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1. Introduction

Unlocking the potential of a novel 2D VBC and a
VBC/graphene heterostructure as efficient hosts
for Li-ion batteries

Liagat Ali,® Javed Rehman (2 ° and Chong-Wen Zhou (2 *?

In this work, we employ first-principles calculations to predict the potential of a two-dimensional (2D)
vanadium borocarbide (VBC) monolayer and a VBC/graphene heterostructure as promising anode
materials for lithium-ion batteries (LIBs). This work introduces ternary 2D VBC and VBC/graphene
heterostructures as a novel class of materials, integrating boron to provide mechanical robustness and
carbon to ensure high electrical conductivity. This unique composition yields a synergistic combination
of record-high capacity, metallic conductivity, and negligible volume expansion due to the graphene
layer. The VBC monolayer and the VBC/graphene heterostructure are thermodynamically, mechanically,
and dynamically stable, confirming their feasibility for experimental realization. Notably, the metallic
nature of both systems is advantageous for facilitating rapid electronic transport during battery cycling.
Remarkably, the VBC monolayer and the VBC/graphene heterostructure exhibit ultrahigh theoretical
specific capacities of 1453.36 mAh g~ and 820.60 mAh g~ respectively, which significantly surpass
those of conventional graphite anodes. Furthermore, the low average open-circuit voltages of 0.45 V for
the VBC monolayer and 0.68 V for the heterostructure ensure energy efficiency, while the low Li-ion
diffusion barriers of 0.22 eV and 0.31 eV, respectively, indicate excellent ionic mobility and rapid
charge—discharge kinetics. Lattice variation during maximum lithiation is small (2.57% for the VBC mono-
layer and 2.88% for the VBC/graphene heterostructure), confirming the robustness of the frameworks
against volume expansion. Bader analysis shows strong charge transfer from Li to the VBC host, validat-
ing strong electrochemical interactions and a reversible lithiation process. These outstanding character-
istics establish the VBC monolayer and the VBC/graphene heterostructure as highly promising
candidates for next-generation high-performance LIBs.

electronic devices, electric vehicles, and grid-scale energy storage
applications, offering high efficiency and reliable performance.””®

The rapid industrialization and exponential growth of the
global population have led to a drastic increase in energy
consumption, resulting in the overexploitation of fossil fuels
and subsequent environmental degradation.” To mitigate
these challenges, the development of sustainable and renew-
able energy technologies has become imperative. Among var-
ious energy storage systems, rechargeable LIBs have emerged as
the most successful and versatile solution due to their high
energy density, long cycle life, lightweight nature, and environ-
mental compatibility.>® LIBs are widely utilized in portable
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However, the growing demand for high-performance energy sto-
rage devices requires continuous improvements in battery capa-
city, rate performance, and longevity, which primarily depend on
the characteristics of electrode materials, especially anodes.'*">
Graphite has been extensively used as a commercial anode
material for LIBs owing to its high stability, low cost, and decent
cycling performance.”® Nonetheless, its low theoretical specific
capacity (372 mAh g~ ') and structural instability during repeated
lithiation/delithiation cycles limit its further application in next-
generation batteries."*™'® Alternative materials such as titanium
dioxide (TiO,), silicon (Si), and black phosphorus (BP) have been
investigated to overcome these limitations. TiO, demonstrates
excellent thermal stability and a long cycle life, yet it suffers from
a low specific capacity (~200 mAh g *).'” In contrast, Si and
BP offer remarkably high theoretical capacities of 4200 and
2596 mAh g™, respectively, but their significant volume expan-
sion during Li insertion and extraction leads to mechanical
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pulverization and rapid capacity fading.'*° Consequently, the
search for new anode materials that combine high energy
density, superior electronic conductivity, and structural stability
has become a major focus of contemporary battery research.

One of the most promising strategies for enhancing LIB
performance is the use of 2D materials as anode candidates. 2D
materials possess atomically thin layers, large surface areas,
short ion diffusion lengths, and tunable electronic properties,
making them ideal platforms for electrochemical energy
storage.**'>* Since the discovery of graphene, numerous 2D
materials, including silicene, germanene, phosphorene, transi-
tion metal dichalcogenides (TMDs), and MXenes, have been
proposed and theoretically validated as high-performance elec-
trode materials.”**° However, despite their excellent proper-
ties, many of these materials still face challenges. For instance,
pristine graphene exhibits outstanding electrical conductivity,
but its low Li storage capacity limits its application as an anode
in LIBs.*'* Likewise, transition metal dichalcogenides (TMDs)
such as MoSe, possess layered structures that are well suited
for Li intercalation; however, their relatively wide band gaps
and poor intrinsic conductivity can hinder rate performance.
Despite these limitations, recent density functional theory
studies have shown that MoSe, monolayers can achieve a
theoretical capacity of 422 mAh g~ * with a low diffusion barrier
of 0.299 eV.** MXenes, by contrast, exhibit metallic conductivity
and strong surface reactivity, positioning them as highly compe-
titive 2D anode materials.>”*> Among these, carbon-rich vana-
dium carbides like VC, have demonstrated exceptional promise,
with a theoretical capacity of 1353 mAh g ' and Li" diffusion
barriers as low as 0.18 eV.**

Recent studies have also explored binary and ternary transi-
tion metal borides and carbides due to their unique electronic
and mechanical properties.’”*® Incorporating boron (B) and
carbon (C) atoms into transition metal lattices can simulta-
neously improve electrical conductivity, structural integrity,
and ion diffusion kinetics. Specifically, vanadium-based com-
pounds exhibit metallic characteristics and strong bonding
interactions with lithium ions, making them potential candi-
dates for anode materials.***°*! Introducing boron into these
systems further enhances charge transfer capability and
mechanical strength, while carbon improves the overall con-
ductivity and Li storage capacity.*”> Consequently, the design of
a novel 2D VBC monolayer could combine the intrinsic advan-
tages of borides, carbides, and vanadium-based materials,
offering a promising pathway for high-performance anode
development.

