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ABSTRACT: In this work, we report the results of density functional theory (DFT) calculations on a
van der Waals (VdW) heterostructure formed by vertically stacking single-layers of tungsten disulfide
and graphene (WS2/graphene) for use as an anode material in lithium-ion batteries (LIBs). The
electronic properties of the heterostructure reveal that the graphene layer improves the electronic
conductivity of this hybrid system. Phonon calculations demonstrate that the WS2/graphene
heterostructure is dynamically stable. Charge transfer from Li to the WS2/graphene heterostructure further enhances its metallic
character. Moreover, the Li binding energy in this heterostructure is higher than that of the Li metal’s cohesive energy, significantly
reducing the possibility of Li-dendrite formation in this WS2/graphene electrode. Ab initio molecular dynamics (AIMD) simulations
of the lithiated WS2/graphene heterostructure show the system’s thermal stability. Additionally, we explore the effect of heteroatom
doping (boron (B) and nitrogen (N)) on the graphene layer of the heterostructure and its impact on Li-adsorption ability. The
results suggest that B-doping strengthens the Li-adsorption energy. Notably, the calculated open-circuit voltage (OCV) and Li-
diffusion energy barrier further support the potential of this heterostructure as a promising anode material for LIBs.

■ INTRODUCTION
Lithium-ion batteries (LIBs) are currently the most widely
used energy source for portable electronics due to their
superior capacity, high operational voltage, and long cycle life.1

While well-established for mobile electronics, further perform-
ance improvements are necessary for their use in electric and
hybrid electric vehicles.2,3 The performance of an LIB
primarily depends on its electrode materials. Transition
metal oxides and phosphates are well-established cathode
materials, while graphite and other carbon-based compounds
are commonly used as anodes.4−10 Graphite’s excellent in-
plane electrical conductivity, high structural stability, layered
structure, and low cost make it a pivotal choice for LIB anodes.
However, the main drawback is its low theoretical specific
capacity (372 mAh/g).11 Silicon (Si) is considered an
alternative due to its high abundance and exceptional specific
capacity. However, their poor electronic conductivity and
massive volume expansion pose critical challenges. Reducing
the dimensionality of bulk Si has shown some improvement,
but commercialization remains difficult.12 Therefore, finding
alternative materials with high capacity, excellent electronic
conductivity, and a durable cycle life is crucial. Graphene, the
celebrated 2D material, exhibits high capacity in LIBs as it can
store Li ions on both its sides and edges. Besides its rapid
charge transport, graphene boasts an exceptional advantage for
LIBs: the presence of the Dirac cone in its electronic structure.
This unique feature allows electrons to behave as massless
fermions, facilitating ultrafast movement.13 Due to these
intriguing physicochemical properties, graphene and gra-
phene-containing compounds have found success as both
anode and cathode materials in LIBs.14,15 Beyond graphene,
other 2D materials like silicene, hexagonal boron nitrides (h-

BN), borophene, silicon carbides, transition metal dichalcoge-
nides (TMDs), and MXenes have attracted attention for LIB
applications.16−23 Among these, TMDs have particularly
enthralled battery researchers. Their diverse range can be
synthesized from bulk phases through various methods like
exfoliation, chemical vapor deposition, and supercritical
assisted techniques.24,25 TMDs follow the general formula
MX2, where M represents a transition metal (e.g., V, Mo, W,
Ta, Nb, or Re) and X symbolizes a chalcogenide (S, Se, or
Te).26−28 2D-molybdenum disulfide (MoS2) stands as the
flagship material among TMDs and has seen extensive research
across various fields, including LIB applications.29 Recently,
2D-WS2 has also garnered significant interest due to its
striking structural similarities with MoS2. Notably, WS2
exhibits the same three crystal structures as MoS2:2H, 1T,
and 3R.30−32 For both TMDs, the 2H phase is the most stable
and exhibits semiconducting properties. Single-layer 2H-
TMDs are typically referred to as the 1H phase. Although
the stable phase of TMDs possesses interesting physicochem-
ical properties, its use in LIBs is hindered by low electronic
conductivity. Additionally, some of these 2D materials bind
weakly to Li ions. Addressing these drawbacks is crucial for
their LIB applications.33 Recent theoretical and experimental
studies have shown that designing hybrid van der Waals (vdW)
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heterostructures by combining TMDs with graphene is an
effective way to improve their electrochemical performance.
For example, MoS2-graphene heterostructures demonstrate
superior electrochemical performance to their individual
components.34−36 While research on MoS2-based hetero-
structures is extensive, studies on WS2-based structures are still
in their infancy. However, the low cost, lower toxicity, and high
abundance of WS2 make it a promising alternative to MoS2
among 2D chalcogenides.37 Similar to the development of
MoS2-based vdW heterostructures for diverse applications,38

