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sights into the electrochemical
performance of As4O6 as a novel anode material for
Li-ion and Mg-ion batteries

Harram Najum,a Abdul Majid, *a Nimra Zaib Raza,a Muhammad Isa Khan,b

Ahmed Ahmed Ibrahimc and Kamran Alamd

The growing demand for high-performance next-generation batteries requires the development of

advanced anode materials with improved capacities. In this study, the electrochemical performance of

As4O6 inorganic molecular cages (IMCs) is investigated using first-principles strategies for their

application as anode materials in lithium-ion batteries (LIBs) and magnesium-ion batteries (MIBs). The

electronic structure, structural stability, charge-storage mechanism, electrochemical performance and

redox behavior of As4O6 IMCs are thoroughly investigated. The proposed material As4O6 appeared

thermodynamically stable and exhibited a strong affinity toward ion storage, highlighted by the

exothermic interaction of Li and Mg metal ions within the As4O6 host. Molecular dynamics simulations

further confirmed the remarkable thermal and structural stability of both the pristine and fully loaded

host structures. The calculated storage capacity is computed as 457 mA h g−1 for the LIBs and

1012 mA h g−1 for the MIBs. The open circuit voltage (OCV) was found to be 0.66 V for the LIBs and

0.23 V for the MIBs, which further validates the potential of the material for use in batteries. The host

offered a low energy barrier of 0.35 eV for Li diffusion and 0.13 eV for Mg diffusion, which indicates

quicker ionic transport and diffusion coefficients of 1.09 × 10−7 m2 s−1 for Li and 1.13 × 10−7 m2 s−1 for

Mg. The comprehensive findings highlight the suitability of As4O6 as a promising anode material for

high-energy storage in monovalent and multivalent ion batteries.
1. Introduction

Molecular crystals comprising IMCs exhibit great potential due
to their adjustable and specic properties for uses in modern
applications.1–3 The material properties are strongly inuenced
by their structures, and new features appear when their
dimensions are reduced. They are composed of small repeating
units, in the form of molecular clusters, that are considered
zero-dimensional versions of their bulk structures.1,4,5 Bottom-
up techniques can be used to integrate such molecular units
into 2D and 3D bulk structures. Strong bonds hold the atoms
inside each molecule, while weak van der Waals (vdW) forces
participate in inter-molecular bonding. These crystals offer
several advantages including quantum connement, surfaces
without dangling bonds, quantum tunneling, and structure–
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properties relationships, along with other unique characteris-
tics.6,7 2D molecular crystals have gained immense value in the
eld of microelectronics and nanotechnology but their thermal
instability, one of their major limitations, hinders their
performance.8,9 IMCs belong to a unique class of materials
owing to their unique 0D geometry. The cages are chemically
inert and stable restricting bonding with other atoms. Their
numerous advantages such as adjustable electronic character-
istics, well-dened internal gaps, low density, high thermal and
chemical stability and capacity to host guest atoms or ionsmake
them promising candidates for a wide range of advanced
technological applications.10–12 In particular, arsenic trioxide
(As4O6)-based IMCs have a unique polyhedral architecture with
permeable hollow spaces. These internal voids allow ion diffu-
sion and storage, which are two key requirements for obtaining
effective electrode materials.13

Currently, the growing demand for sustainable energy solu-
tions driven by global energy consumption and environmental
challenges continue to push the humanity towards more
sustainable and alternative energy-acquiring methods.14–16

Wind turbines, coal and solar cells are the renewable energy
sources that have a signicant impact on global energy
consumption. However, they inherently face challenges due to
their variable nature.17,18 The electrication of transportation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and environmental concerns have positioned rechargeable
batteries as a cornerstone technology.19–23 Among various
storage technologies, lithium-ion batteries (LIBs) have domi-
nated the market due to their excellent charging–discharging
performance, long cycle life, high energy density and
outstanding electrochemical properties.23,24 However, their
inherent limitations, such as their reliance on costly and
limited lithium resources, low theoretical capacity, safety
concerns and associated performance constraints, highlight the
need for the exploration of alternative energy solutions.25–27

Multivalent ion batteries, such as zinc-ion batteries,
magnesium-ion batteries (MIBs), and aluminum-ion batteries
(AIBs), are emerging as alternative candidates. They play
a pivotal role in this shi due to their ability to better accom-
modate the variable nature of renewable energy sources,
including wind power, coal and solar energy.28–30 Among them
MIBs, due to the bivalency of Mg ions, stand out, offering higher
volumetric capacity than LIBs along with better energy density
compared to the widely used nickel–cadmium and lead–acid
systems.31 Magnesium is ranked eighth and is highly abundant
in the Earth's crust; it is environmentally friendly and safe to
handle.32,33

The performance of these batteries heavily depends on the
electrode materials. The anode is one of the essential compo-
nents of a battery that plays an important role in determining
the overall electrochemical performance.34 The development of
lightweight, compact and long-cycle-life batteries has become
urgent to meet the demands for sustainable energy solutions in
advanced technology.18,35 Advancing battery technology requires
either the development of superior anode materials or the
selection of metal ions with a higher charge than lithium.28,36

Currently, the most widely used anode material is graphite
which offers a modest capacity of about 372 mA h g−1. However,
its further advancement is hindered by its limitations such as
sluggish ion diffusion.37 Moreover, the intense coulombic
interaction among the electrodes and Mg2+ ions poses addi-
tional challenges in the development of high-performance
anode materials for MIBs, resulting in lower efficiency and
sluggish ion transport.38 Thus, exploring novel anode materials
is essential to enhance the battery charge, storage ability and
overall performance.39,40 Recent studies have explored silicon-
based materials, transition metal oxides (TMOs) and two-
dimensional (2D) graphene-based anode materials. TiO2 and
MoS2 are TMOs that exhibit a high theoretical capacity but
volume expansion leads to poor cycling stability. Despite its
tremendous capacity (4200 mA h g−1), silicon experiences
a severe volumetric expansion of about 300% which results in
structural degradation and reduced lifetime.41–44 Graphene and
other 2D materials indeed offer high conductivity and a high
surface area but restacking problems limit their active surface
area, hindering their practical use in improving electrochemical
performance.45 Some reported anode materials are highlighted
in Table 1.

