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First-principles calculation of 1T-VS,/graphene composite as a
high-performance anode material for lithium- and sodium-ion
batteries

Ahmed Jaber Hassan ®9, Chan Kar Tim %, Lim Kean Pah ®, Nurisya Mohd Shah #°, Umair Abdul
Halim ¢, Nurfarhana Mohd Noor ®, Wan Mohammad Zulkarnain Bin Abdul Razak °

Graphene and other conductive substrates have been used to improve the electrochemical efficiency of monolayer VS,,
establishing it as a potential anode material for LIBs. Nonetheless, a detailed understanding of the synergistic relationship
between VS, and graphene (Gr), which is fundamental for boosting Li*/Na* electrochemical storage devices performance,
remains limited. This study utilized density functional theory (DFT) computations to systematically analyze the VS,/Gr
composite as an optimized electrode for Li*/Na* electrochemical storage devices. Our findings reveal that VS,/Gr possesses
outstanding structural stability, remarkable mechanical stiffness, strong ion adsorption ability, and enhanced charge transfer
efficiency. Additionally, it exhibits a high theoretical storage capacity, a shallow average open-circuit voltage, and low ion
diffusion barriers. The diffusion barriers of 0.11 eV for Liand 0.16 eV for Na are lower than those of widely studied composite
materials, enabling an exceptionally fast Li*/Na* diffusion rate during charge/discharge processes. The predicted open-circuit
voltages for Li*/Na* are 0.75 V and 0.77 V, respectively, with corresponding theoretical storage capacities reaching 1156
mAh/g for Li and 770 mAh/g for Na. These findings offer key insights for the experimental design and optimization of VS2/Gr

anodes, paving the way for ultra-fast charging and high-capacity Li*/Na* electrochemical storage devices

1. Introduction

The growth of the global population has led to increased energy
demands and environmental challenges, necessitating urgent
action in energy consumption and environmental protection.
Energy, a fundamental pillar of modern civilization,
predominantly sourced from fossil fuels, which contribute
significantly to global warming and environmental degradation.
By 2050, global energy demand is projected to reach 27.6 TW -
3. To mitigate these challenges, researchers are focusing on
renewable energy sources and advanced energy storage
technologies, including supercapacitors, batteries, solar cells,
and hydrogen generation through water splitting ** % 5. Among
these, lithium-ion batteries (LIBs) are esteemed for their
elevated energy density, extended cycle life, less self-discharge
among diverse energy storage systems, and minimal
environmental impact 8. LIBs are extensively used in electric
vehicles, portable electronics, medical devices, and aerospace
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technologies °. However, despite these advantages, graphite,
the conventional LIB anode material, has a limited theoretical
storage capacity of approximately 372 mAh/g and exhibits low
energy density, poor cycle stability, and voltage hysteresis 911,
Additionally, limited global lithium reserves and increasing
demand raise sustainability concerns 7- 12, Sodium-ion batteries
(SIBs) have garnered attention as an alternative owing to the
abundant availability of sodium, cost-effective production, and
enhanced safety. However, the larger ionic radius of Na+ results
in slower intercalation/deintercalation, leading to reduced
capacity and rate performance 10, These obstacles have fueled
significant research aimed at discovering advanced negative
electrode materials for Li*/Na* electrochemical storage devices
9. Among the most promising candidates, graphene, transition
metal dichalcogenides (TMDs) like MoS, and VS,, along with
MXenes, have demonstrated outstanding electrical
conductivity, high charge storage capacity, and exceptional rate
performance as promising two-dimensional (2D) material % 13,
14, Nevertheless, finding an optimal negative electrode
materials that harmonizes these properties continues to be a
challenge 1>. Composite, constructed by stacking 2D materials,
offer a synergistic approach to enhance anode properties by
combining the strengths of individual materials while
minimizing their weaknesses through van der Waals
interactions. Graphene, widely used as a conductive substrate,
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enhances particle contact and reduces volume
expansion/shrinkage during charge cycles, improving overall
stability 1518, Several graphene-based composites, including
MoS,/graphene and WS;,/graphene have demonstrated
excellent electrochemical performance, making them promising
candidates for metal-ion batteries applications 192!, Among
TMDs, vanadium disulfide (VS,;) has attracted significant
attention due to its applications in sensing, catalysis, and energy
storage 22 2, The VS,/graphene hybrids are particularly
promising as anode for LIB, demonstrating great capacity,
exceptional cycle stability, and amazing rate capability & 24, The
strong interaction between VS, and graphene enhances
electron transport and mechanical stability, improving overall
electrochemical performance. For instance, Ma
demonstrated that VS,
when used as anodes in LIBs, deliver high reversible capacity,
superior rate performance, and excellent cycling stability 25.