To further enhance electrochemical performance, construct-
ing heterostructures that integrate 2D materials with graphene
has gained considerable attention. Graphene-based hetero-
structures can effectively suppress volume expansion, acceler-
ate charge transport, and provide additional active sites for Li
adsorption due to synergistic interfacial effects.**™*> For exam-
ple, MoS,/graphene and VS,/graphene heterostructures have
demonstrated superior Li storage capacity and cycling stability
compared to their pristine counterparts.*®*” Similarly, theore-
tical studies on SiC/graphene and V,;C,/graphene composites
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have reported enhanced electronic conductivity, improved Li-
ion mobility, and mitigation of structural degradation during
cycling.*®*° Therefore, the integration of a 2D VBC monolayer
with graphene to form a VBC/graphene heterostructure is
anticipated to further improve the electrochemical activity,
mechanical stability, and rate capability of LIB anodes.

In this work, we present a first-principles density functional
theory (DFT) investigation of a novel ternary 2D VBC monolayer
and its VBC/graphene heterostructure as potential anode mate-
rials for LIBs. This study comprehensively examines their
structural stability, electronic characteristics, Li adsorption
behaviour, diffusion dynamics, and open-circuit voltage (OCV)
profiles. Our findings establish the VBC monolayer and VBC/
graphene heterostructure as theoretically viable, high-
performance anode systems that address critical gaps in cur-
rent LIB technology, offering a strong foundation for future
experimental realization and device integration.

2. Computational methods

The investigation of 2D materials is commonly carried out
within the framework of density functional theory (DFT), and
in this work, all calculations were performed using the Vienna
Ab initio Simulation Package (VASP).>® The exchange-correla-
tion interaction was described by the generalized gradient
approximation in the form of the Perdew-Burke-Ernzerhof
(PBE) functional,® while the screened hybrid functional
HSE06°> was additionally employed to obtain accurate electro-
nic properties. A plane-wave basis set with a kinetic energy
cutoff of 520 eV was adopted, and the Brillouin zone was
sampled using a Monkhorst-Pack k-point mesh of 7 x 7 x 1
to ensure convergence, as shown in Fig. S1. A vacuum spacing
of 22 A was introduced along the c-axis to eliminate interlayer
interactions. The DFT-D3 correction was applied to accurately
describe the weak van der Waals interactions between the
substrate and Li atoms.’*** During the structural relaxations,
the convergence criteria for total energy and forces were set to
1 x 107° eV and 0.01 eV A, respectively. Bader charge analysis
was applied to evaluate the charge transfer from a single Li atom
to a VBC monolayer and VBC/graphene heterostructure.>>>® The
dynamic stability of the optimized structures was verified by
calculating the phonon dispersion spectra using the density
functional perturbation theory (DFPT) approach®” implemen-
ted in the PHONOPY code.’® Thermodynamic stability was
further confirmed through ab initio molecular dynamics
(AIMD) simulations at 300 K and 500 K for a total simulation
time of 10000 fs in the NVT ensemble using a Nosé-Hoover
thermostat.>® The ion diffusion barriers were determined
using the climbing image nudged elastic band (CI-NEB)
method,®® where several intermediate images were interpo-
lated between initial and final states. The lattice mismatch
between materials was evaluated using the following expres-
sion: % mismatch = (estimated lattice constant — actual
lattice constant)/actual lattice constant x 100%.>° The follow-
ing equations were employed to calculate the adsorption

© 2026 The Author(s). Published by the Royal Society of Chemistry
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energy,®' average open-circuit voltage,®> and charge density
difference:

Ead _ ESub - EPrrilstine —nky; (1)

where Eg,p is the total energy of the Li-adsorbed VBC mono-
layer and VBC/graphene heterostructure, Epigine iS the total
energy of the pristine VBC monolayer and VBC/graphene
heterostructure, Ey; is the total energy of the single Li atom,
and n denotes the number of adsorbed Li atoms.

AP = Psub — Ppristine — PLi (2)

where psup and ppristine represent the charge densities of the Li-
adsorbed and pristine VBC monolayer and VBC/graphene het-
erostructure, respectively, and py; is the charge density of an
isolated Li atom.