To overcome such challenges, zero-dimensional materials
such as quantum dots, metal organic frameworks and molec-
ular cages, have gained interest as a prospective solution.12

These materials are appealing for energy-storage applications
© 2025 The Author(s). Published by the Royal Society of Chemistry
owing to their unique electronic and structural properties
including a high surface-to-volume charge ratio, improved ion
diffusion and quantum connement effects.46 However, their
practical application can be hindered by several constraints,
including their low conductivity and structural instability.47,48

Finding 0D materials with reliable and trustworthy electro-
chemical characteristics that work well for both MIBs and LIBs
is a challenging task. Among various potential candidates, an
intriguing family of materials, i.e., zero-dimensional molecular
cages, particularly arsenic trioxide As4O6, has emerged as
a potential avenue for developing advanced anode materials
because of their well-dened structural cavities and possibility
for customized synthesis. Studies investigating alternatives to
LIBs, such as MIBs, have been spurred due to their safety and
resource availability issues. By leveraging its distinct structural
properties, this research explores the electrochemical perfor-
mance of As4O6-based IMCs with the goal of potentially over-
coming the issues facing conventional anode materials.49 The
utilization of arsenic and arsenic-based materials as high-
capacity anodes has been reported. Though elemental arsenic
and As/C composites have been reported to exhibit a storage
capacity of 1000 mA h g−1 for Li-ion batteries, they require
conductive carbon matrices to improve cycling life and buffer
large volume changes.50 When combined with graphene or
carbon nanotube, alpha-AsP (253 mA h g−1 for Mg) and black-
arsenic composites show high capacities and stable perfor-
mance due to nanosizing and matrix reinforcement. GO/B-AsP/
CNTs exhibit a theoretical capacity of 1286 mA h g−1 with 80%
retention but suffer from poor conductivity and volume
changes.51,52 In comparison, As4O6 demonstrates theoretical
capacities of 457 mA h g−1 and 1012mA h g−1 for LIBs andMIBs
respectively with excellent cycling stability and rate perfor-
mances. This investigation shows that battery performance can
be enhanced by the exothermic interaction between the host
material and intercalated ions.

This research explores the electrochemical behavior of As4O6

as a novel anode material for both LIBs and MIBs. While this is
the rst study to predict the fundamental electrochemical
properties of As4O6, comprehensive strategies for its safe
synthesis, handling and disposal need to be devised. It is well
known that arsenic-based substances are generally toxic.
However, material handling and engineering techniques can
help reduce the expected risks when they are used in electro-
chemical devices.60 Several approaches include surface passiv-
ation with inert lms, encapsulation using conductive carbon
matrices, and enhancement of the solid-state electrolyte. These
techniques effectively suppress the dissolution and leaching of
arsenic upon cycling. Similar strategies have been successfully
extended to other high-efficiency but toxic semiconductor
materials such as Pb-based halide perovskites in photovoltaics
and Cd-based materials in optoelectronics, to ensure their
practicality in all applications with no limitation of toxicity.61–63

Thus, with rational engineering design of As4O6 clusters can be
developed into a kind of safe and high-performance anode
material for rechargeable batteries. Four arsenic atoms and six
oxygen atoms combine to form a unique molecular cage-like
structure with well-dened cavities that facilitate the diffusion
RSC Adv., 2025, 15, 37412–37428 | 37413
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Table 1 Comparison of As4O6 IMCs with other reported anode materials

Material Battery Capacity (mA h g−1) Adsorption energy (eV) Energy barrier OCV Diffusion coefficient Ref.

As4O6 IMCs MIB 1017 −0.83 0.13 0.23 1.13 × 10−7 This work
As4O6 IMCs LIB 457.21 −0.42 0.35 0.66 1.09 × 10−7 This work
P4Se3 IMCs MIB 519 −0.65 0.30 0.27 5.27 × 10−9 12
MoS2 MIB 469 −1.430 0.039 — — 53
o-Al2N2 MIB 715 — 0.17 0.37 — 54
Ge/C LIB 770 — — — — 55
Co9S8 LIB 303.5 — — — — 56
Bi-nanotubes LIB 303 — — — — 57
Mg3Bi2 MIB 263 — — 0–1.6 — 58
P-Bi3Sn2 MIB 301 — — 0–0.8 — 59
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and insertion of metal ions.64 The 0D nature of As4O6, apart
from its other potential benets distinguishes it from other
anode materials. While the theoretical capacity of As4O6 is not
much higher than those of other materials in different dimen-
sions its unique molecular structure makes it a strong candi-
date for additional investigation in monovalent and multivalent
batteries. The electrode electrolyte kinetics of electrochemical
reactions can be enhanced by the small size of As4O6, which
results in a high surface area. Unlike other traditional anode
materials, these cages offer an adjustable and highly ordered
framework which can speed up ion extraction and insertion
improving electrochemical characteristics.

