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ABSTRACT

The pursuit of novel anode materials that offer high storage capacity, hasty ionic transport, good cyclic stability, and material
recyclability is at the core of the research activities. In this study, we uncovered the potential of 2D puckered chromium
ditelluride (CrTe,) as a novel anode material for multivalent metal-ion batteries employing Li ions, Mg ions, and Al ions. The
structural and dynamical stability of the material was ensured via formation energy and phonon dispersion curves. The optimal
anodic properties of the material were systematically analyzed, with a focus on its structural properties, electronic character-
istics, adsorption sites, diffusion barriers, and storage capability. The exothermic interactions of Li, Mg, and Al with host CrTe,
demonstrated its suitability for the intercalation process in respective monovalent, divalent, and trivalent ion batteries. The storage
capacity of the material appeared as 1745 mAh g™ for LIBs, 872 mAh g* for MIBs, and 785 mAh g™* for AIBs. The open-circuit
voltage is found as 0.76 V for Li, 0.97 V for Mg, and 0.62V for Al. The diffusion barriers faced by Li, Mg, and Al atoms are found to
be low at 0.26 eV, 0.55 eV, and 0.42 eV, respectively, which points to the rapid charging capability of the battery. Furthermore, the
electronic transport properties of the host material are also studied using a combined density functional theory (DFT) and Green's
function method (DFT-GF). The findings of this study indicate that CrTe, has the potential for utilization as a promising anode
material for the development of high-performance Li, Mg, and Al-ion batteries.

1 | Introduction conventional sources to sustainable, renewable, en-

vironmentally friendly energy solutions [1]. However, current

The extensive use of fossil fuel-based sources, including
petroleum, coal, and gas, is not only causing economic and
environmental problems but also cautions to disturb the
global demand/supply balance in the near future. These
considerations require a technological transition from

technologies lack large-scale implementation of the available
solutions in the majority of electronic applications, electrical
vehicles, and electrical grids. The rechargeable metal-ion
batteries offer several advantages over contemporary sources
owing to their improved electrochemical performance,
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reduced environmental impact, portability, cost-effectiveness,
and greater application versatility [2, 3].

The batteries, including lithium-ion batteries (LIBs), magnesium-
ion batteries (MIBs), and aluminum-ion batteries (AIBs), are
trending energy storage devices these days. There have been
significant reported efforts and success in realizing and com-
mercializing LIBs, but these still face issues such as low energy
density, low functional life, safety, and material abundance,
which need to be addressed. NIBs and KIBs are still in the early
stages of development and their electrochemical characteristics
are inferior due to lower energy densities and shorter cycle life-
spans compared to LIBs. Hence, the current market and research
activities exhibit the dominance of LIBs as the preferred option
for the majority of energy storage applications [4, 5]. An
increasing trend in the utilization of LIBs in portable electronic
devices, stationary energy storage elements, and electric vehicles
is being observed [4, 6]. The features of LIBs that recognize them
as leading energy storage devices include their long cycle life, low
self-discharge, low cost, fast charging, lightweight, low mainte-
nance, high energy, and power density [7-9]. The primary
mechanism of LIBs involves transferring lithium ions between
the cathode and anode during the charging and discharging
process [10].

The selection of anode material in LIBs is crucial in determining
storage capacity, voltage profile, and stability [11, 12]. Graphite
is a commercially used anode material in LIBs, which offers a
theoretical capacity of 372 mAh g™ with a lifespan of 500 cycles
[13, 14]. Silicon is a potential anode with a very high theoretical
capacity of 4200 mAh g™ in LIBs but a shorter cycle life of 100
cycles due to a significant volume expansion of about 300% that
leads to structural deformation and capacity losses [15-17]. Tin
has also been used as anode material with a theoretical capacity
of 994mAhg™ with a life span of about 500 cycles [18, 19].
Graphene has been found to offer a theoretical capacity higher
than graphite (i.e., 400-1300 mAh g™") due to which it exhibits
superior potential for storage in LIB [6, 17].

While moving beyond LIBs, the multivalent ion batteries such
as MIBs and AIBs that utilize Mg®>* and AI** ions offer the
capability to achieve the storage capacity using just one-half and
one-third metal ions, respectively. Hence, the utilization of
higher valent ions may produce lightweight batteries with
higher storage capacity and higher material abundance. The Al
atom offering AI** ions is an attractive choice for metal-ion
batteries due to its abundance, physical, and chemical propert-
ies. Its properties make it stable and less reactive at elevated
temperatures, reducing the risk of thermal runaway and other
safety issues. Its high electronegativity enhances stability and
resistance to degradation, improving the performance and life-
span of AIBs. The AIBs emerge as a promising alternative
for grid-level stationary energy storage due to their cost-
effectiveness, ample raw material availability, extended cycle
longevity, and environmentally friendly character. A notable
electrolyte option for AIBs is chloroaluminate ionic liquid (IL),
consisting of AICl; and a Lewis basic organic chloride. This
electrolyte system is commonly used in AIBs and often func-
tions as an electroactive anode material. Ng et al. investigated
the impact of AIC1;—XCl Ionic Liquids on AIBs [20]. In contrast,
MIBs offer a safe, efficient, and dependable storage device than

LIBs due to higher electrochemical properties, less likelihood of
dendritic formation, and higher stability of anodes even in
humid settings [21]. The metals offering multivalent ions are far
more abundant in the earth's crust than lithium, which ensures
the production of low-price batteries for large-scale utilization.
Hence, the technological advancement in realizing MIBs and
AIBs is expected to settle the current issues related to energy
density, cost-effectiveness, and battery safety [22, 23].