VOCV _ EPristine - j;fLi - ESub (3)

where Ep;isiine and Egyp, denote the total energies of the pristine
and Li-adsorbed VBC monolayer and VBC/graphene hetero-
structure, x is the number of adsorbed Li atoms, and e is the
elementary charge.
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3. Results and discussion

3.1. Structural analysis

VBC crystallizes in the hexagonal P6;/mmc space group. Fig. 1(a)
shows the top and side views of the optimized structure of a 3 x
3 x 1 supercell of the two-dimensional VBC monolayer. After
optimization, the calculated lattice parameters of the VBC
monolayer are a = b = 2.70659 and ¢ = 22 A. All V-C bond
lengths are 2.36 A and B-C bond lengths are 1.61 A. The surface
energy (y) offers an alternative metric for assessing the thermo-
dynamic stability of the 2D material.®® The surface energy was

N,
simulated with ']/:ﬁAEf, where AE; represents the for-

mation energy relative to the bulk ground state, N,p is the
number of atoms in the 2D structure unit cell, and A denotes
the in-plane area of the 2D material. The calculated low surface
energy of the VBC monolayer is 32.69 meV A~?, which shows
that the VBC monolayer should be a potentially exfoliable 2D
material. The novel VBC/graphene heterostructure is con-
structed by merging a 3 x 3 x 1 supercell of the VBC monolayer
and a 3 x 3 x 1 supercell of graphene (Gr) with a height of
3.8 A, to minimize lattice mismatch. The calculated lattice
mismatch for the VBC/graphene heterostructure is ~10%,
which is higher than that of typical 2D heterostructures of
around <5%.%! But this remains acceptable for van der Waals
heterostructures, where weak interlayer interactions relax strict
lattice-matching constraints.®>®® In this study, the structure
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Fig. 1 Frontview and side views of the (3 x 3 x 1) (a) VBC monolayer and (b) VBC/graphene heterostructure. Electronic band structures of the (c) pristine
VBC monolayer and (d) VBC/graphene heterostructure calculated with the GGA-PBE and hybrid HSE0O6 methods.
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optimization without externally applied strain yields a dynami-
cally, thermally, and mechanically stable configuration, indi-
cating that the lattice mismatch is intrinsically accommodated
at the interface. The lattice mismatch leads to localized varia-
tions in the interfacial potential energy surface, which may
slightly influence the electronic structure, charge distribution,
and Li-ion migration barriers but does not significantly affect
the overall stability or predicted the electrochemical perfor-
mance of the heterostructure. Fig. 1(b) shows the front and side
views of the VBC/graphene heterostructure with a vacuum
spacing of 22 A. After structural optimization, the calculated
lattice constants are @ = b = 7.76 A, with a C-C bond length of
1.88 A, respectively. Furthermore, Fig. 1(c) and (d) show the
calculated electronic band structures of the VBC monolayer and
VBC/graphene heterostructure using GGA-PBE and hybrid
HSEO06 functionals, respectively. In both cases, several energy
bands cross the Fermi level, confirming the metallic nature of
the system. While the overall dispersion trends are similar, the
HSEO06 functional provides a more accurate description of the
electronic states near the Fermi energy due to the inclusion of
exact exchange. The metallic character obtained from both
methods suggests that the VBC monolayer and VBC/graphene
heterostructure can offer high intrinsic electronic conductivity,
which is beneficial for rapid charge transfer and stable cycling
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Fig. 2
heterostructure of the VBC monolayer.
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when employed as an electrode material in rechargeable
batteries.

The bonding characteristics of the VBC monolayer and VBC/
graphene heterostructure were examined using an electron
localization (ELF) function, as illustrated in Fig. 2(a) and (b).
The ELF color map ranges from 0 (blue, delocalized electrons)
to 1 (red, highly localized electrons). An ELF value greater than
0.5 indicates covalent bonding, a value lower than 0.5 suggests
ionic bonding, and a value near 0.5 corresponds to metallic
bonding.®” The ELF of the VBC monolayer shows strong loca-
lization around the B-C bonds, reflecting pronounced covalent
interactions within the in-plane framework, while the regions
surrounding the V atoms exhibit more moderate ELF values,
consistent with partially delocalized d-electron contributions
and mixed covalent-metallic bonding. In the VBC/graphene
heterostructure, the ELF distribution near the interface becomes
perturbed, with enhanced localization around the upper B/C
atoms and the graphene carbon atoms; however, the absence of
the highly localized interlayer ELF indicates that no covalent
bonds form between the two layers. Instead, the electron density
remains largely confined within each component, confirming
that the VBC/graphene interaction is dominated by van der
Waals forces, allowing both layers to retain their intrinsic
electronic characteristics.
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The work function is a fundamental surface property that
characterizes the minimum energy required to extract an
electron from the Fermi level of a material to the vacuum level
far away from its surface. In the case of two-dimensional
materials, the work function can be obtained by first conver-
ging the vacuum spacing in slab calculations, such that the
local electrostatic potential reaches a constant maximum
between the periodic replicas, which represents the vacuum
level. The difference between this vacuum level and the Fermi
level yields the work function.®® For the VBC monolayer and
VBC/graphene heterostructure, our first-principles calculations
predict work functions of 4.80 eV and 4.79 eV, as shown in
Fig. S2, which is comparable to that of other 2D reported anode
material such as graphene (~4.6 eV).* This moderate value
suggests good electron emission characteristics and strong
interfacial compatibility with electrolytes, further supporting
its potential as an efficient anode material for LIBs.