First principles calculations are instrumental in predicting
amaterial's electronic and electrochemical properties to explore
its application potential for energy-storage devices.65–67 In this
study, a density functional theory (DFT)-based methodology is
utilized to obtain a fundamental understanding of the struc-
tural, electronic, thermal and electrochemical properties of the
As4O6 IMCs.68 The most stable atomic structure and electronic
properties of the material are obtained by geometry optimiza-
tion.37 The intercalation feasibility of Li and Mg atoms into the
host structure is investigated to conrm the material's potential
as a promising anode material. The diffusion behaviors of Li
and Mg ions are studied using nudged elastic band (NEB)
simulation.66,67 The NEB simulation is also used to further
understand the material's electronic conductivity, thermody-
namics stability and ion mobility. The following sections
discuss the results and computational details.
2. Computational details

This study is based on DFT calculations performed via
Amsterdam Density Functional (ADF) modules for investigating
the electrical, structural and conductive properties of As4O6

molecular cages as possible anode materials for metal-ion
batteries.69,70 Generalized Gradient Approximation under the
Perdew–Burke–Ernzerhof (GGA-PBE) parametrization was
employed with triple-zeta polarization (TZP) basis sets.71,72

However, considering the renowned underestimation of band
gaps associated with using PBE, we used hybrid functional
B3LYP to ensure higher accuracy. This theoretical strategy was
congured through the graphical user interface (GUI) of the
37414 | RSC Adv., 2025, 15, 37412–37428
ADF package. Geometry optimization was carried out via the
quasi-Newton method, with a step size of 0.001 and a conver-
gence criterion of 10−5 eV per atom for the total energy.73 These
simulations were performed to calculate the adsorption energy
and the energy values before and aer the intercalation of metal
ions in the As4O6 host. The energy values were deduced via
structural optimization. Single-point energy calculations were
conducted to evaluate the total energies before and aer the
intercalation of the metal ions in the As4O6 host.74,75 The lith-
iation and magnesiation energy, E(M), corresponding to the
insertion of Li and Mg atoms (M) in favorable locations inside
the As4O6 host, was determined by eqn (1).76,77

EðMÞ ¼ EnMAs4O6
� n� EM � EAs4O6

(1)

E(M) denotes the lithiation and magnesiation energy, EM is the
metallic phase energy for M atoms, and n indicates the number
of atoms intercalated into the host structure. EnMAs4O6

indicates
the energy of the intercalated host structure, and EAs4O6

is the
energy of the pristine host.78 The intercalation process is
considered favorable only if the adsorption energy is negative,
indicating an exothermic reaction. The storage capacity is a key
parameter in evaluating the efficiency of anode materials for
rechargeable multivalent batteries.79,80 The storage capacity was
determined based on the intercalation congurations using the
following formula:

Storage capacity ¼ n� F � z

masshost
(2)

where z denotes the valence of the Li and Mg atoms, F is Fara-
day's constant having a value of 26.801 A h mol−1,81 masshost is
the mass of the As4O6 host and n indicates the number of atoms
participating in the simulation.

Thermal stability analysis of the molecular cages was con-
ducted across a range of temperatures using MD simulations.
These simulations were carried out in the canonical ensemble
using the Nose–Hoover thermostat (NVT). The reliability and
accuracy of these simulations are ensured by selected time
steps. The Climbing Image Nudged Elastic Band (CI-NEB)
method was used for determining the transition states, energy
barrier, diffusion pathways and reaction kinetics.82 It enhances
the maximum energy point (transition state), while all other
cases have the energy at minima.66 Six possible pathways are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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assigned to each metal atom, with the one bearing the lowest
energy barrier being taken as the most favorable. The force on
the image is given by eqn (3):

Fimax = jFsj‖ − jVE(Rimax)jt (3)

Fimax represents the net force on the ith image, jVE(Rimax)jt
represents the actual force and jFsj‖ indicates the parallel
component of the spring constant.83 The highest energy image
is obtained by eqn (4).

Rimax = VE(Rimax) + 2VE(Rimax) (4)

The diffusion coefficient is a fundamental parameter that
quanties the diffusion mechanism within the host medium
due to temperature effects.84 Molecular dynamics simulations
were performed across 300 K to 800 K using eqn (5).3

DðTÞ ¼ D0 exp

�
� Ea

KBT

�
(5)

where D(T) denotes the diffusion coefficient as a function of
time, KB is Boltzmann's constant and Ea represents the activa-
tion energy.73 The electrochemical performance of As4O6 as
a potential anode can be evaluated based on the open circuit
voltage (OCV), which was determined by eqn (6).

V ¼ EMx2As4O6
� EMx1As4O6

� ðx2 � x1ÞmM

ðx2 � x1Þe (6)

where EMx1As4O6
and EMx2As4O6

are the energies of x1 and x2,
respectively, and M represents the adsorbed metal atoms. The
chemical potential of the metal atoms is represented by mM.47

Ionic conductivity is a crucial parameter describing the rate of
ow of intercalated ions within the host structure. The ionic
conductivity is determined by eqn (7).

s ¼ nq2

KBT
D (7)

where q denotes the charge of the intercalated ion, D denotes
the diffusion coefficient depending on temperature, T is the
temperature (300 K to 900 K) and KB is Boltzmann's constant.83

The volume expansion is calculated by eqn (8):

DV ¼ Vadsorbed � Vintial

Vintial

� 100 (8)

where Vadsorbed is the volume of the material aer adsorption
and Vintial is the host volume of As4O6. Hirshfeld charge analysis
was performed to examine the charge-transfer mechanism and
the charge on specic atoms. This approach relies on a specic
space-partitioning technique to allocate electron density among
the atoms in the system.85
3. Results and discussions
3.1 Structural properties

In the structure of As2O3, the atomic orbitals combine to form
molecular orbitals.86,87 Arsenic (As) exhibits a +3 oxidation state,
while oxygen (O) exhibits −2.88 In order to complete their octet
oxygen and arsenic atoms combine to form a covalent bond.
© 2025 The Author(s). Published by the Royal Society of Chemistry
However, the four As and six O atoms bond to form a cage-like
structural arrangement. In molecular form, there is no direct
As–As bond due to the tetrahedral arrangement of four arsenic
atoms as shown in Fig. 1. This means that three O atoms
surround each As atom while each O atom bridges between two
As atoms creating a chemically stable, interconnected closed
geometry. Bonding within As4O6 initially arises when the 4p
orbitals of As overlap with the 2p orbitals of the O atom, leading
to the formation of sigma (s) or pi (p) molecular orbitals.89