there are experimental reports exploring WS2-C composites as
LIB anode materials.39,40 However, an atomic-level under-
standing of these systems remains unclear. In this work, using
first-principles DFT calculations, we investigate vertically
stacked WS2/graphene heterostructures as potential LIB
anodes. Our results show that this heterostructure is stable
and exhibits enhanced Li-adsorption energy. Charge transfer
from Li further improves the metallic character of the
heterostructure. Moreover, the Li-diffusion barrier and OCV
are suitable for LIB anode applications, even surpassing those
of many established materials. We believe this study will
inspire battery researchers to explore similar electrode
materials in the near future.

■ COMPUTATIONAL METHODOLOGY
In this work, all the computations were performed using the
first-principles-based DFT as implemented in the Vienna Ab
initio Simulation Package (VASP).41 Here, all the atoms are
described by projector-augmented wave (PAW) pseudopoten-
tial, we have used generalized gradient approximations (GGA)
to treat the exchange correlation.42 All of the ions are relaxed
without considering any symmetry, and the iterative relaxation
processes are carried out until Hellmann−Feynman forces on
each ion are converged to less than 0.01 eV/Å. For the
optimization of the WS2/graphene heterostructure, we have
chosen G-point sampling with k-points of 5 × 5 × 1. To
understand the effect of van der Waals interaction, we have
used nonlocal DFT-D3 functional throughout calculations.43

The convergence of energy is set to be 10−6 eV in all of the
calculations. To avoid the interaction of this heterostructure
with its periodic image along the c-axis, we kept sufficiently
large vacuum (≈15 Å) along this direction. We have also
performed the spin-polarized calculations in all the cases, to
compare the magnetic and nonmagnetic solutions, but results
show that system prefers to be stabilized in nonmagnetic
solutions. Further, denser k-points (45 × 45 × 1) are used for
deducing the electronic density of states (DOS) calculations.
Further, we also calculated Bader charges for all the system to

Figure 1. Ball and stick models of the optimized structure of (a) the 2H-WS2-graphene heterostructure�top view, (b) the WS2/graphene
heterostructure�lateral view, (c, d) refers to the electronic partial band structure and density of states, and (e) the phonon band structure of the
heterostructure, respectively. The yellow, blue, and gray balls denote sulfur, tungsten, and carbon atoms, respectively. The ball and stick models
were generated using VESTA software.53
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understand the charge transfer in this heterostructure.44,45

Eventually, to investigate the energy barrier associated with the
diffusion of Li ions through the heterostructure, we used the
climbing image nudged elastic band (CI-NEB) method, as
implemented in the VASP code.46 Moreover, the ab initio
molecular dynamics (AIMD) of the structure of the system has
been calculated to understand the thermal stability of the
heterostructure during lithiation. The dynamic stability of the
heterostructure has been calculated using Phonopy code.47

