DFT). We start with the consideration
of the bonding properties of graphene and MoS2 bilayers
without Li intercalation. Our results show orbital hybridiza-
tion between the layers, where the vdW interaction domi-
nantly contributes to the stability of the heterostructure with
significant binding energy. A shift in chemical potential is
also observed in our calculations for the graphene/MoS2

bilayer when compared with the isolated graphene or MoS2

mono layers. Particularly noticeable is the linear dispersion in
the DOS near the Fermi energy of the graphene/MoS2 bilayer,
which resembles that of the isolated graphene monolayer.
Thus, combining graphene with a MoS2 layer helps to pin the
chemical potential near the gap center of MoS2 and creates
semi-metal like electronic structure in the heterostructure.

Our DFT calculation shows an even larger binding
energy when the graphene/MoS2 bilayer is intercalated with
Li ions. The higher stability in such heterostructure makes it
a potential candidate for designing LIB anodes with larger
specific capacity and longer cycle life-time. The hybridiza-
tion between carbon p, lithium s, and molybdenum d orbitals
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causes the chemical potential to shift into the d-bands mak-
ing the Li intercalated heterostructure fully metallic. The
resulting enhancement of the conductivity in lithiated gra-
phene/MoS2 heterostructure is highly desirable for the anode
materials in LIB.

Earlier theoretical works12 have demonstrated similar
chemical potential shift using various adatoms in addition to
Li, for single and bilayer graphene. For a related graphene
and MoS2 heterostructure, Miwa and Scopel13 reported the
DFT calculated density of states (DOS) without observing
any Fermi energy pinning or linear dispersion near the gap
center of MoS2. Comparing the calculated binding energy of
graphene and MoS2 bilayer, we observe an approximately
40 meV difference between this work and Ref. 13. Such mis-
match possibly stems from the different vdW functionals
used in these calculations. In Ref. 13, revPBE-vdW func-
tional14 was used for the calculations. This particular func-
tional may cause significant under-binding up to even
hundred meV compared to optB86b-vdW which was demon-
strated by Klime!s et al.15 Furthermore, we notice difference
in the DOS between this work and that of Ref. 13. Both in
this work and Ref. 13, the vdW interaction is found to play a
dominant role for binding graphene with MoS2 layer. This
suggests a weak electronic hybridization between the layers.
But in contrast, the DOS presented in Fig. 1(c) of Ref. 13
remarkably suggest strong electronic hybridization between
graphene and MoS2 layers, which can be realized from the
absence of any graphene like features in the solid black
curve (for MoS2/Li/graphene) comparing to the red curve
(MoS2/Li). According to this result, the semi-metallicity of
graphene (Dirac cone at Fermi energy) is completely lost,
and the combined bilayer system becomes insulating. In con-
trast, our calculations suggest simultaneous presence of gra-
phene and MoS2 electronic features near the Fermi energy in
the combined system due to the weak electronic hybridiza-
tion between the layers. Thus, the Fermi energy can be
pinned in the combined system due to the Dirac cone feature
contributed by the weakly interacting graphene layer. In this

letter, we have demonstrated the interesting Dirac dispersion
characteristics in the electronic DOS of graphene/MoS2

bilayer at the Fermi energy. Although the lithiation makes
the compound metallic as expected, discharging of LIB grad-
ually turns the anode into semimetal while retaining the sta-
bility. In the language of electrochemistry, such processes
can be presented by the following two half-reactions:16

in anode

xLiC6=ðMoS2Þ5  $$$$$!
charge

discharge

xLiþ þ xe$ þ C6=ðMoS2Þ5;

and in cathode

Li1$xCoO2 þ xLiþ þ xe$  $$$$$!
charge

discharge

LiCoO2:

Here, due to the lattice parameter mismatch, we take 6 unit
cells of graphene and 5 unit cells of MoS2 in each direction
of our supercell, as shown in Fig. 1 (see below for more
details).

Therefore, our proof-of-principles calculations demon-
strate the Li intercalated graphene/MoS2 bilayer as potential
candidates for designing high performance anode materials
for the next generation LIBs.

All calculations in this paper are performed using the
plane-wave pseudo-potential code VASP17–19 under the gen-
eralized gradient approximation of Perdew, Burke, and
Ernzerhof (PBE).20 For atomic core-levels, we have used
projected augmented wave (PAW) potentials21,22 treating the
2s2p of C, 2s of Li, 4p5s4d of Mo, and 3s3p of S as the
explicit valence electrons. For all calculations, the total
energy during electronic relaxation is converged to 10–6 eV,
while the force/atom during ionic relaxation is converged to
0.01 eV/Å. A maximum energy cutoff of 500 eV is used for
plane-wave basis set.