The intra-cage bonding is characterized by strong covalent
bonds, while the inter-cage bonding is dominated by weak van
der Waals interactions.90 This cage-like arrangement reveals the
unique properties of As4O6, making it inert and chemically
stable. The reactive sites corresponding to the dangling bonds are
reduced due to the cage-like symmetry, which results in low
reactivity of thematerial. The strain is consistently reduced by the
periodic repetition within the cubic arrangement. In addition to
this, strong covalent bonds exist between the oxygen and arsenic
atoms, due to which they cannot easily participate in redox
reactions. The electronegativity difference of the materials can
easily be used to estimate the nature of chemical bonding.91 O
has an electronegativity value of 3.44, while As has a value of 2.18.
The electronegativity difference between the As–As andO–O pairs
is zero; as a result, the covalent character dominates within the
cage. By Pauling's formula, the As–O bond shows some ionic
character of 42.1%, which translates to the material. This partial
ionic character reinforces the stability of cages by enhancing the
electrostatic attractions within the molecular cage.92

First-principles calculations were employed to investigate
the structural stability and parameters of pure As4O6-based
IMCs. The formation energy of As4O6 is −293.90 eV which
indicates that the host material is thermodynamically stable.
The calculated value of the intra-atomic bonding of As–O
appeared as 1.885 Å; As–As has a bond length of 3.21 Å, and O–
As has a bond length of 1.885 Å, as presented in Fig. 1(a). These
values are in close agreement with the reported values of 1.86 Å
and 1.872 Å.93 The interatomic distances among the atoms of
different cages are 3.074 Å for O–O and 5.252 Å for As–As, as
shown in Fig. 1(b). The calculated values of the dihedral bond
angle within the cage are 125.6° for As–O–As, 101.5° for O–As–O,
27.9° for O–As–As and 39.3° for As–O–O. The other reported 0D
inorganic molecular clusters including P4O6, P4Se3, and Sb2O3,
exhibit similar cage-like geometries to As4O6.86,94 These
elements (As, P, Sb) belong to group 15 of the periodic table; as
a result they exhibit similar bonding natures, chemical behav-
iors and oxidation states.95 Moreover, their bond lengths and
bond angles are in comparable ranges, and the presence of
internal molecular gaps or voids allows the insertion and
diffusion of ions.11,86,96 These ndings indicate that the molec-
ular structure of As2O3 exhibit enough space, allowing the
seamless insertion or removal of ions and molecules, a crucial
requirement for energy storage in batteries.
3.2 Thermal stability

The thermal stability of anode materials is a critical parameter
controlling the cycling reliability, safety and long-term
RSC Adv., 2025, 15, 37412–37428 | 37415
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Fig. 1 Pictorial representation of (a) single cage of As4O6 and (b) four cages of As4O6.
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performance of electrochemical energy-storage systems.73 Ab
initio molecular dynamics (AIMD) simulations were performed
to determine the thermal stability of the As4O6 molecular
cages.97,98 These calculations were carried out using the opti-
mized molecular cage conguration, with a total simulation
time of 2500 ps and a time step of 0.25 fs. A temperature range
of 300 K to 1000 K was chosen to thoroughly model the struc-
tural integrity and dynamic response of the system. These
simulation ndings are illustrated in Fig. 2. A structural
comparison of the initial and nal molecular congurations
aer 2500 ps at 1000 K, presented in Fig. 2(a), demonstrates the
system's thermal stability. Even at this evaluated temperature,
the As–O bonding remains intact, and no signicant bond
breakage or structural distortion occurs.

The total energy and temperature proles over time shown in
Fig. 2(b) further conrm the thermal resilience of the system.
This result shares similarities with those of previously reported
anode materials including P4Se3 IMCs, B4C3 and CrOCl.76,99,100

The temperature prole uctuates around 950–1000 K over the
entire simulation trajectory, indicating that the system
successfully achieved thermal equilibrium. The energy prole
remains relatively stable with no signs of abrupt uctuations
that would indicate a phase transition of structural collapse.
Fig. 2 (a) Snapshot of As4O6 before and after simulation at 1000 K, and (b
time.

37416 | RSC Adv., 2025, 15, 37412–37428
3.3 Electronic properties of the pure As4O6

The electronic properties of the pure As4O6 were investigated to
know the material's suitability for metal-ion intercalation.101

The total density of states (TDOS) calculated for the pristine
host structure presented in Fig. 3(a) indicates a band gap of
1.5 eV, indicating the semiconducting nature of the material.
The TDOS further resolves into elemental contributions, as
shown in Fig. 3(b), where green corresponds to the As atom and
blue the O atoms. The gure clearly demonstrates that the As
states exhibit a major contribution in the formation of
conduction and valence bands, whereas O partially inuences
the valence band.

The resolved PDOS illustrated in Fig. 3(c) highlights the
signicant contribution of As p orbitals in the formation of the
electronic structure, especially around the Fermi level. The
contribution from the As s orbital is observed in the valence
band, whereas the As d orbitals show negligible involvement.
Fig. 3(d) reveals that the O p-orbital contributes majorly to the
valence band whereas the O s and O d orbitals contribute
slightly. It is concluded that the partially lled 4p-orbital of As
and the 2p orbital of O are the primary drivers of the formation
of valence and conduction bands as compared to the s and
) AIMD calculation showing the change in temperature and energy over

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TDOS of the pristine As4O6, (b) TDOS of the As and O atoms (O), (c) PDOS of As, and (d) PDOS of the O atoms. (e) B3LYP-calculated
TDOS of the pristine As4O6.
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d orbitals. While considering the known underestimation of the
band gap via PBE, the calculations were carried out using the
B3LYP hybrid functional.102 The As4O6 material shows a band
gap of 2.3 eV corresponding to semiconducting behavior as
shown in Fig. 1(e).
3.4 Electronic properties of As4O6 upon intercalation