■ RESULTS AND DISCUSSION
We began by optimizing the unit cell models of single-layer
graphene and 1H-WS2 by using first-principles calculations.
Our obtained lattice constants for graphene and WS2 (a = b =
2.46 and 3.17 Å, respectively) agree well with previous
reports.48−51 However, these lattice parameters reveal a
significant lattice mismatch of 22.4%, which would create
challenges when stacking the materials. To address this
mismatch, we constructed supercell models for both graphene
and WS2. A (4 × 4) supercell for graphene and a (3 × 3)
supercell for WS2 (see Figure S1 in the Supporting
Information) were chosen, resulting in a manageable lattice
mismatch of only ∼3.3%, which is generally acceptable for
vdW heterostructures.52 These optimized layers were then
vertically stacked to form the WS2/graphene vdW hetero-
structure (Figure 1). The final structure remains periodic along
the a- and b-directions, with sufficient vacuum space added
along the c-direction to prevent interactions with neighboring
unit cells. The optimized lattice parameter for the hetero-
structure is a = b = 9.78 Å (see Figure S2 in the Supporting
Information). C−C and W−S bond lengths remained
unchanged from those of the isolated layers, at 1.42 and 2.45
Å, respectively. Additionally, we optimized the equilibrium
interlayer distance (ILD) between graphene and WS2 (Figure
S3 in the Supporting Information) using DFT-D3 correction,
ultimately obtaining a value of 3.43 Å, comparable to other
established 2D materials. This interlayer distance plays a
crucial role in the heterostructure’s stability. Now, we turn our
attention to the binding energy per atom (Eb), which is a key
parameter for assessing the stability of any vdW hetero-
structure. The Eb is calculated as,

E
E E E

N
(WS /graphene) (WS ) (graphene)

b
2 2=

[ ]

(1)

Here, E(WS2/graphene), E(WS2), and E(graphene) are the
dispersion corrected total energies of the WS2/graphene
heterostructure, WS2, and graphene, respectively. N denotes
the total number of atoms present in the system (=59, in this
case).

Our calculations reveal a fairly strong and energetically
stable interaction between the WS2 and graphene layers,
evident from the binding energy of −0.07 eV/atom. The
charge density difference plot (Figure S4) further supports this,
showcasing attractive binding interactions. To understand the
impact of stacking on electronic properties, we analyzed the
band structure and density of states (DOS) of the
heterostructure (Figure 1c,d). Interestingly, the Dirac cone
from pristine graphene remains intact at the Fermi level,
ensuring a high electronic conductivity for this heterostructure.
Moreover, the WS2 bands are significantly modified in the
heterostructure. The conduction band minimum (CBM) and
the valence band maximum (VBM) at the Brillouin zone
center (Γ-point) shift closer, leading to a bandgap reduction
from 1.81 eV in pristine WS2 to 1.10 eV in the heterostructure
(Figure S4). This favorable narrowing likely arises from the van
der Waals interaction between WS2 and graphene. Further
analysis of the charge density (Figure S5) reveals charge
polarization at the face-to-face sites, potentially facilitating
efficient charge transfer from lithium to the heterostructure
during lithiation, similar to observations in MoS2/graphene
heterostructures.38 Notably, this reduced bandgap is advanta-
geous for LIB applications as it promotes faster lithium-ion
mobility. Finally, phonon calculations (Figure 1e) confirm the
structural and mechanical stability of the WS2/graphene
heterostructure, evident by the absence of imaginary
frequencies in the phonon band structure.

To gain insights into the lithiation process of the WS2/
graphene heterostructure, we sequentially introduced Li atoms
to various potential sites on the WS2 surface. We broadly
considered three possibilities: (i) above the WS2 surface, (ii)
at the interface between WS2 and graphene, and (iii) above the
graphene layer (see Figure S6 in the Supporting Information).
Our analysis revealed that added Li atoms can interact with
WS2 in three distinct ways, regardless of their location
(surface, interface, or above WS2): (a) binding to a “TW-