3.2. Stability

After optimising the atomic structure of the VBC monolayer
and the VBC/graphene heterostructure, we systematically inves-
tigated their stability, including dynamic, thermal and mechan-
ical stability, which are essential for practical applications.
Fig. 2(b) presents the calculated phonon dispersion of the
VBC monolayer and the VBC/graphene heterostructure. It can
be clearly observed that no imaginary phonon frequencies
(negative modes) appear throughout the entire Brillouin zone.
The absence of negative frequencies confirms that the VBC
monolayer and the VBC/graphene heterostructure are dynami-
cally stable. The very small negative frequencies observed in the
acoustic modes near the I' point are generally considered
numerical artifacts. A similar trend has also been reported in
2D monolayers, supporting that these features are not indica-
tive of dynamical instability."®’®”" Furthermore, the highest
optical phonon mode reaches ~33 THz, which reflects the
strong bonding nature within the lattice. For comparison, this
maximum phonon frequency is higher than many reported 2D
monolayers such as SnS (9.6 THz), SiSe, (12.6 THz), and MoS,
(14.2 THz). The thermodynamic properties of the VBC mono-
layer and VBC/graphene heterostructure, derived from its pho-
non spectrum, confirm its structural stability and predict
exceptional resilience for battery anode applications. The free
energy (F = E - TS) determine the thermodynamic stability of a
material. As observed, the Gibb’s free energy (F) decreases with
T and become negative around ~7 x 10®> K for the VBC
monolayer and above 8 x 10* K for the VBC/graphene hetero-
structure, indicating that the material is thermodynamically
stable and can be synthesized at temperature exceeding this
threshold. Furthermore, the observed behaviour is consistent
with temperature variations of entropy and heat capacity at
constant volume, Cy (7), as shown in Fig. S3. To evaluate the
thermal stability of the VBC monolayer and VBC/graphene
heterostructure, AIMD simulations were performed at 300 K
and 500 K with a time duration of 10 ps (10000 fs), as
illustrated in Fig. 2(c). The total energy fluctuations remain
nearly constant with only minor oscillations around the mean

© 2026 The Author(s). Published by the Royal Society of Chemistry
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values at both temperatures. At 300 K, the energy curve is stable
with negligible fluctuations, while at 500 K, slightly larger but
still bounded fluctuations are observed. Importantly, no struc-
tural distortions or bond breakages were observed during simu-
lations, indicating that the VBC monolayer and VBC/graphene
heterostructure preserve its structural integrity even under ele-
vated thermal conditions.

The mechanical stability of the VBC monolayer and VBC/
graphene heterostructure was evaluated using the calculated
elastic constants C;. For hexagonal symmetry, one two inde-
pendent in-plane elastic constants, C;; and Cy,, are required,
while the shear modulus can be obtained from the relationship
Cés = (C11 — Cyp)/2. The obtained elastic constants can be
represented in the stiffness matrix using Voigt notation, which
describe the in-plane mechanical response of the VBC mono-
layer and VBC/graphene heterostructure as:

Cn Cy 0
Cj=|Cn Cn 0 (4)
0 0 (C]] — Clz)/z

The calculated elastic constant values are C,; = 233.71/
620.58 N m ', Cy, = 29.76/119.13 N m ™', and Cee = 101.92/
250.72 N m™ ' for the VBC monolayer and VBC/graphene
heterostructure. The Born-Hung stability criteria for 2D mate-
rials require that C;; > 0, Ce¢ > 0, C;y> > Cy,> These
conditions are fully satisfied by the present results, confirming
that the VBC monolayer and VBC/graphene heterostructure are
mechanically stable. The directional dependence of the elastic
response was further examined by calculating the variation of
Young’s modulus and Poisson’s ratio as a function of the in-
plane orientation, based on the obtained elastic stiffness
constants.”® Their analytical forms are defined as:

Y(0) = C11Crn — Ci? 5)
4 4, [C1Cun— G >
CiS*+ CpCt+ |————— - 2Ch | C2S
Ces
2
C|2(S4 + C4) - {Cu + Cra 776‘116‘262‘66 Ciz }CzS2
v(0) = 6
© 4 0 [CliCn — Cif > ©)
C1S*+ CpC* + C4—2C12 C2 S
66

where Cy4, Cqs, and Cee are the elastic constants and S = sin(6)
and C = cos(f). The calculated Young’s modulus values are
229.92 N m ™' for the VBC monolayer and 597.58 N m ™" for the
VBC/graphene heterostructure, and their polar plots of Y(6) are
shown in Fig. 2(d). The calculated Poisson’s ratios (v) are
0.127 for the VBC monolayer and 0.192 for the VBC/graphene
heterostructure, as shown in Fig. S4, both of which are positive,
satisfying the Born stability criteria. Furthermore, the low
Poisson’s ratio indicates minimal lateral contraction under
tensile strain, which further highlights the structural rigidity.
Notably, the obtained Poisson’s ratio lies within the range
commonly reported for conventional materials.”> Overall, these
results demonstrate that VBC exhibits excellent mechanical
stability and notable stiffness, ensuring its suitability for appli-
cations where mechanical robustness is essential.
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3.3. Li adsorption and diffusion