Similarly, He et al. developed hollow VS,@reduced graphene

et al.
nanosheets/graphene composites,

oxide (RGO) structures via a solvothermal method, achieving
outstanding electrochemical performance in sodium-ion
batteries, including high reversible discharge capacity and
prolonged cycle life26. Despite these advantages, the potential
of VS,/Graphene composite structure (VS,/Gr) for sodium-ion
(SIB) underexplored. Additionally, the
mechanical characteristics, energy storage capabilities, and Li-
transport processes require further
investigation. This work performs first-principles simulations to
investigate the VS,/Gr composite as an negative electrode

batteries remains

ion and Na-ion

materials for Li/Na-ion storage devices. We systematically
examine its structural stability, electrical characteristics, and
mechanical performance, Li*/Na* diffusion barriers, average
open-circuit voltage, and specific capacity. By gaining a deeper
insight into the energy storage and ion transport mechanisms,
this work aims to optimize the VS,/graphene composite,
establishing it as a key material for high-performance LIBs and
SIBs.

2. Computational details

The computations were performed utilizing the Quantum
ESPRESSO software program 27. The exchange-correlation
functional was evaluated using the generalized gradient
approximation (GGA) as formulated by Perdew, Burke, and
Ernzerhof (PBE) in 1996 28. Crystal structures were visualized
using the VESTA program 2°. Density functional theory (DFT)
computations have been utilized to optimize atomic
configurations and analyze their electronic, mechanical, and
VS,/Graphene

composite structure, a (2 x 2 x 1) VS, monolayer supercell was

electrochemical characteristics. For the
positioned over a (V7 x V7 x 1) graphene supercell, resulting in
a lattice mismatch of approximately 0.17%. A vacuum gap of 17
A was implemented along the z-axis to inhibit interlayer
interactions. The self-consistent field (SCF) calculations were
conducted with an energy convergence threshold of 1.0 x 10°
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Ry, utilizing a (6 x 6 x 1) k-points mesh following the Monkhorst-
Pack technique. For the ultra-soft pseudopotential, the required
kinetic energy cutoff for the charge density (ecutrho) was set to
eight times the kinetic energy cutoff for the wave function
(vdw)
attractions in the VS,/Gr composite, the vdW-D2 scheme by

(ecutwfc). Considering the weak van der Waals

Grimme 30 was applied to account for dispersion corrections.
Additionally, spin-polarized calculations were also conducted.
The thermodynamic stability of the VS,/Gr composite was
evaluated by calculating its formation energy (AHf) using the
following equation using the following equation 31.32;

AHp = Esystem — il w (1)
where AHg is the formation energy, Esysiem Signifies the DFT
total energy calculated for the proposed composite, N;
represent the total number of atoms species, and p; represents
the chemical potential of atom, obtained from its bulk phase.
The chemical potential of the atoms was derived from their bulk
phases. To assess the mechanical properties, the in-plane
stiffness (Y,p) of the 2D materials was calculated to assess their
rigidity and flexibility. The in-plane stiffness is derived using the
following formula 33-36;

Yap = (1/A,) (0%Es/de) (2)

Here Eg represents the strain energy (computed by Eq. 3), A is
the equilibrium area of the relaxed structure, and ¢ = (a —
ag)/ay , is an in-plane uniaxial strain, where a, and a being the
lattice parameters before and after stretching, respectively. The
strain energy Es is computed as:

Es = (Etor — Eo)/n (3)

Where Ei. is the total energy of the strained system and E; is
the total energy of the unstrained system (at zero applied strain
To analyze Li*/Na* mobility, The climbing image nudged elastic
band (CI-NEB) method was employed to calculate the diffusion
barriers, utilizing a high-throughput computational platform
specifically designed for battery materials 37. The diffusion
coefficient (D) was assessed using the following equation 15:

D = 1?vexp(—E,/KgT) (4)

where [? donates the ion diffusion distance, E, represents the
activation energy barrier, T indicates the absolute temperature
(set at 300 Kelvin), Kg corresponds to the Boltzmann constant
(8.617x105 eV.K1), and v represents the attempt frequency
(1013 Hz).

3. Results and discussions

3.1 Geometry

Three stacking configurations: AA, AB, and BA, were examined
for the VS,/graphene heterostructure, as shown in Fig. 1. These
configurations reflect different lateral alignments between the
layers, influencing interfacial interactions, structural stability,

This journal is © The Royal Society of Chemistry 20xx
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Top view

Fig. 1 Top and side views of the three interfacial stacking configurations of the VS,/graphene heterobilayer: (a) AA

stacking, (b) AB stacking, and (c) BA stacking.