In the xy-plane, 6 & 6 unit cells of graphene and 5& 5
unit cells of MoS2 are placed in a super-cell with a¼ b

FIG. 1. Image of (a) graphene mono-
layer, (b) MoS2 monolayer, (c) unit
cell for graphene/MoS2 bilayer, and
(d) unit cell for Li intercalated gra-
phene/MoS2 bilayer. For a particular
Li atom, LiA, the nearest Mo and C
atoms are denoted with MoA and CA.
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¼ 16 Å, c¼ 40 Å, a ¼ b ¼ 90(, and c¼ 120(. In our calcula-
tions, the Li atoms are intercalated between the graphene
and MoS2 layers at the center of the graphene honeycomb
sites. For different metal ions, this location has been shown
to have the largest binding energies by Chan et al.12 We
have placed 12 Li atoms homogeneously in our super-cell.
This sparse distribution of Li atoms approximates the inter-
action of isolated Li atoms with graphene and MoS2. The
distance between Li atoms are large enough (!7 Å) to mini-
mize the orbital overlap between neighboring Li atoms.

To incorporate the vdW interaction between the gra-
phene and MoS2 layers, we have used optB86b-vdW func-
tional where the exchange functionals were optimized for
the correlation part.23 Therefore, the local density approxi-
mation correlation part present in the PBE functional is
removed by using the parameter AGGAC¼ 0.000 in the
input file in order to avoid double-counting.

Calculations for the isolated 6& 6 graphene, 5& 5
MoS2, and 6& 6 grapheneþLi adatoms were performed
using the same sized super-cell. For ionic relaxation of
grapheneþLi, grapheneþMoS2, and grapheneþLiþMoS2

systems, we have used the C point to sample the Brillouin
zone, while for all other calculations, e.g., DOS and dielec-
tric functions, we used equally distributed 80 k-points in the
irreducible Brillouin zone. For the calculation of dielectric
function, we have used LEPSILON¼ .TRUE. in VASP cal-
culation. This is the linear response or density functional per-
turbation (DFPT) method where the macroscopic dielectric
function is calculated without and with local field effects
within DFT using random phase approximation (RPA) fol-
lowing Gajdo!s et al.24

To estimate the adsorption energy, we define

DE ¼ EA þ EB $ EAþB; (1)

where EAþB is the total energy of the AþB composite sys-
tem and EA/EB is the total energy of the isolated A/B constit-
uent system.

In Table I, we present our DFT calculated total energy
for graphene, MoS2, the graphene/MoS2 heterostructure, and
the lithiated graphene/MoS2 heterostructure. Using Eq. (1),
we calculate the binding energy between graphene and MoS2

bilayer with and without Li ions in between. We have 25 Mo
atoms in our supercell, and scaled the total adsorption energy
to obtain DE per Mo ion. We find the DE per Mo ion is
enhanced by about three times when Li intercalation is con-
sidered. Without Li atoms, the graphene and MoS2 layers
form a physisorbed heterostructure with!0.1873 eV adsorp-
tion energy per Mo ion, where the most important contribu-
tion comes from the surface van der Waals interaction. The
adsorption energy significantly increases in the presence of
intercalated Li ions, and these higher adsorption energies

(0.6 eV per Mo ion or 1.26 eV per Li ion) suggest a more sta-
ble structure. At the same time, the small change in atomic
positions during the ionic relaxation clearly indicates the
process is dominantly van der Waals driven physisorption.
Thus, the Li ions are easily separable and lithiation process
can be reversed. This is a highly desirable criterion for LIBs
during ionization-deionization process which enhances the
cycle lifetime of batteries. In the relaxed structure without
Li, the average distance between C and Mo atoms is !4:5Å,
where distance between C with nearest S atoms is !3:0Å.
When Li is inserted in between the layers, the average dis-
tance between C and Li atoms is !2:24Å. With lithiation,
the distance between C and Mo atoms is now !5:3Å.

The electronic structure of the isolated graphene and
MoS2 monolayers is changed near the Fermi energy when
they are assembled to form a van der Waals heterostructure.
In Fig. 2, we present the DOS for the graphene/MoS2 bilayer
systems with and without lithiation and compare with the
DOS of the constituent monolayers. A graphene monolayer
is a two dimensional Dirac material with linear dispersion
near the Fermi energy.25,26 This property manifests by the
cone like feature in the DOS of graphene at the Fermi energy
as shown in Fig. 2(a).

On the other hand, MoS2 monolayer is a direct gap
semiconductor with !1.8 eV band gap.27 In our DFT calcu-
lations, this band gap is estimated to be 1.4 eV, as shown in
Fig. 2(b). Due to the ground state nature of DFT method, the
estimated band gaps are often inaccurate. Thus, in order to
correctly estimate for the low lying conduction bands, one
can incorporate quasi-particle self-energy corrections such as
GW28 or hybrid functionals HSE29 approach, which accounts
for the missing 0.4 eV band gap in MoS2. In the present
proof-of-principles calculations, our findings should remain
unaffected from such band gap correction, while incorporat-
ing these corrections in large supercell with vdW interaction
would greatly increase the computational cost. Therefore, we
neglect such band-gap corrections in our calculations.