To evaluate the potential of the VBC monolayer and VBC/
graphene heterostructure as an anode material for Li-ion
batteries, we systematically studied Li adsorption at different
adsorption sites. Owing to the lattice symmetry of the VBC
monolayer, three representative adsorption sites were consid-
ered, namely the B-site (top of the boron atom), C-site (top of
the carbon atom), and V-site (top of the vanadium atom), as
illustrated in Fig. 3. The calculated adsorption energies of Li on
the VBC monolayer and VBC/graphene heterostructure are all
negative, with values of —0.70/—1.68 eV (B-site), —0.74/—1.37 eV
(C-site), and —1.21/—2.21 eV (V-site). These negative adsorption
energies confirm that Li atoms can stably adsorb on the VBC
monolayer and VBC/graphene heterostructure rather than clus-
tering into metallic Li. Among these sites, the V-site exhibits the
strongest adsorption interaction (—1.21/—2.21 eV), suggesting
it as the most favourable adsorption site for Li storage. In
addition, the Bader charge analysis reveals significant charge
transfer from Li atoms to the VBC monolayer and VBC/gra-
phene heterostructure, with transferred charges of 0.90/0.71 |e|
(V-site), 0.86/0.67 |e| (C-site), and 0.89/0.68 |e| (B-site). This
considerable charge transfer from Li to the VBC monolayer and
VBC/graphene heterostructure confirms strong adsorption
energy, which is highly beneficial for electrochemical activity.
Furthermore, the electronic characteristics of electrode materi-
als play a crucial role in determining their suitability for
rechargeable batteries, since fast electron transport ensures
efficient charging/discharging. To explore this, we studied the
density of states (DOS) (Fig. S5), band structure (Fig. S6), and
charge density difference of the Li-adsorbed VBC monolayer
and VBC/graphene heterostructure, as shown in Fig. 4. Upon Li
adsorption, the total DOS shows additional contribution near
the Fermi level, primarily arising from the hybridization

Li,VBC Li VBC/graphene

heterostructure

0.89 ||

monolayer

‘0.74 eV

Fig. 3 Adsorption energies and the charge transfer rate at different stable
adsorption sites of the VBC monolayer and VBC/graphene
heterostructure.
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Fig. 4 Charge density differences map of the (a) VBC monolayer and (b)
VBC/graphene heterostructure at a high adsorption site.

between Li-2s states and the host V-d states, as shown
Fig. S5. The presence of continues states at the Fermi level
confirms that the metallic nature of the VBC monolayer and
VBC/graphene heterostructure is preserved after Li adsorption.
The band structure further confirms multiple band crossings at
the Fermi level, as shown Fig. S6, ensuring robust electrical
conductivity during electrochemical operation. In addition, the
charge density difference (Ap) plots (Fig. 4a and b) illustrate the
charge redistribution upon Li adsorption. The cyan regions
surrounding the Li atom represent charge depletion, while the
yellow regions near the VBC lattice represent charge accumula-
tion. This indicates that Li donates its valence electron to the
host monolayer and VBC/graphene heterostructure. Quantita-
tive Bader analysis further confirms a significant charge trans-
fer at a higher adsorption energy site of ~0.90/0.71 |e| from Li
to the VBC sheet and VBC/graphene heterostructure. Such
strong charge transfer facilitates the stabilization of adsorbed
Li atoms and improves the electrochemical activity of the
system.

The rate performance of Li-ion batteries is closely linked to
the mobility of Li ions within the electrode material, which is
primarily governed by the diffusion energy barrier. A lower
diffusion barrier facilitates faster Li migration, enabling rapid
charge/discharge cycles. To explore this, we employed the CI-
NEB method to calculate Li-ion diffusion barriers along differ-
ent pathways on the VBC monolayer and VBC/graphene hetero-
structure surfaces, as illustrated in Fig. 5. Three possible
diffusion pathways between adjacent stable adsorption sites
were considered: Path V-B, Path V-C, and Path C-B. The
calculated diffusion energy profiles of the VBC monolayer
and the VBC/graphene heterostructure are shown in Fig. 5(d)
and (e), respectively. Among these, the C-B path exhibits the
lowest diffusion barrier of ~0.22/0.31 eV, indicating highly
favourable Li mobility along this path. In comparison, the V-C
path shows a moderate barrier of ~0.41/0.84 eV, while the V-B
path presents the highest barrier of ~0.63/0.54 eV. The
increase in the diffusion energy barrier of the heterostructure
at certain sites arises from the presence of the graphene layer,
which modifies the local atomic environment at the interface
and strengthens Li interactions at specific adsorption sites. In
addition, the interface provides a more confined pathway

© 2026 The Author(s). Published by the Royal Society of Chemistry
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compared to the open surface of the monolayer, further con-
tributing to the higher barrier. Moreover, the graphene layer
enhances electronic conductivity and structure stability, which
are beneficial for overall electrochemical performance. The
calculated energy barriers within the typical range reported for
2D anode materials (~0.2-1.0 eV), as shown in Table 2. Notably,
the diffusion barrier along the C-B pathway is remarkably low,
and comparable to other reported 2D materials such as graphite
anode materials,”*”> and close to other 2D monolayers, as
depicted in Table 2. Such low barrier values highlight the ability
of the VBC monolayer and VBC/graphene heterostructure to
support rapid Li migration, which is essential for achieving
high-rate performance and fast charging in Li-ion batteries.