and bonding strength. Formation energies were calculated
using Equation 1 to determine the most favorable stacking
arrangement for the VS,/graphene heterostructure. All
configurations: AA, AB, and BA, exhibited negative formation
energies (-0.011 eV, -0.010 eV, and -0.010 eV, respectively),
confirming their thermodynamic stability. Among them, the AA
stacking configuration had the lowest formation energy,
indicating it is the most stable interfacial arrangement.
Consequently, the structural optimization was performed based
on the AA stacking mode, resulting in optimized lattice
parameters of a = b = 6.494 A and an equilibrium interlayer
distance of 3.96 A between the VS, and graphene layers. These
values align closely with previously reported theoretical results
for the 2D graphene-based composites, which exhibit interlayer
distances in the range from 3.30 to 4.2 A 7. 15,3840 The VS,/Gr
composite structure contains 14 carbon (C) atoms from
graphene, eight sulfur (S) atoms, and four vanadium (V) atoms
from the VS, monolayer, as depicted in Fig. 2.

0

Top view Side view

Fig. 2 Diagram of the composite configuration of VS,/Gr
composite structure. The gray, blue, red, and yellow spheres
correspond to carbon (C), vanadium (V), and sulfur (S) atoms,
respectively.

This journal is © The Royal Society of Chemistry 20xx

Notably, the monolayer VS, completely covers the graphene
substrate without significantly altering its geometry, as
depicted in Fig. 2. This is due to the minimal lattice mismatch
(0.17%) between the VS, and graphene structures. The
computed formation energy of the VS,/Gr composite is -0.011
eV, indicating that the composite is thermodynamically stable
and its formation is energetically favorable. A negative
formation energy confirms that the VS, monolayer successfully
integrates with graphene monolayer, forming a stable
composite, whereas a positive AH; would indicate an
endothermic processes and thermodynamically unstable
structures 41.

3.2 Electronic Properties

Electrical conductivity is crucial for enhancing the
charge/discharge performance of anode materials in Li-ion and
Na-ion batteries. The VS,/Gr composite exhibits metallic
behavior with highly electrical conductivity, as illustrated in Fig.
3a. Owing to weak van der Waals contacts between the
graphene and VS,, the Dirac cone of graphene remains intact at
the Dirac (K) point, indicating that the graphene retains its
unique electronic properties. The Fermi level (Ef) represented
by the dashed line intersects multiple bands, confirming the
metallic nature of the composite. This observation is consistent
with prior studies that highlight the metallic characteristics of
VS,/graphene composites 4% 42 43, According to the projected
density of states (PDOS) in Fig. 3b, the d-orbitals of vanadium
atoms significantly contribute near the Fermi level, serving as a
key factor in enhancing electrical conductivity. A high DOS at Ef
indicates the presence of readily available electronic states,
facilitating efficient charge transport. Conversely, the p-orbitals
of sulphur and carbon (graphene) atoms are predominantly

filled below the Fermi level, constituting the valence band and

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) the band structure and (b) density of states (DOS) of the VS,/Gr composite, with the dashed line indicating the Fermi level

(Ef).

contributing less to electrical conduction. The internal S-p and
Gr-p orbitals exhibit a lower density of states and are positioned
energetically farther from Ef, indicating their minimal
contribution to conductivity. The strong presence of V-d and S-
p orbitals near Ef ensures a high density of mobile charge
carriers, thereby enhancing the electronic conductivity of the
VS,/Gr heterostructure. This makes it a promising high-
performance anode material for next-generation Li-ion (LIBs)
and Na-ion (SIBs) batteries.

3.3 Mechanical properties

The mechanical stability of an anode material is crucial for
maintaining long-term battery cycling performance. Structural
deformation or pulverization of electrodes can lead to rapid
capacity decline and degradation and reduced cycling stability.
Therefore, developing an efficient negative electrode material
must possess exceptional mechanical strength and
stretchability to withstand volume expansion during Li*/Na*
insertion and extraction cycles. To evaluate the mechanical
properties of the VS,/Gr composite, we conducted density
functional theory (DFT) simulations to identify its elastic

constants and in-plane stiffness.

3.3.1 Elastic properties
For 3D materials, the elasticity properties
characterized by Young’s modulus (Y).

are often
However, since
monolayers lack a defined thickness, the in-plane stiffness (Y,p)
is a more appropriate measure of mechanical strength for 2D
materials 34. A hexagonal supercell with x and y axes along the

armchair and zigzag directions, was used to compute the elastic
constants of the composites. The system was subjected to
biaxial strain (€) by varying the lattice constants from -2% to 2%

4| J. Name., 2012, 00, 1-3

in increments of 1.0%, allowing full relaxation of atomic
positions in-plane as shown in Fig. 4a. A data matrix of 25 strain
configurations was generated by applying two sets of strain
conditions along the x and y directions. For each strain
condition, the total energy was optimized, resulting in a detailed
energy-strain dataset of 225 points (Fig. 4b). The strain energy
(E) was fitted using a polynomial model, given by:

Eg = big2 + byel + bzeye, (5)

where &, and g, are small strains in both the x and y axes,
respectively. Due to the isotropic symmetry of 2D materials, we
assume b; = b, 36 44 Thus, the in-plane stiffness Y,, was
derived as:

Yop = (1/4g) (2by — b%/Zbl)/ (6)

the elastic constants can be calculated with: C;; = 2b, /A, ,
Cy, = bz/A,. This widely recognized approach, as applied in
previous studies 3335 45 has been used to determine the
mechanical characteristics of the VS,/graphene composite. The
results of the calculated elastic constant (Cyq, C,,, Cy3) for
VS,/Gr composite are listed in Table 2. These results meet the
Born stability conditions, where C;; > 0 and C;; — [C;2| > O,
verifying the mechanical stability of the VS,/Gr composite. As a
result of the interaction between VS, and graphene, in-plane
stiffness (Y,p = 486.16 N/m) is significantly higher than pure
graphene (340 + 50 N/m) 34.36,39,46 gnd monolayer VS, (80 + 30
N/m) 32, 44,47 Additionally, the VS,/Gr composite exhibits a
higher in-plane stiffness than many other 2D composite
materials (Table 1). The enhanced mechanical strength of the
VS,/graphene composite prevent electrode cracking and
mitigate volume expansion, ensuring long-term cycling stability
while also suppressing lithium/sodium dendrite formation,
which improves battery lifespan and energy density. These
properties make VS,/graphene a highly potential negative
electrode materials for next-generation LIBs and SIBs.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Structural and mechanical response of the 2D VS,/Gr composite under uniform expansion (a) uniaxial strain energy-strain curves
along the armchair and zigzag directions and (b) 3D fitted surface plot of total energy as a function of elastic strain.

Table 1 Elastic constants C and in-plane stiffness Y, for
various 2D structures. Both Cand Y, are expressed in N.m-!

System Ciq Cyr Ciz Y2p Ref.
Gr 349.6 349.6 61.4 338.8  Thiswork

- - -—- 341.0 33

- - - 340 46

50

372.5 - 74.5 357.6 36

_— — — 335 34

-— - -— 350 39
VS> 96.1 93.7 10.9 94.84  Thiswork

96.0 96.0 28 87.5 15

-— - -— 88.5 32

95 - 16 93 47

171 - 35 - 48
1T-VS,/Gr 486.9 487.1 19.9 486.1 This work
2H-VS,/Gr 452.2 452.2 88.4 434.9 15
T-VS,/BlueP 184 - 26 180 47
H-VS,/BlueP 193 -- 43 187 47
P/G 464 350 - - 39
2H-MoS,/Gr 450 -— - -— 15
1T-MoS,/Gr 492.4 - - - 49
BAs/Gr 382 56 - 476 50
Gr/WS, 479.5 479.5 88.8 463.1 51
BlackP/GDY 261.8 178.7 85.2 - 52

This journal is © The Royal Society of Chemistry 20xx

3.3.2 Mechanical flexibility behaviour

To investigate the mechanical deformation characteristics of
the VS,/G composite, we analyzed its elastic and plastic
behavior under uniaxial tensile strain ranging from 0 to +27% in
2.5% increments. The strain was consistently applied along both
the armchair and zigzag directions using DFT, while transverse
stress was minimized to ensure accurate representation of the
material's response along the loading direction. Our findings
reveal a linear stress-strain relationship up to 15% strain in both
directions, indicative of the elastic region where deformation is
fully reversible as illustrated in Fig. 5. In this region, the VS,/Gr
composite retains its original state, known as the harmonic
region (g = 0) when the strain is removed. Beyond 15% strain,
distinct mechanical behaviors emerge in the two directions. The
armchair direction exhibits brittle behavior, characterized by
higher tensile strength but a sharp failure at 17.5% strain,
indicating limited plastic deformation. In contrast, the zigzag
direction demonstrates ductile behavior, with lower tensile
strength but higher strain tolerance, failing at 27.5% strain,
which suggest enhanced plasticity before fracture. These
differences reflect the intrinsic anisotropy of 2D materials,
shaped by their atomic arrangements and bonding orientations.
The VS,/Gr composite is significantly more resilient than
pristine graphene, which typically fracture at around 15% strain
in the armchair direction and between 16% to 17% in the zizgag
direction 5355, Furthermore, the fracture strain of VS,/Gr
surpasses that of other composites, such as MoS,/Gr, which
fractures at 13.2% strain 56. This remarkable improvement
highlights the synergistic effect of combining VS, with graphene,
resulting in a material with excellent mechanical robustness,
stretchability, and flexibility.