DOS analysis was performed to examine the electronic behavior
of the As4O6 molecular cages and their interaction between the
intercalated Li and Mg metal atoms.73,103 DOS calculations were
conducted for both the pristine and intercalated host struc-
tures. The introduction of metal atoms inuences the electronic
conductivity of the host material. The TDOS for the Li-
intercalated system reveals a notable change in the electronic
behavior of the pristine host structure, as shown in Fig. 4(a).
The TDOS of the Li-intercalated As4O6 system is shown in pink,
© 2025 The Author(s). Published by the Royal Society of Chemistry
while the DOSs of As, O and Li are highlighted in blue, green
and red, respectively. The TDOS upon intercalation exhibits
non-zero and substantial density of states at the Fermi level,
signifying a marked transition from semiconducting to metallic
characteristics. The complete disappearance of the band gap
observed in the Li-intercalated system allows the freemovement
of charge carriers, resulting in a signicant enhancement in
electrical conductivity.

The s-orbital of Li interacts with the p orbitals of As and O.
The Li 2s state interacts with the pure As4O6 electronic states
transferring their charge to the host structure. During Li inter-
calation, near the Fermi level, there is a signicant increase in
peaks in the conduction bands. This shows that the electrical
conductivity improves and notable reduction in the band gap of
the host material occurs.

Mg intercalation also results in comparable modication.
The TDOS for the Mg-intercalated host structure is represented
RSC Adv., 2025, 15, 37412–37428 | 37417
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Fig. 4 Calculated DOSs of As4O6 after (a) one Li intercalation and (b) one Mg intercalation.
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by a pink curve in Fig. 4(b), with the DOSs of As, O and Mg
highlighted in blue, green and red curves, respectively. The
TDOS for the Mg-intercalated host structure also shows
continuous density of states at the Fermi level, resulting in the
elimination of the band gap and the transition to metallic
properties that enhance conductivity. The elemental contribu-
tions reveal a strong contribution from Mg directly at the Fermi
level, as illustrated in Fig. 4(b), indicating prominent electron
donation. The Mg s states interact strongly with the As-
dominated states, facilitating charge transfer from Mg to the
host structure. It is concluded that the pristine As4O6 structure
is an intrinsic semiconductor with a band gap of 1.5 eV.
However, upon intercalation, its properties drastically change
with the elimination of the band gap, inducing the metallic
behavior of the host system.
Fig. 5 Favorable intercalation sites for LIBs and MIBs.
3.5 Favorable intercalation sites

Identifying energetically favorable intercalation sites is pivotal
for determining the ion storage mechanism and predicting the
performance of anode materials.104 Favorable intercalation sites
are the sites where the ions face the minimum energy barrier
when intercalated within the host material. The more negative
the energy values, the more favorable the exothermic reaction,
demonstrating the validity of the host as a viable anode mate-
rial.105,106 In this work, Li and Mg atoms are positioned at
various sites in the As4O6 molecular cages, and their energy
proles were examined. The intercalation energy was calculated
via eqn (1), with the Li and Mg atoms placed at different
intercalation sites.

Direct intercalation within the As4O6 molecular cages was
not energetically favorable due to structural inertness. This
research mainly focused on the external adsorption sites.
However, the Li atoms positioned at A1 and A2 sites near the O
atoms, as illustrated in Fig. 5, show the minimum energy prole
compared with the atoms at other sites. These sites yielded the
minimum energy prole, with an appropriate intercalation
energy of −7.12 eV. Similarly, Mg offered a minimum interca-
lation energy of −1.46 eV when intercalated at sites A1 and A2.
The most favorable sites are near the O atoms, which have
a higher electron affinity and electronegativity than the As
37418 | RSC Adv., 2025, 15, 37412–37428
atoms, facilitating more effective charge transfer and electro-
static interaction from the intercalating ions.
3.6 Intercalation energies of the adsorbed guest atoms

The identication of effective anode materials possessing high
storage capacity, structural stability and thermodynamically
favorable intercalation energies is a key challenge in the
development of high-performance metal-ion batteries.107 For
this purpose, we comprehensively investigated the adsorption
energies of the As4O6 host structure intercalated with metal
atoms. Our approach involved the sequential addition of metal
atoms and the measurement of the energy prole to identify the
saturation limit at which the process makes a transition from
exothermic to endothermic. When an atom is intercalated with
a host material, the value of the intercalation energy tells
whether the process is endothermic or exothermic (favor-
able).99,108 The negative intercalation energy points to a favor-
able process, indicating that more M atoms can be intercalated
within the As4O6 host structure.

Eqn (1) is utilized to calculate the value of the adsorption
energy. To evaluate the intercalation process, the concentration
of M atoms was gradually increased. Aer the intercalation of
the atoms one by one, if the adsorption energy remains nega-
tive, more metal atoms can be adsorbed stably. The total
number of atoms intercalated before the reaction shis is
utilized in eqn (2) for calculating the theoretical storage
capacity. For LIBs, our results show that the theoretical capacity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Intercalation energy of the pure As4O6 host with Li and Mg
atoms as a function of concentration.

Fig. 6 Optimized structure of As4O6 with (a1) 10 Li atoms, (a2) 27 Li atoms, (b1) 10 Mg atoms and (b2) 30 Mg atoms.
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for Li storage, with sequential insertion into the host structure,
is up to 27 Li atoms, for which the reaction remains exothermic.
Beyond this, the 28th Li-atom insertion shis the reaction to an
endothermic process. The blue line in Fig. 7 presents the
concentration-dependent energy prole of Li atoms for LIBs.
The optimized structures of the As4O6 molecular cages with 10
and 27 intercalated Li atoms are shown in Fig. 6(a1) and (a2),
respectively.

Similarly, for MIBs, the Mg atoms are sequentially inserted
into the cage structures, and the reaction remains exothermic
until the 30th atom. Aer this saturation point, the process
shis toward the endothermic regime as shown in Fig. 7, where
the red line shows the intercalation energy prole for the MIBs.
The optimized structures of the As4O6 molecular cages with 10
and 30 intercalated Mg atoms are shown in Fig. 6(b1) and (b2),
respectively.