Figure 2. Ball and stick models of the optimized structure of (a) Li, (b) 2Li, (c) 3Li, (d) 4Li, (e) 5Li, and (f) 6Li added to the WS2/graphene
heterostructure. The yellow, blue, gray, and green colored balls represent sulfur, tungsten, carbon, and lithium atoms, respectively.
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site”�a hollow site surrounded by three sulfur atoms and one
tungsten atom; (b) binding to a “TS-site”�a hollow site
formed by three sulfur atoms; and (c) binding to a bridge “TB-
site” (see Figure S7 in the Supporting Information). Therefore,
we investigated all of these possibilities for Li placement at the
interface and above the WS2 layer. The most favored site for
Li-adsorption is determined by calculating the Li-adsorption
energy (Ead) as,

E
E n E nE

n
(WS /graphene Li) (WS /graphene) (Li)

ad

2 2

=
[ _ ]

(2)

where E(WS2/graphene_nLi) is the total energy of lithiated
WS2/graphene, E(WS2/graphene) is the total energy of
nonlithiated WS2/graphene heterostructure, E(Li) is the
atomic energy of Li atom, and n denotes to the total number
of added Li to the heterostructure. The calculated adsorption
energies for the addition of the first Li atom were −1.88 eV for
case (i) (above the WS2 surface), −2.43 eV for case ii (at the
interface), and −2.01 eV for case iii (above the graphene
layer). These results clearly demonstrate that the interface of
the heterostructure is energetically the most favorable site for
Li adsorption.

Due to the presence of nine tungsten atoms in the system,
there are nine possible “top of W″ (TW) sites at the interface
where Li could bind, facing different carbon atoms on the
graphene (illustrated in Figure S8, Supporting Information).
To identify the most stable configuration, we investigated nine
different arrangements of Li at these TW sites. Figure 2
presents the most stable structure for Li intercalated into the
WS2/graphene interface, and Table 1 summarizes its key
structural details. Upon Li incorporation, the lattice parameters
along the a and b directions increase slightly, as does the
interlayer distance (IL) from 3.43 to 3.50 Å. Interestingly, the
added Li interacts simultaneously with sulfur, tungsten, and
carbon atoms in the heterostructure, with bond lengths of 2.43,
3.02, and 2.37 Å, respectively. Furthermore, we compared the
Li-adsorption energy of the heterostructure with that of Li on
bilayer WS2 and bilayer graphene (homostacked layers,
depicted in Figure S9). On the individual layers, adsorption
energy values were found to be −2.07 eV for bilayer WS2 and
−1.76 eV for bilayer graphene. These results demonstrate that
the WS2/graphene heterostructure exhibits superior Li-
adsorption capability compared with its parent components,
highlighting its potential as a promising anode material for
LIBs. We further investigated the lithiation process by
sequentially introducing more Li atoms (up to n = 6) into
the heterostructure. The resulting stable structures are listed in
Figure 2. Interestingly, the figure reveals that, for n ≤3, all Li
atoms occupy the interlayer region. However, for higher Li

content (n >3), some Li atoms preferentially reside on top of
the WS2 layer. Notably, in all investigated cases, no clustering
of Li atoms was observed, indicating that they remained well
separated from each other.

Calculated adsorption energies for n = 2 to 6 Li atoms range
from −2.33 to −1.99 eV. Notably, this range consistently
exceeds the cohesive energy of bulk lithium metal (1.70 eV).
This implies that the intercalated Li atoms are strongly bound
to the heterostructure and are less likely to cluster on the
electrode surface. Preventing Li-ion clustering on the WS2/
graphene electrode effectively suppresses the formation of Li
dendrites, thereby enhancing the safety of LIBs. Furthermore,
formation energy calculations for metal ion adsorption, as
proposed by Liu et al., could provide valuable insights into the
behavior of different metals absorbed onto this heterostruc-
ture.54 This method is reportedly more quantitatively accurate
than previous approaches. The formation energy for the Li-
intercalated compound is calculated using the following
equation,

E E EFE ad d s= + + (3)