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 The uniaxial stress-strain behavior of the VS,/Gr composite when subjected to tensile strain along the armchair and zigzag

orientations

3.4 Electrochemical Properties

3.4.1 Li/Na atoms adsorption on VS,/Gr composite

A systematic study was conducted to analyze the adsorption
characteristics of Li and Na atoms on the VS,/Gr composite.

Considering two primary adsorption modes: (i) surface

adsorption on the outer layer of VS, and (ii) intercalation into
the interlayer space between VS, and graphene. To identify the
most energetically favorable adsorption sites, six configurations
were examined: Tv, Ts, Th, Bv, Bs, and Bh as illustrated in Fig. 6.
These correspond to specific adsorption sites include Tv
(positioned above the V atom) and Ts (situated above the S
atom), Th (hollow site over the triazine ring), Bv (below the V
atom in the interlayer), Bs (below the S atom in the interlayer),
and Bh (hollow site over the triazine ring). The adsorption
energies (E,q ) for these sites were computed using the
equation 15:

—nEjon (7)

Eqa = Esystem+ions - Esystem

where Egystem+ion @nd Egystem denote the total energies of
the VS,/Gr composite in the presence and absence of adsorbed
ions, respectively. Ejo, corresponds to the energy of a single
isolated Li/Na atoms, while n represents the count of adsorbed
ions.

As described by Equation (7), a lower adsorption energy value
signifies a stronger interaction between the Li*/Na* and the
VS,/Gr composite, whereas a positive adsorption energy implies
the formation of a Li/Na metal cluster instead of effective
adsorption. Table 2 presents the computed adsorption
energies (E,4), highlighting distinct site preferences for Li*/Na*.
For Li, the magnitude of adsorption energy |E,4| follows the
sequence: Li/VS,/Gr < VS,/Li/Gr. Similarly, for Na, the trend is:
Na/VS,/Gr < VS,/Na/Gr. These trends indicate that both Li/Na
atoms preferentially intercalate into the interlayer space rather
than adsorb directly onto the VS, surface. From Table 2, the
most stable adsorption sites for both Li and Na were identified
as Bv, Bh, and Tv, with corresponding adsorption energies of
E,q =-1.904 eV (Bv), -1.805 eV (Bh), -1.558 eV (Tv) for Li, and
Eqq =-1.696 eV (Bv), -1.677 eV (Bh), and -1.696 eV (Tv) for Na.
These results highlight the strong intercalation tendency of Li
and Na within the VS,/Gr system, significantly, influencing their
storage and diffusion characteristics. Using the Bader charge
analysis method 57, it was found that both Li/Na atoms transfer
approximately 1.0 e- per atom to the VS,/Gr composite upon
adsorption, resulting in their transition to cationic states. This
substantial charge transfer confirms a predominantly ionic
interaction between the adsorbed ions and the composite.
Furthermore, the VS,/graphene system significantly enhances
the bonding strength of Li*/Na* compared to pristine VS, or

Table 2 The calculated adsorption energy (E,4) for a single adsorbed ion (Li or Na) and the corresponding charge transfer (Aq) associated

with these ions.

Li Na
System Adsorption site charge (e-) Eqa Adsorption site charge (e-) Eqq
lon/VS,/Gr TV 0.880 -1.558 TV 0.865 -1.418
TS 0.919 -0.625 TH 0.863 -1.395
TH 0.887 -1.440 TS 0.862 -1.398
VS,/lon/Gr BV 0.885 -1.904 BV 0.869 -1.696
BS 0.900 -1.194 BS 0.886 -1.194
BH 0.888 -1.805 BH 0.869 -1.677

6 | J. Name., 2012, 00, 1-3
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Fig. 6 The adsorption configurations for both lon/VS,/Gr and
VS,/lon/Gr systems, providing a detailed view of the structural
characteristics of each adsorption site.

graphene alone. This enhancement is attributed to the
synergistic interaction between VS, and graphene, which
optimizes both adsorption and intercalation processes. These
properties make the VS,/Gr composite a highly promising
candidate for energy storage applications, particularly for
lithium- and sodium-ion batteries.

3.4.2 Analysis of electron localization function and charge
density

The electron localization function (ELF) is a powerful tool for
visualizing the spatial distribution of electrons and understanding the
nature of chemical bonding within a material. According to Becke
and Edgecombe38, ELF enables the identification of localized electron
regions, such as bonding pairs, lone pairs, and core electrons, thus
helping distinguish between covalent, metallic, and ionic
interactions®. In the ELF plots of the fully lithiated and sodiated
VS,/graphene systems (Fig. 7), distinct regions of high ELF values
(approaching 1.0, shown in red) are observed between V and S
atoms, confirming strong covalent bonding. Notably, red regions are
also detected within the graphene layer, suggesting some degree of
electron localization, which may be associated with the m-electron
system or weak covalent character induced by interaction with the
VS, layer. In contrast, the ELF distribution around the Liand Na atoms