3.4. Top/bottom Li adsorption potential and storage capacity

We next evaluated Li uptake on the VBC monolayer and VBC/
graphene heterostructure by progressively increasing the Li

(a) -2.0

—a— VBC monolayer
—e— VBC/Graphene heterostructure

Adsorption energy (eV)

-0.24— T T T T T T T T
00 05 1.0 15 20 25 3.0 35 40 45
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Fig. 6

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a—c) Li migration paths on the VBC surface, and (d, e) diffusion energy barriers of Li on the VBC monolayer and VBC/graphene heterostructure,

concentration (x = 0 — 4) and calculating the corresponding
adsorption energies. As shown in Fig. 6(a), all computed
adsorption energies are negative across the examined concen-
tration range, indicating that Li atoms remain thermodynami-
cally bound to the VBC monolayer surface rather than
aggregating into a bulk metal. The adsorption energy weakens
monotonically with increasing Li content from low x = 0.11 to
high concentration x = 4 (36 Li ions). The adsorption energy
gradually decreases from —1.21 eV to —0.39 eV with increasing
Li coverage, and this trend is attributed to the increasing
electrostatic repulsion among adsorbed Li ions and the gradual
reduction of the Li-host interaction as adsorption sites
becomes progressively occupied. We found that strongly nega-
tive adsorption energies are favorable for stabilizing metal-ion
adsorption on the 2D material surface and preventing ion
clustering that ensure metal-ion stability.”*”” Moreover, the
observed reduction in adsorption strength at higher Li

(b) 2.0 1600
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(a) Adsorption energies and (b) voltage profiles of the VBC monolayer and VBC/graphene heterostructure at different Li concentrations.
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concentrations can be advantageous for battery operation, as
excessively strong binding may hinder Li diffusion and extrac-
tion. Therefore, the adsorption energy of —0.39 eV suggests a
reasonable balance between adsorption stability and diffusion
kinetics, which is beneficial for reversible electrochemical
performance. Furthermore, our results are consistent with
those reported for other high-capacity electrode materials that
exhibit high Li adsorption content.'®'®””~”® Importantly, the
fully optimized structures at each concentration show no bond
breaking or catastrophic structural changes (see inset geome-
tries), confirming that the VBC lattice can tolerate multi-layer Li
loading up to the studied maximum concentration. In compar-
ison, the VBC/graphene heterostructure consistently exhibits
stronger binding with Li at lower concentrations, as reflected by
the more negative adsorption energies (~ —1.82 eV at x = 0.22
compared to —1.15 eV for the monolayer). This enhanced
affinity is likely due to the synergistic effect of the heterostruc-
ture interface, where graphene provides additional delocalized
n-electron density that promotes Li stabilization. However, as
the Li content increases, the adsorption energies in the hetero-
structure decrease more rapidly and eventually converge toward
values similar to those of the monolayer around x & 2. Beyond
this point, the heterostructure exhibits slightly weaker binding
at high coverage, suggesting that steric hindrance and charge
redistribution across the interface limit further enhancement.
Overall, the results highlight that the VBC/graphene heterostruc-
ture offers a stronger driving force for initial Li uptake, which
can be beneficial for fast charging processes, while maintaining
structural stability across the examined loading range.

To further evaluate the electrochemical performance of the
VBC-based systems, we calculated the average open circuit
voltage (OCV) and corresponding theoretical capacity of both
the VBC monolayer and the VBC/graphene heterostructure as a
function of Li concentration (Li,VBC, x = 0 — 4). The OCV is a
critical descriptor for anode materials, as efficient Li-ion bat-
teries require low operating voltages at the anode while main-
taining sufficiently high voltages at the cathode to maximize
the overall cell potential. The lithiation and delithiation pro-
cess of the anode material is expressed as follows:

VBC + xLi" + xe~ 2 Li,VBC (7)

During the electrochemical process, electrons are trans-
ferred through an external circuit to generate an electric
current, while Li* ions concurrently diffuse through the

View Article Online
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electrolyte and shuttle between the anode and the cathode to
maintain charge balance. The voltage profiles shown in
Fig. 6(b) reveal that both the VBC monolayer and VBC/graphene
heterostructure systems exhibit a decreasing voltage with
increasing Li concentration, which is consistent with the pro-
gressive weakening of adsorption strength observed in the
adsorption energy results. Specifically, the VBC monolayer
shows a gradual voltage drop from ~1.15 V at low Li coverage
to ~0.23 V at maximum loading (x = 4), while the VBC/
graphene heterostructure starts at a higher initial voltage
(~1.83 V) and decreases more steeply to ~0.21 V at x = 3.
The calculated average voltages are 0.45 V for the VBC mono-
layer and 0.68 V for the VBC/graphene heterostructure. The
calculated average voltages fall within the range suitable for
commercial anode materials, such as LiTiO, (1.5-1.8),*° and
graphite (0.2 V).®! The relatively high initial voltage (>1.1 V)
may influence full-cell performance by reducing the effective
cell voltage when paired with a typical cathode. Such higher
initial voltages are commonly associated with strong Li binding
at the early stages of lithiation and have been reported in
several emerging anode materials.**®® From a practical per-
spective, the initial voltage mainly affects the early stage of
lithiation and typically decreases rapidly with increasing Li
content, leading to stable average operating voltage, as com-
monly observed in Li-ion electrode materials.’” Therefore, its
impact on the overall full-cell voltage is limited. Moreover,
recent studies emphasize that interfacial processes, electrolyte
stability, and electrode play a more critical role in determining
full-cell performance than the initial lithiation voltage.*® In
addition, the theoretical capacities were derived from the

. . XF . . .
relationship C = i where x is the Li content, F is the Faraday

constant, and M is the molar mass of the host. At maximum
loading, the VBC monolayer achieves a very high theoretical
capacity of ~1453.36 mAh g, while the VBC/graphene hetero-
structure reaches ~820 mAh g~ '. Both values surpass many
conventional anode materials such as graphite (372 mAh g~ *)*°
and TiO, (335 mAh g~ '),°° highlighting the promise of these
systems for high-energy-density Li-ion storage.