3.7 Storage capacity

The calculation of the storage capacity is crucial for the devel-
opment of anode materials to be used in LIBS and MIBs.109 Eqn
(2) determines the theoretical storage capacity of As4O6 as an
anode material for both LIBs and MIBs under exothermic
reaction conditions. The exothermic regime continues until the
intercalation of the maximum number of metal atoms, signi-
fying a thermodynamically favorable process. The saturation
point was described in Section 3.6 as 27 atoms for Li and 30 for
Mg. The theoretical reversible capacity computed for LIBs is
457.21 mA h g−1, while the intercalation process remains
exothermic for up to 27 Li atoms, as presented in Fig. 8(a). This
modest capacity is still higher than that of reported low-
dimensional materials, such as Co9S8 cage-like microspheres
(303.5 mA h g−1) and LiC6 (372 mA h g−1), indicating that As4O6

exhibits a competitive storage capacity for LIB applications.56,110

In contrast, As4O6 exhibits a theoretical reversible capacity of
1016 mA h g−1 for MIBs, as shown in Fig. 8(b), which is the
highest value among all battery systems in this study. This value
is signicantly higher than those of other reported materials,
such as P4Se3 molecular cages (519 mA h g−1), Bi nanotubes
(303 mA h g−1), Mg3Bi2 nanocluster (263 mA h g−1) and MoS2
(469 mA h g−1), conrming its suitability for MIBs.57,58,90,99 This
simulation indicates that the theoretical capacity of the MIBs is
twice that of the LIBs, as the As4O6 molecular cages have the
ability to hold a greater number of magnesium atoms than
lithium, as shown in Fig. 8.

The capacity of the MIBs is approximately double those of
the LIBs, making As4O6 a promising anode material for
© 2025 The Author(s). Published by the Royal Society of Chemistry
batteries. The high theoretical capacity of the MIBs supports the
validity of using As4O6 as an anode material; however, its
performance in LIBs is limited due to the low storage capacity.
The intrinsic thermal stability and structural stability, along
with the theoretical capacity, position As4O6 as a promising
anode for use in advanced energy-storage applications.

3.8 Diffusion pathways

The overall electrochemical performance of a battery crucially
depends on the energy barriers encountered by metal ions as
they migrate through the anode host structure.111 These barriers
correspond to the resistance that ions experience during inter-
calation and directly inuence the efficiency of the discharging–
charging process, ultimately affecting the battery's cycling
stability and rate capacity.112,113 For this purpose, CI-NEB
simulations were carried out to identify the migration path-
ways and their corresponding energy barriers for the interca-
lated metal atoms within the As4O6 host. Six different pathways
were initially investigated for each guest metal atom in the
As4O6 host, whereas the pathways corresponding to the
minimum energy barrier are reported here. The energy is
calculated as the energy difference between the transition and
initial states encountered by metal atoms during the process of
intercalation. For LIBs, several diffusion pathways were studied
to evaluate the Li-ion transport within the As4O6 framework, as
presented in Fig. 9(a)and (b). Fig. 9(a) displays the most
RSC Adv., 2025, 15, 37412–37428 | 37419
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Fig. 8 Calculated storage capacities of (Left) LIBs and (Right) MIBs.
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favorable migration route for Mg ions. Along this path, the
calculated energy barrier is 0.77 eV along the x-axis and 0.35 eV
along the y-axis, indicating the reaction kinetics of Mg from le
to right. Similarly, six diffusion paths were investigated for Mg
intercalation in the As4O6 host structure. The most favorable
diffusion path for the Mg intercalation along the x-axis is
illustrated in Fig. 9(a). This pathway has the lowest energy
barrier of all paths investigated, i.e., 0.52 eV. Fig. 9(b) illustrates
the most favorable diffusion path for Mg along the y-axis that
exhibits a low energy barrier of 0.13 eV. It implies that 0.13 eV
energy is required for Mg to overcome this resistance and
intercalate into the host structure.114

The comparison with established anode materials indicates
the following: graphite exhibits a theoretical capacity of
Fig. 9 Minimum energy barrier encountered by (a) Li atoms along the x-
Mg atoms along the y-axis.

37420 | RSC Adv., 2025, 15, 37412–37428
372 mA h g−1 with a diffusion barrier of around 0.3–0.4 eV,
P4Se3 IMCs (519 mA h g−1 for MIBs) experience an energy
barrier of 0.30 eV, B4C3 (2770 mA h g−1 for LIBs) experiences an
energy barrier around 0.20–0.25 eV, Mo6S8 (469 mA h g−1 for
MIBs) experiences an energy barrier of 0.4–0.6 eV, and TiO2

(110 mA h g−1) experiences an energy barrier around
0.63 eV.8,42,76,100,115 Some other traditional anode materials, like
silicon and Sn-based materials, provide a stable, high storage
capacity, but they are known to suffer from sluggish ion diffu-
sion and volume expansion.116,117 The comparative analysis
indicates the worth of our proposedmaterial when performance
metrics, including storage capacity and cycling stability, are
taken into account. An energy barrier less than 1 eV is consid-
ered favorable for ion diffusion in anode materials.3 These low
axis, (b) Li atoms along the y-axis, (c) Mg atoms along the x-axis and (d)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy barriers suggest fast ion transport, which enhances
cycling stability and contributes to excellent rate performance,
thereby conrming As4O6's suitability as a high-performance
anode material.