This journal is © The Royal Society of Chemistry 20xx
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is less localized (ELF < 0.5), indicating predominantly ionic
interactions with nearby S or C atoms. These results suggest that

while the VS, framework maintains strong covalent integrity, the
alkali ions (Li/Na) interact with the heterostructure mainly through
ionic bonding. Such bonding characteristics are beneficial for
accommodating high ion capacities while preserving structural and
stability, further supporting the suitability of
VS,/graphene as a robust anode material for Li- and Na-ion batteries.
To investigate the charge transfer behavior during Li/Na adsorption
at various sites, the charge density difference was computed using

electronic

the following equation?2:
Ap = Psystem+ion — Psystem — Pion

where psystem+ions, Psystem, and Pion represent the total charge
density of the ion-adsorbed system, the pristine VS,/graphene
heterostructure, and the isolated Li or Na atom, respectively. The
charge density difference plots significant electron
redistribution upon Li or Na incorporation into the heterostructure.
In both lon/VS,/Gr and VS,/lon/Gr configurations, there is evident
electron depletion around the Li/Na atoms and accumulation near
adjacent sulfur and carbon atoms. A strong interfacial electronic
coupling is suggested by the charge buildup between the VS, and

reveal

graphene layers in the VS,/lon/Gr configuration, while charge
localization around sulfur atoms is observed when ions are adsorbed
on the outer surface of VS,. These findings highlight robust ionic
interactions that help prevent Li/Na clustering and improve the
system’s structural integrity. As shown in Fig. 8, such charge
redistribution confirms the stable and favorable interaction of both
Li and Na ions with the VS,/Gr heterostructure, supporting its
potential as a high-performance anode material for lithium- and
sodium-ion batteries.

(a)

R

1
I
1

¢ ELF
; a.u.
: 1.000
I
1
I
1
| 0.500

°
1
|
1

o0
" 0.000
rl

Fig. 7 Electron Localization Function (ELF) plots at full adsorption
capacity for (a) Li-VS,/Gr and (b) Na—VS,/Gr heterostructures.
Red regions indicate high electron localization (electron-rich
zones), while blue regions correspond to low localization
(electron-depleted zones). The left panels display ELF isosurfaces,
and the right panels show the corresponding atomic
configurations.
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Fig. 8. Charge density difference plots illustrating the most
favorable adsorption configurations of a single Li or Na atom. (a)
Pristine VS,/Gr heterostructure; (b,c) adsorption on the outer
surface of the VS, layer; (d,e) intercalation within the interlayer
region of the VS,/graphene heterostructure. Cyan and magenta
regions represent electron accumulation
respectively.

and depletion,

3.4.3 Diffusion characteristics of VS,/graphene
The movement of Li and Na ions is a key factor in defining the
charge/discharge rate efficiency of rechargeable batteries 43.

DOI: 10.1039/D5YA00110B
Journal Name

Faster ion mobility, enabled by lower diffusion energy barriers,
significantly enhances rate performance.

To evaluate this, the Climbing Image Nudged Elastic Band (CI-
NEB) method was employed to examine the migration energy
barriers of Li and Na ions in the VS,/Gr system 37. For each Li/Na
cation diffusion pathway, seven images, including the initial and
final configurations, were used in the CI-NEB (Climbing Image
Nudged Elastic Band) saddle point,
representing the highest energy along the diffusion path, was
identified to determine the migration barrier. This diffusion
barrier is defined as the energy difference between the saddle
point and the most stable configuration. A force convergence

calculations. The

criterion of 0.05 eV/A was employed to ensure precise
optimization of the diffusion pathways. Adsorption analysis
revealed three distinct diffusion routes: (i) Bh-Bh, located in the
interlayer region; (ii) Bv-Bv, also within the interlayer; and (iii)
Tv-Tv, across the external VS, surface, as depicted in Fig. 9a. The
starting and ending points of these pathways align with the
most energetically favorable adsorption configurations for Li
and Na, as depicted in Fig. 9b. Fig. 9c illustrates the migration
energy barriers for Li and Na diffusion, respectively, confirming
that the Bh pathway consistently exhibits the lowest barrier for
both ions. Specifically, for Li ions, the Bh pathway demonstrates
an exceptionally low diffusion barrier of 0.11 eV, whereas the
Tv pathway presents the highest barrier at 0.21 eV. Similarly, for
Na ions, the Bh pathway offers the lowest barrier at 0.16 eV,
while the Bv pathway reaches 0.3 eV. These results establish the
Bh pathway as the most energetically favorable diffusion route,
enabling superior ion mobility and contributing to the excellent
rate efficiency of VS,/Gr as an anode component in Li and Na
batteries. Furthermore, the migration diffusion energy barrier
for Li within VS;/Gr (0.11 eV) is significantly lower than in
pristine VS, (0.22 eV) 1543 and graphene (0.37 eV) 9,
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Fig. 9 (a) Diffusion pathways of Li*/Na* across the outer layer and interlayer regions of VS,/graphene. (b, c) Energy barrier profiles for Li