3.5. Safety

We examined the structural response of the VBC system to
lithium insertion, focusing on lattice expansion and volumetric
changes, which are key factors influencing the stability of
anode materials in rechargeable batteries. Table 1 summarizes

Table 1 Relative change in the lattice parameter and volume of the VBC monolayer and VBC/graphene heterostructure at different Li atom

concentrations

System AL (A) AV (A%)
Monolayer (%) Heterostructure (%) Monolayer (%) Heterostructure (%)
Liy 1, VBC/graphene 0.19 0.06 2.24 1.98
Li, VBC/graphene 0.52 0.37 4.06 6.84
Li, VBC/graphene 1.45 1.74 5.6 9.27
Li; VBC/graphene 2.57 2.88 6.73 10.7
Li, VBC/graphene 2.62 7.49
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the calculated lattice parameter changes (AL) and volume
changes (AV) for varying lithium concentrations. As the Li
content in Li,VBC increases from x = 0.11 to 4, the lattice
parameters show a progressive expansion, ranging from 0.19%
to 2.62%. Correspondingly, the system’s volume increases from
2.24% to 7.49%, indicating that higher lithium loading leads to
more pronounced structural enlargement. For the VBC/gra-
phene heterostructure, the structural response to lithiation
was evaluated by examining the variations in the lattice (AL)
and volume (AV) at different lithium concentrations. As the Li
content in Li,VBC/graphene increases from x = 0.11 to 3, a
gradual expansion of the lattice is observed. The lattice para-
meter variation rises from 0.06% at low Li coverage to 2.88% at
the highest loading level, while the corresponding volumetric
change reaches 10.7% at full lithiation. However, the overall
expansion in both the VBC monolayer and the VBC/graphene
heterostructure remains moderate and comparable to that of
conventional graphite anodes, which typically exhibits
~10%"'® anisotropic volumetric expansion (primarily along
the c-axis) upon full lithiation. In this study, the VBC monolayer
exhibits lower volume changes, whereas the VBC/graphene
heterostructure shows a slightly higher value, but both remain
within a similar range to graphite. This restrained expansion
implies that the VBC and VBC/graphene heterostructure

Table 2 Comparative analysis of specific capacity, ion-diffusion barriers,
and open-circuit voltage (OCV) for prospective anode materials in Li-ion
batteries

Voltage  Energy Capacity

Materials (\%] barrier (eV) (mAhg ') Ref.
C3;B 0.52 0.40 714 91
SiN3 0.43 0.025 1146 92
VC, 0.52 0.18 1353 36
SW-BC; 0.48 0.33 1287 93
PCs 0.46 0.47 1251.7 94
PCq¢ 0.92 0.44 1235.9 94
CeBN 0.12 0.47 830 95
B,N 1.07 0.47 1082 96
V4Cy 0.38 0.048 223 97
V,C, 0.46 0.89 412 98
WC, 0.65 0.55 577 99
V,C 0.42 0.045 941 100
BC; 0.48 0.34 1144 93
F, Si-CTFs 2.57 0.078 462 101
ZrB,C, 0.42 0.51 1028.02 102
B,C,N; 0.09 — 1334 103
AsB 0.39 0.34 555.84 104
HOT-graphene 0.26 0.51 744 105
0D-BC3 0.14 0.61 1430 106
Cu,N 0.3-0.6 0.0051 1139.6 107
SigO3H, 0.66 0.34 1129.18 108
HB 0.37 0.74 1134 109
WS,/graphene 0.18 0.27 588.16 110
BC,N/graphene 0.32 0.073 691 111
Silicene/graphene  1.07 0.36-0.40 487 112
VS,/graphene — 0.2 569 47
Gr/blueP/MoS, 0.26 0.066-0.22 818 113
MXenes/graphene  0.27 0.2-0.5 383 114
BN/TiS, 1.02 0.33 392 115
MOoS,/TaS, 0.8 — 589 116
Nb,Se,C 0.80 0.26 454.75 117
VBC 0.45 0.22 1453.36 This study
VBC/graphene 0.68 0.31 820.60 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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systems are likely to maintain good mechanical stability during
repeated charge-discharge cycles, highlighting their potential
for high-cycling performance in lithium-ion applications. Over-
all, the data indicate that the VBC monolayer and VBC/graphene
heterostructure accommodate lithium insertion efficiently, with
limited structural distortion, supporting its suitability as stable
anode materials.