3.9 Stability of fully loaded structures

AIMD calculations were conducted on the fully loaded As4O6

molecular cages to assess the feasibility of the capacity predic-
tions and the structural stability at a temperature of 500 K.
These simulations were performed for 2.5 ps, and each step had
a temporal duration of 0.25 fs. Both LIBs and MIBs were
considered in this study, with the host structure fully loaded
with intercalated ions. In the case of LIBs, 27 Li atoms are
intercalated in the host structure, as shown in Fig. 10(a), and 30
Mg atoms are intercalated in the host for MIBs, as shown in Fig.
10(d). The variations in the energy and temperature proles
over time for both fully loaded systems are shown in Fig. 10.
This implies that the energy of the loaded system shows
a gradual decrease over time due to the atomic rearrangement
that minimizes internal stress. This energy eventually stabilizes
as the system relaxes, indicating that the system has achieved
the equilibrium state.117,118

Moreover, the temperature remains stable for both systems,
uctuating around a constant mean value.119 This behavior
conrms that both systems have attained thermal equilibrium
and that the energy exchange between the particles has stabi-
lized over time. The absence of any bond breakage, as visualized
in Fig. 10, indicates that the system maintains its structural
integrity over intercalation. The preserved pristine host frame-
work, coupled with the system's temperature-energy prole, as
illustrated in Fig. 2, further supports its suitability and validity
for energy-storage devices.
Fig. 10 Energy and temperature profiles of the fully loaded structures o

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.10 Diffusion coefficient of As4O6

The diffusion coefficient of the intercalating metal ions in the
host structure plays a vital role in determining the performance
and effectiveness of anode materials in energy-storage
devices.120 It directly affects the battery's energy density,
cycling stability and overall electrochemical performance. This
parameter governs how quickly metal ions migrate through the
anode material during discharging or charging cycles. Molec-
ular dynamics (MD) simulations were conducted over a broad
temperature range of 300 K to 900 K in order to understand this
behavior. These simulations shed light on the ion transport
within the host structure and characterized the temperature-
dependent behavior of ion diffusivity.

Fig. 11 illustrates the ion transport phenomenon using an
Arrhenius plot constructed from the calculated values of the
diffusion coefficient. In this research, the diffusion coefficients
for both the LIBs and MIBs were calculated. The calculated
diffusion coefficient for the LIBs is 1.09 × 10−7 m2 s−1, as
shown in Fig. 11(a) and (b) shows the calculated diffusion
coefficient for the MIBs as 1.13 × 10−7 m2 s−1. This implies that
the diffusion coefficients for the LIBs and MIBs are nearly
identical, only slightly higher for the MIBs.
3.11 Ionic conductivity of As4O6

Ionic conductivity is a signicant property that directly evalu-
ates the ion-transport efficiency and profoundly inuences the
overall performance of metal-ion batteries.120–122 Materials with
a high ionic conductivity facilitate faster ion migration during
charging and discharging processes, which inuences high
power output and extended cycle life. The temperature-
dependent mobility of Li and Mg ions within the As4O6 host
ver time at 500 K for (a–c) LIBs and (d–f) MIBs.

RSC Adv., 2025, 15, 37412–37428 | 37421
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Fig. 11 Calculated diffusion coefficients for (a) LIBs and (b) MIBs.
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was investigated, with the results displayed in Fig. 12. The ionic
conductivity for the LIBs as a function of temperature is illus-
trated in Fig. 12(a). At 300 K, the LIBs exhibit an ionic
conductivity of 1.05 × 10−7 S m−1, while the MIBs demonstrate
an ionic conductivity of 2.05 × 10−7 S m−1 under the same
operating conditions, as illustrated in Fig. 12(b). The ionic
conductivity consistently increases with temperature over the
study range of 300 K to 800 K. The ionic conductivity for the Mg-
ion transport is indeed higher than that for the Li-transport in
the host structure. The calculated ionic conductivity values
remain consistent at approximately 10−7 S m−1 across the
evaluated temperature ranges, which typically falls within the
frequently reported ranges for solid electrode materials.123

These results align with the low energy barriers as reported in
Section 3.9 indicating that As4O6 possesses sufficient ionic
conductivity to support effective ion transport under the oper-
ating conditions.

These results align with the low energy barriers as reported
in earlier Section 3.9, indicating that As4O6 possesses sufficient
ionic conductivity to support effective ion transport under
operating conditions.
3.12 Voltage proling of As4O6

The open circuit voltage (OCV) is a dening parameter for
energy-storage technologies.58,124,125 It serves as a fundamental
parameter to determine the overall performance of the battery
Fig. 12 Calculated ionic conductivity as a function of temperature for (a

37422 | RSC Adv., 2025, 15, 37412–37428
and the charge state.121 In the context of multivalent batteries,
their electrochemical performance is based on the OCV of the
anode materials as it directly inuences the charge–discharge
voltage prole, achievable charge density and thermodynamic
stability. It is directly linked to the theoretical capacity because,
as the ion intercalates into the host structure, the battery's
theoretical capacity increases while the potential difference
between the electrodes of the battery typically decreases. The
voltage prole of the As4O6 molecular cages for LIBs, shown in
Fig. 13(a), illustrates the trend of OCV with ion concentration
(n). For LIBs, as the number of lithium ions increases, the
voltage prole gradually decreases from a high initial value of
5.97 V to 0.66 V, indicating that the OCV stabilizes at 0.66 V. The
voltage prole for the MIBs, shown in Fig. 13(b), demonstrates
that as the concentration of Mg ions increases, the voltage
difference between electrodes continuously decreases. The OCV
for the MIBs starts from 1.46 to 0.23 V, consistent with expected
values for stable systems. The As4O6 IMCs show lower interca-
lation voltages (0.23 V for Li and 0.66 for Mg) compared to the
other 0D materials, such as C60 (0.6–0.8 V) and Co3O4 QDs (0.9
V).49,101,102

The anode materials having a voltage range of 0.1 to 1 V are
generally considered electrochemically stable.103 In this work,
the stability of As4O6 as a potential anode material for LIBs and
MIBs is conrmed by the voltage values of 0.66 V and 0.23 V.
These results highlight the material's potential for effective
energy-storage applications.
) LIBs and (b) MIBs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Calculated voltage profile of the (a) Li-intercalated and (b) Mg-intercalated As4O6 structure.
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3.13 Volume expansion