and Na ion diffusion across the three evaluated pathways
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demonstrating the impact of the composite in reducing
diffusion resistance. Likewise, Na diffusion in VS,/Gr (0.16 eV) is
considerably lower than in pristine VS, (0.63 eV) 14, confirming
the effectiveness of the composite in facilitating Na-ion
transport. These findings underscore the synergistic effect of
VS,/Gr in lowering ion diffusion barriers, thereby improving
overall electrochemical performance. The significantly reduced
migration energy barriers along the Bh pathway highlight the
Outstanding capability of VS,/Gr for fast-charging rechargeable
batteries, solidifying its suitability as an efficient optimized
electrode for both Li and Na ion storage. These exceptionally
high values highlight the superior ion transport capabilities of
the VS,/Gr, surpassing many other. To further evaluate ion
diffusivity at 300 K, the diffusion coefficients for Li* and Na*

were determined using Equation 4, yielding values of 5.42x10>
cm? s and 5.32x10°% cm? s7', respectively. 2D Negative
electrode materials designed for LIBs and SIBs. For comparison,
graphene demonstrates a significantly lower diffusion
coefficient of 2.0x1011 cm? s~ for Li* 51, while other composites,
such as WS,/graphene (5.54.2x101° cm? s for Li*) 61,
C:N/graphene (2.97x101! cm? s for Li*) €2, and boron
arsenide/graphene (BAs/Gr) (1.27 x 101 cm? s7' for Li*) 59,
exhibit comparatively lower diffusivity. The ultra-high diffusion
coefficients of Li and Na within the VS,/Gr system establish it as
a high-rate negative electrode material for LIBs and SIBs
ensuring rapid ion transport and enhanced electrochemical
performance during charge-discharge cycling.

3.4.4 Average open-circuit voltage and theoretical specific
capacity

In rechargeable batteries, Open-circuit voltage (Vpc) and
theoretical specific capacity (Cg) are critical factors in
determining the electrochemical efficiency of electrode
materials. This study evaluates the C and V. based ona 2 x 2
x1 VS,/Gr supercell, where Li/Na atoms are sequentially
inserted into both the interlayer region and the outer surface of
the composite. Individually, the charge/discharge mechanism
adheres to the half-cell reaction:

VS,/Gr + xlont + xe~ « lon,VS,/Gr (Ion = Li,Na),

where x donates the number of intercalated Li/Na atoms. The
Voc is determined by computing the DFT total energies before
and after Li*/Na* intercalation. Since entropy and volume
effects are generally negligible during the electrochemical

reaction, the V. is calculated using the following equation 1>
63.

Es stem+i0n_Esystem_x'Eion
Voc = ——= 8
oc — (8)

where Egystem+io  and Esystem are the total energies of
lonxVS,/Gr and VS,/Gr, respectively, E;,, represents the energy
per atom of the bulk metal (Li/Na), and x is the number of
intercalated Li/Na atoms. A negative adsorption energy (Egq4)
indicates that the Li and Na atoms can still be intercalated into
the material. The intercalation process continues until E 4
becomes positive, suggesting that no additional Li/Na atoms can
be accommodated, leading to ion clustering. The maximum

theoretical capacity is then determined using equation 14 43, 63-
65.

F

Cs = Z" Xmax "

Mysz/6r ()
where x represents the maximum concentrations of inserted
Li/Na atoms, z is the valence number (z = 1 for Li and Na), F is
the Faraday constant (26801 mAh/mol), and Myg, gris the
molar mass of the VS,/Gr unit cell. As illustrated in Fig. 10a,
increasing the Li concentration from x = 0 to x = 6, the V¢
gradually decrease from 0.98 to 0.48 V, yielding an average Vy¢
of 0.75 V for LixVS,/Gr. Similarly, for Na intercalation (Fig. 10b),
the voltage profile ranges from 0.97 to 0.54 V, with an average
Voc of 0.77 V for NaxVS,/Gr as the Na concentration increases
from x = 0 to x = 4. A lower Vy, suggests strong interactions
between the inserted ions (Li* or Na*) and the host material,
indicating that the material can effectively accommodate and
retain ions. This enhances the battery’s energy store capability
and improves overall performance, meaning the material

(a) (b)
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2 0.90 S 600 & 090
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Fig. 10 Computed voltage profile of (a) Li-intercalated VS,/Gr relative to Li/Li* and (b) Na-intercalated VS,/Gr relative to