To further assess the dynamic stability of the VBC system
under lithiation, AIMD simulations were performed at 300 K for
a duration of 10000 fs time steps, as shown in Fig. 7(a).
Throughout the simulation, the total energy exhibits only
minor fluctuations around an equilibrium value, with no
evidence of abrupt changes or instability. This indicates that
the lithiated VBC maintains structural robustness under ambi-
ent thermal conditions. The snapshots of the atomic configu-
ration before and after the AIMD run further confirm the
stability of the system. In addition, the AIMD simulations of
the VBC/graphene heterostructure are shown in Fig. S7. The
overall lattice framework of the VBC monolayer and VBC/
graphene heterostructure remains preserved, with no bond
breaking or significant distortions observed. The inserted Li
atoms exhibit only slight oscillations around their adsorption
sites, which is characteristic of thermally stable intercalated
systems. Importantly, the absence of major deformations or
structural collapse during the simulation suggests that the VBC
framework can endure the repeated processes of Li-ion inter-
calation and extraction without undergoing substantial degra-
dation. These results highlight the intrinsic thermal resilience
of the VBC monolayer and VBC/graphene heterostructure at
room temperature, even under full lithiation conditions. Such
stability under dynamic simulation conditions strongly sup-
ports its potential application as an anode material, since
minimal structural perturbation under operational environ-
ments is crucial for ensuring long-term cycling stability in LIBs.

To examine the nature of chemical bonding in the VBC
monolayer and VBC/graphene heterostructure, the electron
localization function (ELF) was employed. ELF mapping pro-
vides insight into regions of electron accumulation, allowing a
detailed assessment of how electrons are distributed around
the incorporated Li atoms. This analysis offers a clear under-
standing of how alkali-metal adsorption modifies the local
bonding environment and influences the overall electronic
characteristics of the material. Fig. 7c and d show the charge
distribution of the systems after Li was adsorbed onto the
surfaces, providing insight into the ELF characteristics of both
the VBC monolayer and the VBC/graphene heterostructure. Our
analysis indicates that charge transfer predominantly takes
place between the adsorbed Li" ions and the VBC monolayer
as well as the VBC/graphene heterostructure. Under full lithia-
tion, the emergence of pronounced yellow and green ELF
regions reflects the development of substantial electron density
around the adsorption sites. The accumulation of these elec-
tron clouds points to improved electronic transport within the
VBC monolayer as well as the VBC/graphene heterostructure,
confirming its robust metallic behaviour and the stability of the
adsorption layers.
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3.6. Electrolyte wettability

Wettability plays a crucial role in determining the compat-
ibility between an electrode surface and the electrolyte, as it
governs how effectively the liquid phase can spread, pene-
trate, and establish intimate interfacial contact with the active
material.'"® Proper wetting ensures uniform ion transport
pathways and promotes stable interfacial reactions, whereas
insufficient or uneven wettability can lead to irregular charge
distribution, unstable solid electrolyte interface (SEI) for-
mation, and ultimately degraded cycling performance. There-
fore, evaluating the stability of the SEI formed on the VBC
monolayer and VBC/graphene heterostructure in contact with
a commercial electrolyte is essential.’®® As illustrated in
Fig. S7, lithium hexafluorophosphate (LiPFs) was adsorbed
at the energetically favorable site on both the VBC monolayer
and the VBC/graphene heterostructure. LiPFs is commonly
used as the main conductive lithium salt dissolved in organic
solvent mixtures of high dielectric constant cyclic carbonates.
Wettability is commonly assessed through the adsorption
energy of an electrolyte species on the electrode surface. The
adsorption energy was calculated using the following equa-
tion: Eag = Eadsorbate+rvec — Evec — FEadsorbatey Where Eadsorbate
represents the energy of an individual electrolyte molecule.
The calculated adsorption energy of the VBC monolayer is
—0.47 eV and —2.07 eV for the VBC/graphene heterostructure.
The adsorption energies of the selected metal salt on the VBC
monolayer and the VBC/graphene heterostructure were found
to be comparable or higher than those reported for graphene
(0.54-0.87 €V) and silicon pentanitride (0.12-0.67 eV)."*! The
more negative adsorption energy indicates stronger electro-
lyte-surface interactions, which is beneficial for improving
electrolyte wettability and interfacial contact.’®* However, it is
also important to note that excessively strong adsorption may
also enhance interfacial electrolyte decomposition, which can
influence solid-electrolyte (SEI) formation. Overall, the LiPFg
adsorption behavior suggests good wettability that supports

Mater. Adv.

stable interfacial chemistry and contributes to the overall
safety of the cell.

4. Conclusions

In summary, first-principles calculations establish the VBC
monolayer and VBC/graphene heterostructure as highly pro-
mising anode materials for next-generation lithium-ion bat-
teries. Both systems demonstrate excellent thermodynamic,
mechanical, and dynamical stability, confirming their potential
for experimental realization. Their intrinsic metallic character,
preserved throughout lithiation, ensures superior electronic
conductivity, while the ultrahigh theoretical capacities of
1453.36 mAh g~ for the VBC monolayer and 820.60 mAh g~*
for the VBC/graphene heterostructure. Minimal lattice variation
under full lithiation further confirms the structural resilience
essential for long-term cycling stability. The favourable adsorp-
tion energies of LiPFs on both VBC-based electrodes indicate
good electrolyte wettability, supporting stable interfacial chem-
istry and reliable SEI formation. These results establish the VBC
monolayer and VBC/graphene heterostructure as promising
anode materials for LIBs.
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