Here, Ead, Ed, and Es are adsorption energy, lattice strain
energy, and Li-atomization energy, respectively. Here, all of the
calculated formation energies are negative, demonstrating the
energetic feasibility of lithiation within the WS2/graphene
heterostructure. Among the three factors involved in FE
calculations, lattice deformation and Li-adsorption energy
emerge as the most influential. Figure 3 illustrates the

variations in the FE during lithiation. Notably, the FE initially
increases from −0.3 eV for the first Li atom to −0.2 eV for the
second. However, it subsequently declines for further lithiation
(n = 3 and beyond). This trend deviates from the steadily
decreasing Li-adsorption energy, underscoring the significant
role of lattice deformation in shaping the overall FE of the
lithiated system. Therefore, both Li-adsorption and lattice

Table 1. Lattice Parameters, Interlayer Distance (Id), Average W−Li, S−Li, C−Li, and W−W Bond Distances, and Li-
Adsorption Energies (Ead) in the WS2/Graphene Heterostructure

system A (Å) B (Å) Id (Å) W−Li (Å) S−Li (Å) C−Li (Å) C−C W−S (Å) W−W (Å) Ead

WS2/graphene 9.78 9.78 3.43 1.43 2.43
WS2/graphene-Li 9.80 9.80 3.50 3.02 2.43 2.37 1.43 2.43 −2.43
WS2/graphene-Li2 9.81 9.81 3.53 3.04 2.44 2.36 1.43 2.43 −2.33
WS2/graphene-Li3 9.83 9.83 3.61 3.03 2.44 2.36 1.43 2.43 −2.11
WS2/graphene-Li4 9.83 9.83 3.50 2.99 2.42 2.37 1.43 2.43 −2.03
WS2/graphene-Li5 9.84 9.84 3.52 2.98 2.41 2.39 1.43 2.43 −2.01
WS2/graphene-Li6 9.85 9.85 3.49 2.95 2.39 2.42 1.43 2.43 −1.99

Figure 3. Number of Li vs formation energy plot for the lithiation of
the WS2/graphene heterostructure.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06559
ACS Omega 2024, 9, 6482−6491

6485

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06559/suppl_file/ao3c06559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06559/suppl_file/ao3c06559_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06559/suppl_file/ao3c06559_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06559?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06559?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06559?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06559?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06559?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


deformation effects must be carefully considered to accurately
determine the FE of lithiated heterostructures.

Motivated by these findings, we investigated the effect of a
higher Li concentration on the WS2/graphene heterostructure.
To achieve this, we placed additional Li atoms on both the
previously identified active sites and top graphene layer for an
increased capacity. The relaxed structures with elevated Li
content (n = 18−27) are presented in Figure S10 (refer to the
Supporting Information). Notably, despite the significantly
increased Li concentration, the adsorption energies remained
consistently (−1.88 and −1.70 eV range), which are higher
than the cohesive energy of the bulk lithium metal.
Additionally, the lithiation process induced negligible changes
in the heterostructure’s lattice constants, with the maximum
expansion observed for n = 27 being only 1.84%�well within
the acceptable range for electrode materials. Interestingly, we
observed the formation of localized W−W bonds (Figure S11,
Supporting Information), likely arising from the reduction of
WS2 to W due to charge transfer from Li. However, these W−
W bonds remained isolated, allowing the added Li atoms to
comfortably reside within the heterostructure without causing
significant structural distortion. Further exploring the potential
for enhanced Li adsorption, we investigated the effect of
modifying the graphene layer through boron (B) and nitrogen
(N) doping at the carbon sites. Our calculations revealed that
B-doping significantly increased the Li-adsorption energy
(−3.12 eV) compared to the reduced Ead observed in N-
doped WS2/graphene (−2.09 eV). These results suggest that
B-doping presents a promising avenue for boosting Li
adsorption, while N doping may not be advantageous in this
context. To gain insight into the charge transfer process within
the lithiated WS2/graphene heterostructure, we conducted
both charge density difference mapping and Bader charge
analysis. The results are presented in Figure 4. The charge
density difference can be calculated as,

n

n

(WS /graphene Li) (WS /graphene)

( Li)
2 2= _

(4)

Here, ρ(WS2/graphene_nLi), ρ(WS2/graphene), and ρ(nLi)
represent the charge densities of lithiated heterostructure,
pristine heterostructure, and added Li atoms, respectively.