Na/Na*.
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Table 3 Comparison of theoretical specific capacity (Cs) in
mAh/g) of various 2D composites for LIBs and SIBs

lon Batteries Materials Cs Ref

type

LIBs 1TVS,/Gr 1156  This work
VS,/BlueP 1211 ¥
Vertical VS,/Gr 989 66
1HVS,/Gr 771 15
1TVS; 466 32
MOSz/WSZ 137 67
VzCOz/GI’ 234 68
WS,/Gr 714 69
NbSe,/ Gr 1000 70
WSe,/Gr 744 &
C,N/Gr 490 62
VS, 466 13
VS,/rGO 1105 72
VS,(2H and 1T)/Gr 569 8
P/Gr 4853 39
Gr/BAs 920 50
BlackP/GDY 384.7 32

SIBs 1TVS,/Gr 770 This work
1HVS, 2329 =
HollowVS,/RGO 430 26
1TVS; 116.4 14
1TVS; 466 32
1HVS,/Gr 578 15
MOSz/VSZ 584 3
WS,/Gr 590 7
WSe,/Gr 300 75
P/Gr 580 12

exhibit higher specific capacity. Furthermore, the discrete steps
in the V¢ decrease rather than an abrupt drop suggest a stable
and controlled intercalation process. Since an ideal anode
material must possess a low V., our results show that VS,/Gr
composite is a viable negative electrode materials candidate for
both Li*/Na* electrochemical storage devices. Furthermore, the
maximum specific capacities of the VS,/Gr composite for Li and
Na storage were calculated as 1156 mAh/g and 770 mAh/g,
respectively. The observed values indicate a significant
improvement in comparison to pure graphene (372 mAh/g) and
VS, (466 mAh/g for Li, 233 mAh/g for Na)5. The lower capacity
observed for Na-ion storage compared to Li-ion storage is
attributed to the larger effective ionic radius of Na* ions, which
limits its accommodation within the VS,/Gr interlayers. This
behavior aligns with previous studies on Na-ion intercalation
limitations as illustrate in Table 3. Addition to the VS,/Gr
composite exhibits superior electrochemical performance
compared to pristine VS, and graphene, theoretical capacity of
VS,/graphene is higher than other 2D materials due to a higher
capacity, a lower average open-circuit voltage and reduced

10 | J. Name., 2012, 00, 1-3
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Li*/Na* diffusion barrier as shown in Table 3. Although
VS,/BlueP exhibits a slightly higher capacity, it suffers from a
higher diffusion barrier, making VS,/Gr a more favorable choice
for efficient Li*/Na* storage.

Conclusion

Through first-principles simulations, we carried out a
systematically investigation of the VS,/Gr composite and its
electrochemical potential as an anode material for Li*/Na*
electrochemical storage devices. Our findings show that the
VS,/Gr exhibits exceptional structural stability with a negative
formation energy of -0.011 eV, indicating its thermodynamic
favorability. For electronic properties, VS;/Gr maintains
metallic characteristics due to the strong contribution of V-d
and S-p orbitals near the fermi level, ensuring high electronic
conductivity. Mechanically, the VS,/Gr demonstrates higher
stiffness compared to pristine graphene and VS,, with an elastic
constant (C;1= 349.65, C,,= 349.65, C;, = 61.43), confirming
its mechanical stability. Due to the synergistic effect between
VS, and graphene, its in-plane stiffness (Y,p = 486.16 N/m)
surpasses that of pristine graphene and monolayer VS,, making
it one of the most mechanically robust 2D composites.
Regarding mechanical flexibility, VS,/Gr exhibits anisotropic
behaviour under tensile strain, remaining elastic up to 15%
strain. Beyond this, it shows brittle failure in the armchair
direction at 17.5% strain and ductile behaviour in the zigzag
direction, failing at 27.5% strain, indicating enhanced flexibility
and stretchability.

For electrochemical performance, VS,/Gr composite
offers an exceptionally low ion diffusion barrier, with Li ions
exhibiting a migration energy barrier of 0.11 eV and Naions 0.16
eV, facilitating fast charge/discharge rates. The open circuit
voltage (Vyc) profiles indicate stable ion storage, with an
average Vp of 0.75 V for Li-ion and 0.77 V for Na-ion, indicating
that the material can effectively accommodate and retain ions.
Furthermore, VS,/Gr demonstrates remarkable energy storage
capacity, achieving a maximum specific capacity of 1156 mAh-
g1 for Li-ion storage and 770 mAhg? for Na-ion storage. The
lower capacity for Na storage is attributed to the larger ionic
radius of Na*, which limits its accommodation within the
interlayers. In summary, VS,/Gr composite emerges as a highly
promising optimized electrode for next-generation LIBs and
NIBs. Its high capacity, low diffusion barriers, and stable voltage
profiles highlight its potential for efficient and high-
performance energy storage applications.
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