The structural stability of the molecular cages is an essential
parameter when utilizing them as anodematerials for metal-ion
batteries. A key indicator of the stability is the degree of volume
expansion during ion adsorption as the capacity starts fading
when considerable volume expansion takes place.126 To quantify
this effect, we applied the bounding-sphere method, which
denes the effective cage radius R as the maximum distance
between the mass-weighted center of mass (COM) and any
atomic coordinate in the optimized structure; the volume
expansion was calculated using eqn (8). For the pristine As4O6

molecular cage, the calculated bounding-sphere radius was R =

6.418 Å, and the calculated effective volume was 1107.6 Å3.
Firstly, 27 Li atoms are adsorbed, and the radius value slightly
changes to 6.451 Å, which corresponds to a volume expansion of
1.54%. Similarly, for Mg the radius also changes slightly to
6.452 Å, and the effective volume is 1125.1 Å3. Mg adsorption
produced a comparable cage/volume expansion of 1.57%, which
proves the structural rigidity of the host framework even under
multivalent ion insertion. Such minimal expansion (<2%) is
signicantly lower than those reported for alloy-type or
conversion-type anodes, which oen undergo volume changes
exceeding 200–300% (e.g., Si, Sn, or P-based systems).127 Even
compared to nanostructured transition-metal oxides, which
typically show 10–30% expansion, the As4O6 molecular cage
demonstrates mechanical robustness.128 These results strongly
suggest that the As4O6 cage structure is capable of maintaining
cycling stability without major morphological degradation.
Fig. 14 Hirshfeld charge analysis for As4O6: (a) pristine, (b) single Li-inte

© 2025 The Author(s). Published by the Royal Society of Chemistry
The bounding-sphere method has been previously adopted
for 0D nanostructures and clusters to evaluate geometric
stability, particularly where conventional lattice-based volume
measures are not applicable.102,127–129 Our results conrm that
such cage-type 0D anodematerials can deliver a high theoretical
capacity with minimal volumetric distortion, making them
competitive alternatives to conventional layered or alloy-based
anodes.

3.14 Hirshfeld charge analysis

Understanding the charge transfer between the host structure
and intercalated metal ions is essential for comprehending the
electrochemical mechanism that governs ion intercalation in
rechargeable batteries.130 Hirshfeld charge analysis was
employed to investigate the charge distribution between the
host materials and intercalated metal atoms, which is necessary
for enhancing battery performance.49 Fig. 14 presents the
Hirshfeld charge analysis, with the color scale identifying the
magnitude of local charges. The initial analysis of the pristine
As4O6, as presented in Fig. 14(a), reveals that the red color
signies minor charges, while the blue denotes the major
charge. This indicates that the O atom carries a positive charge,
while As offers a negative charge and the charge is inherently
transferred from oxygen to arsenic atoms. Furthermore, the
charge is predominantly localized within the single cage, and
there is negligible charge density between cages.

This suggests that there is no strong binding between the inter-
cage, validating the fact that cages are inert and have no
rcalated, and (c) single Mg-intercalated configurations.
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fundamental forces between them.86 The charge transfers
between the Li-intercalated and As4O6 molecular cages are effec-
tively visualized in Fig. 14(b). The host atom exhibits the major
charge, while the Li atom exhibits the minor charge. Similarly,
upon Mg intercalation a signicant increase in the electron
density of the host material is observed as shown in Fig. 14(c).
This implies that the electron density transfers to the host mate-
rial rather than Mg during intercalation. This suggested that
enhanced charge accumulation on the host material leads to
better electronic conductivity andmore stable charge distribution.

4. Summary

DFT calculations were carried out to explore the potential of
As4O6 molecular cages as an anode material for monovalent and
multivalent ion batteries. The calculations were conducted to
investigate the electronic properties, alongside the charge-
transfer mechanisms, redox properties, storage capacity and
electrochemical performance. Molecular dynamics simulation
under electrochemical conditions conrmed the structural
stability of the host structure, demonstrating its suitability for
use in next-generation batteries. AIMD simulation conrmed the
system theoretical stability upon intercalation with magnesium
and lithium atoms, making it a promising material for
rechargeable batteries. This research highlights the critical
aspects of ion diffusion, adsorption and reaction kinetics,
demonstrating thematerial's suitability for durable high-capacity
anode applications. The evaluated theoretical capacities of the
LIBs and MIBs reached 457 mA h g−1 and 1012 mA h g−1,
respectively. This investigation highlights that the battery
performance can be enhanced by the exothermic interaction
between the host material and the intercalated ion. The calcu-
lated values of the diffusion coefficient were 1.09 × 10−7 m2 s−1

for the LIBs and 1.13 × 10−7 m2 s−1 for the MIBs. CI-NEB
simulations determined the minimum energy barrier to be
0.35 eV for LIBs and 0.13 eV for MIBs, revealing the fast ion
mobility and diffusion properties of As4O6 IMCs. The OCV anal-
ysis indicated that as the concentration of Li ions increases, the
voltage prole gradually decreases from 5.97 V to 0.66 V indi-
cating that the OCV stabilizes at 0.66 V while for theMIBs it starts
from 1.46 V to 0.23 V. From the perspective of computational
parameters, as well as toxicity of the material, an extensive eval-
uation of As4O6 was carried out. The present knowledge further
strengthens its viability as a fast-diffusing, high-capacity anode
for Li-ion and Mg-ion batteries. The ndings demonstrate that
As4O6 molecular cages represent an appealing battery technology
option because they deliver outstanding capacity performance,
together with swi ion transport and sustained electrochemical
behavior. This study plays a vital role in advancing zero-
dimensional anode materials, serving as the basis for devel-
oping improvement methods for energy storage systems.
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