Figure 4a−creveals a consistent pattern of charge transfer in
all cases�from the intercalated Li atoms to the WS2/graphene
heterostructure. This transfer strengthens the binding between
the layers. Notably, the charge density plots show a greater
accumulation of negative charge near the WS2 side compared
to that near graphene, suggesting a preferential gain of
electrons by WS2 from the Li atoms. To confirm this
observation quantitatively, we performed Bader charge
analysis, as shown in Figure 4d. Consistent with the visual
findings, the analysis reveals that each intercalated Li atom
completely donates its 2s1 valence electron to the hetero-
structure. The complete transfer of the 2s electrons from the Li
atoms to the heterostructure indicates their strong polarization
after adsorption. Notably, carbon, tungsten, and sulfur atoms
in the heterostructure accept electrons from the Li atoms. To
further analyze the charge distribution, we separated the Bader
charge of the lithiated heterostructure into two components:
“QB”, denoting the total charge transfer, and the Bader charges
of graphene and WS2 (calculated by summing the Bader
charges of W and S). Figure 4d illustrates this breakdown. The
figure clearly shows that the Bader charge of WS2 exceeds that
of graphene in all cases. Among the individual atoms within
WS2, those directly interacting with Li (sulfur atoms) receive
the majority of the transferred charge, followed by carbon and
tungsten. This preferential transfer to sulfur stems from its
higher electronegativity compared with carbon and tungsten.
To investigate the impact of lithiation on the electronic
properties of the WS2/graphene heterostructure, we calculated
the electronic density of states (DOS), presented in Figure 4.
The density of states (DOS) in Figure 5 reveals the metallic
nature of the lithiated WS2/graphene heterostructure due to
states crossing the Fermi energy (Ef). This transition from a
semimetallic to a metallic character is directly attributed to the
electron transfer from Li to the heterostructure, as confirmed
by the Bader charge analysis earlier. Notably, the total and
partial DOS plots also show a gradual shift toward the lower
energy region (stronger bonding) with increasing Li content.
This trend is particularly evident for the W-5d, S-3p, and C-2p
states, further supporting the Bader charge analysis findings.
Overall, the DOS analysis suggests that introducing Li to the
WS2/graphene heterostructure enhances its electronic con-
ductivity. Additionally, the shift toward lower energies
indicates increased electronic stability of the lithiated system.

Figure 4. Charge density difference plot of the (a) 1Li, (b) 2Li, and (c) 3Li intercalated WS2/graphene heterostructure, respectively. The cyan
(magenta) isosurfaces correspond to an excess (depletion) of charge densities. The Bader charges of the lithiated WS2/graphene heterostructure
are given in panel d. In panel d, QB corresponds to charge transfer obtained using Bader charge analysis.
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Beyond the density of states, we further investigated the
electronic properties through band structure calculations,
shown in Figure 6. These results offer deeper insights into
the impact of Li doping. Interestingly, introducing a single Li
atom partially pushes the Dirac cone of graphene, altering the
band structure. Additionally, the conduction band minimum
(CBM) of WS2, located at the Γ-point, also exhibits a partial
shift toward the bonding region upon lithiation. These
observations again lend support to the previously discussed
charge transfer from Li to both graphene and WS2.
Furthermore, as the Li concentration increases, the upper
half of the Dirac cone (previously unoccupied) becomes
entirely filled. Notably, the number of bands crossing the
Fermi energy increases with lithiation, further confirming the
enhanced metallic character of the WS2/graphene electrode.