We plot the total DOS of graphene/MoS2 in Fig. 2(c)
with solid red curve. To provide visual clarity, total DOS is
scaled down by a factor of 50 while comparing with the par-
tial d-DOS (blue) of Mo in MoS2 and p-DOS (black) of C in
graphene. We find the presence of both the Dirac-cone-like
feature from graphene and a gap-like feature from MoS2 at
the Fermi energy of the composite bilayer of graphene/
MoS2. An enlarged version of these symmetric features in
the DOS at EF is presented in the inset of Fig. 2(c). This find-
ing can be interpreted as the Fermi energy pinning at the gap
center of MoS2 with the Dirac states contributed from the
graphene monolayer. Such pinning of EF cannot be identified
in the isolated MoS2 monolayer where the exact location of
the chemical potential is arbitrary inside the gap. The effect
of lithiation on the DOS is shown in Fig. 2(d). Using the

TABLE I. Binding energy of graphene and MoS2 interface with and without Li intercalation using DFTþ vdW.

Graphene MoS2 Graphene þ Li Graphene/MoS2 Graphene/MoS2 þ Li

Total energy (eV) $553.25348 $414.14277 $571.97493 $972.07776 $1001.27726

Binding energy (eV) 0.1873 (per Mo ion) 0.6064 (per Mo ion)

1.2633 (per Li ion)
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similar scaling, we compare the total DOS with that of the
partial d, p, and s orbitals of Mo, C, and Li atoms. The Mo
and C atoms are selected from the MoS2 and graphene
layers, which are closest to a particular Li atom. These atoms
are labeled in Fig. 1(d). However, we find the DOS is no lon-
ger symmetric in the presence of Li adatoms. Due to a strong
hybridization between Li s, Mo d, and C p orbitals as well as
the electron doping effect of Li, the chemical potential is
shifted towards the unoccupied d bands, and thus, composite
system becomes metallic. This implies that the loss of elec-
trons from Li to the graphene and MoS2 layers leads to a
strong Coulomb interaction between Li ions and charged
layers. It explains our observation of an increased binding

energy with Lithiation. The corresponding band-structure
and DOS for each case are shown in the supplementary ma-
terial.30 We note the presence of Dirac cone in the combined
bilayer system which helps pinning the Fermi energy. The
survival of this feature also indicates the weak electronic
interaction between the layers in the absence of Li ions.

Our calculations for the real and imaginary part of
dielectric function are presented in Fig. 3. Imaginary dielec-
tric function has a direct relation to the optical conductivity
via31

Re rab xð Þ ¼
x
4p

Im !ab xð Þ: (2)

FIG. 2. (a) Total DOS (black) for gra-
phene; (b) total DOS (blue) for MoS2;
(c) total DOS (red) for graphene/MoS2

heterostructure, orbital projected d-
DOS of Mo (blue), and p-DOS (black)
for C; and (d) total DOS (red), d-DOS
(blue) of Mo in MoS2, p-DOS (black)
of C in graphene, and s-DOS (green)
of Li in the lithiated graphene/MoS2

heterostructure; the Fermi energy is at
0 eV, shown by the vertical dashed
line. Total DOS in the unit cell (for (c)
and (d)) are scaled down by a factor of
50 for visual clarity. Inset in (c) and
(d) shows DOS near the Fermi level.

FIG. 3. Calculated real (blue) and
imaginary (red) part of the dielectric
function for (a) graphene, (b) MoS2,
(c) graphene/MoS2 bilayer, and (d) Li
intercalated graphene/MoS2 hetero-
structure. Due to the proportionality
between optical conductivity and
imaginary dielectric function, such
results can be directly compared with
experimental measurements. See the
main text for details.
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While the conducting nature of graphene can be under-
stood by the sharp rise of the peak at the zero frequency as
shown in Fig. 3(a) (solid red curve), the gap is evident for
the isolated MoS2 monolayer as shown in Fig. 3(b). When
the bilayer of graphene/MoS2 is formed, the total conductiv-
ity, as can be seen in Fig. 3(c), appears to be a linear combi-
nation of contributions from each individual mono layers.
On the other hand, lithiation causes metallicity in graphene/
MoS2 bilayer, where a large Drude peak appears near the
zero frequency Fig. 3(d).

In this letter, bonding between graphene and MoS2

monolayers has been studied by using DFT-based first-prin-
ciples theory without and with intercalated Li atoms.
Formation of a stable heterostructure between the layers is
observed, where the major contribution to binding comes
from the vdW interaction. Our calculations show that the
addition of the graphene layer pins the Fermi energy near the
gap center of MoS2. Precise identification of the Fermi
energy opens up the potential applications for LIB anode ma-
terial through the manipulation of electronic structure of var-
ious constituent element combination with graphene/MoS2

bilayer. Lithium insertion or intercalation between graphene/
MoS2 bilayer is found to have a binding energy within the
physisorption range in our calculations, which demonstrates
their potential as superior anode materials. Therefore, our
proof-of-principles calculations of adsorption energy, struc-
tural stability, electronic structure, and optical properties in
graphene/MoS2 heterostructure provide a basis for future ex-
perimental and theoretical study towards designing the next
generation anodes for lithium ion batteries.
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