Further analysis of the band structures reveals interesting
observation, which is a narrow band gap opens at the Dirac
point where the heterostructure interacts with Li atoms. The
gap size ranges from 7.2 to 32.6 meV, as shown in Figure S12
(Supporting Information). Intriguingly, beyond a Li concen-
tration of n = 3, the Dirac cone’s position and observed band
gap remain relatively constant. This suggests that charge
transfer from Li to graphene saturates beyond n = 3, as
supported by the Bader charge analysis in Figure 4d. While
graphene’s charge gain shows slight variation (−0.36 to −1.45

e), WS2 experiences a much more significant increase (−0.64
to −4.54 e). This observation implies that Li atoms
preferentially interact with the WS2 side (either top layer or
interface) rather than the top graphene layer. Only when these
preferable sites are filled (for Li >18) do Li atoms occupy the
top graphene layer.

Another intriguing feature observed in the band structures of
the lithiated WS2/graphene heterostructure is the emergence
of a discrete band that appears beyond n = 3. To understand
the origin of this localized band, we performed band-
decomposed charge density calculations for the representative
case of 4Li-added WS2/graphene. We focused on the energy
range in which this band is distributed. The results reveal that
this distinct band originates from three specific W atoms, as
visualized in Figure 7. Interestingly, the average distance
between these three W atoms is 3.56 Å, exceeding the typical
W−W bond length of 3.26 Å.

To assess the thermal stability of the lithiated WS2/
graphene heterostructure, we conducted Ab Initio Molecular
Dynamics (AIMD) simulations under the NVT ensemble at
300 K. This approach has proven effective for understanding
the thermodynamic stability of various van der Waals
heterostructures.55,56 The results are presented in Figure 8.
The AIMD simulations reveal only negligible energy
fluctuations throughout the simulation period, indicating a
highly stable structure. While some minor dislocations are
observed, no ruptures of W−S bonds occur at this temper-
ature. This finding aligns with previous AIMD studies
demonstrating the inherent stability of lithiated WS2/graphene
heterostructures.57

To delve deeper into the electrochemical performance of the
WS2/graphene electrode, we calculated its open-circuit voltage
(OCV). The OCV can be calculated as,

E n E n

n n n n

OCV (WS /graphene Li) (WS /graphene Li)

( ) (Li) /( )
2 2 2 1

2 1 2 1

= [ _ _
] (5)

Here, (WS2/graphene_n2Li), E(WS2/graphene_n1Li), and
μ(Li) represent the energies of n2 and n1 number Li added
WS2/graphene heterostructure, and chemical potential of bulk
Li metal, respectively. Figure 9 presents the calculated OCV
profile. The voltage varies from 0.55 to 0.25 V for n = 1 to 6 Li
atoms. Interestingly, higher Li concentrations lead to a
significant decrease in the lithiation−delithiation potential.
Notably, the OCV approaches 0 V for n = 27. Considering all
of the data points, the average voltage stabilizes at 0.18 V,
which falls within the typical range for LIB anode materials.
This confirms the suitability of the lithiated WS2/graphene
heterostructure as an LIB anode. Furthermore, its average
OCV surpasses that of many other reported 2D hetero-
structures, such as HfS2/graphene, h-BN/black phosphorene,
and blue phosphorene/MS2 (M = Ta, Nb).58−60 The lower
OCV of this electrode opens up exciting possibilities for
pairing it with high-voltage cathode materials like LiCoO2,
paving the way for the design of high-voltage LIBs.
Furthermore, we calculated the theoretical specific capacity
of the WS2/graphene heterostructure for a 1:1 Li stoichiom-
etry (further details in the Supporting Information). Our
calculations revealed a maximum achievable capacity of 588.16
mAh/g.

While the OCV profile serves as a valuable indicator of an
electrode material’s nature, a LIB’s performance, particularly its
charge−discharge rate, critically depends on lithium-ion

Figure 5. Total and angular momentum resolved electronic density of
states of the (a) WS2/graphene-Li, (b) WS2/graphene-2Li, (c) WS2/
graphene-3Li, (d) WS2/graphene-4Li, (e) WS2/graphene-5Li, and (f)
WS2/graphene-6Li heterostructure, respectively. The dashed line
refers to the Fermi energy.
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mobility within the electrodes. Therefore, understanding the
lithium diffusion barrier of the electrode material is crucial. To
investigate this, we employed Climbing Image Nudged Elastic
Band (CI-NEB) calculations to simulate the diffusion of Li

from one adsorption site to adjacent sites. The results are
presented in Figure 10 and Figure S13 (Supporting
Information). Figure 10 reveals that the energy barrier for Li
migration within the interlayer region is around 0.27 eV. This

Figure 6. Electronic band structures of the (a) WS2/graphene-Li, (b) WS2/graphene-2Li, (c) WS2/graphene-3Li, (d) WS2/graphene-4Li, (e) WS2/
graphene-5Li, and (f) WS2/graphener-6Li heterostructure, respectively. The dashed line refers to the Fermi energy.

Figure 7. Lateral (a) and top (b) view of the band-decomposed
charge density plot for the 4Li-added WS2/graphene heterostructure.
The red isosurfaces represent the decomposed charge density of the
flat (localized) band lying in the energy range from −1 60 to −1.50
eV.

Figure 8. Ball and stick model of lithiated WS-graphene at 300 K (a, b) corresponding time step vs energy variation.

Figure 9. Electrochemical open-circuit voltage profile for the lithiated
WS2/graphene heterostructure with respect to the number of lithium
added to the system.
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relatively low barrier suggests promising Li-ion mobility within
the WS2/graphene heterostructure, potentially leading to
favorable charge−discharge rates.

Similarly, for other adjacent W-sites at the WS2/graphene
interface, the energy barriers for Li migration fall within the
range of 0.24−0.28 eV. However, at higher Li concentrations,
there is a higher probability of Li adsorption on the surfaces of
both WS2 and graphene. Considering this, we extended our
calculations to estimate the Li-diffusion barriers on these
additional sites, as shown in Figure S14 (Supporting
Information). The results reveal that the barriers are 0.20 eV
for Li above the top of WS2 and 0.36 eV for Li above the top
of the graphene layer. Interestingly, our calculations point to an
energy barrier of just 0.27 eV for Li migration through the
energetically favored site within the heterostructure. This value
is even lower than those of many previously reported LIB
anode materials. These favorable electrochemical properties,
including low lithium diffusion barriers, strongly suggest that
the WS2/graphene heterostructure holds significant promise as
a candidate material for next-generation LIBs.

■ CONCLUSIONS
In brief, using first-principles-based DFT calculations, we
systematically explored the prospects of the WS2/graphene
heterostructure as an anode material for LIB. The structural
and electronic properties reveal that WS2 and graphene form a
stable vdW heterostructure, and this material is long-lasting
toward lithiation, confirmed by calculating the Li-adsorption
energy. The level of lattice expansion during lithiation is low.
This indicates the structural stability of the material. The
structural stability of the heterostructure is highly desirable for
the employment of them as electrode materials. The electronic
structure of the system demonstrates that the low electronic
conductivity of a single-layer WS2 has been improved by
stacking with a graphene layer. In addition, the method to
enhance Li adsorption in this heterostructure is also explored
by B and N doping. Our results demonstrated that the B-
doping in the graphene layer of the heterostructure
significantly improves the Li-adsorption energy. The Bader
charge and charge density analyses prove that the intercalated
Li ions share their charge with both layers of the WS2/
graphene heterostructure. However, the charge transfer to the
WS2 was higher than that to the graphene. The electronic
conductivity of the heterostructure is enhanced significantly
during lithiation. The electrochemical voltage profile demon-

strates that this material outperforms many reported anode
materials, as proven by OCV and Li-diffusion calculations.
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