The 2D materials are known to be viable anode materials for
use in metal-ion batteries due to their unique high electrical
conductivity, large surface area, good mechanical properties,
and low volume expansion [4, 11]. The exploration of novel 2D
materials including transition metal chalcogenides, transition
metal dichalcogenides (TMDs), transition metal oxides
(TMOs), and transition metal carbonates (TMCs) for use as
anode material in the batteries is in progress [24, 25]. These
materials exhibit properties superior to graphene when storage
capacity and metal-ion diffusion kinetics are taken into
account. The preliminary encouraging outcomes have invited
further investigation to explore more 2D anode materials to
enhance the performance and commercial feasibility of
batteries [26-28].

The selection of 2D puckered CrTe, as the anode material was
motivated by its unique properties, including its layered struc-
ture, high surface area, and excellent electronic conductivity,
which are advantageous for ion intercalation and charge
transport. Additionally, previous studies on 2D TMDs have
demonstrated their potential in energy storage applications,
suggesting that CrTe, could offer promising performance as an
anode material like 2D MoTe,, which has emerged as a
resourceful material for energy storage applications [29, 30].
Cr,Si,Teg and Cr,Ge,Teg are 2D materials beyond graphene that
have been found suitable for storage applications with suitable
properties [31]. Mn-oxides, V-oxides, and TMCs are examples of
materials used in electrodes. Recently, novel families of elec-
trodes featuring transformation mechanisms, such as chalcogen
and halogen, have gained attention due to their predictable
range of valence variations. Tellurium (and its tellurides) stand
out as potential materials in this regard due to their superior
structural and transport properties [32, 33].

The TMDs have been considered promising materials for vari-
ous applications, but their utilization in LIBs has recently drawn
attention [27, 34]. The classical TMDs appearing in the form of
MX, typically consist of transition metals and non-metals,
whereas the M sites are occupied by transition or d-block ele-
ments, and X contains chalcogen elements (S, Se, and Te). These
TMDs are distinguished by their unique and organized 2D lat-
tice structure (X-M-X) in which the transition metal and
chalcogenide are periodically grouped in a hexagonal or trigonal
configuration [13, 35]. The hexagonal structure of TMDs as 2D
materials is not as thin as a single carbon atom sheet of gra-
phene [36, 37]. MoS, is a renowned material because of its 2D
structure that offers a theoretical capacity of 669 mAh g™ as an
anode material for LIBs [13, 38]. Likewise, WS, and MoTe,
exhibited storage capacity of 590 and 305 mAh g™, respectively
[39, 40]. The reported values of storage capacity, open-circuit
voltage (OCV), and diffusion barrier for famous 2D anode
materials are listed in Table 2.
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This study was planned with the motivation to explore novel anode
materials in search of suitable structural and electronic character,
high storage capacity, and enhanced ionic transport. Chromium-
based dichalcogenides have received research attention due to
their high natural abundance and requisite chemical and physical
properties that make them attractive candidates for batteries [41].
CrTe, has a graphite-like van der Waals (vdW) layered structure,
which indicates its potential for the intercalation of foreign atoms
[42]. This study was carried out using density functional theory
(DFT)-based methods to comprehensively investigate the potential
of CrTe, as an anode material for multivalent ion batteries. Using
the supercell approach, we calculated the fundamental, electronic,
electrochemical, and transport properties of CrTe, with Li, Mg,
and Al intercalation. The findings of this work indicate the
potential of CrTe, as an intercalation material for use as an elec-
trode in LIBs, MIBs, and AIBs. Notably, the low diffusion barriers
for Li, Mg, and Al ions in the host are obtained, which suggest fast
charging capabilities due to efficient ion movement. The exother-
mic interactions of the ions with the host highlight its suitability
for the intercalation/de-intercalation process to assist charge/dis-
charge cycles of the battery. The methodology and a detailed ex-
planation of the findings are described in the following sections.

2 | Methodology

The work being reported comprises DFT-based calculations per-
formed on pure and Li, Mg, and Al-intercalated CrTe, slabs per-
formed using the BAND and DFTB modules of Amsterdam density
functional (ADF) [43, 44]. The level of theory employed
Pardew-Burke-Ernzerh (PBE) under generalized gradient approxi-
mation (GGA) functional [45, 46]. The vdW's interactions in the
layered structure of the host were modeled using the dispersion-
corrected Grimme D3 technique [47, 48]. The process of structural
optimization was achieved through the Quasi-Newton approach to
obtain energy minimum configuration. The interactions between
periodic images of the slabs were avoided by sufficient vacuum
thickness under periodic boundary conditions. Triple zeta polarized
(TZP) basic functions were employed to expand the orbitals to en-
sure high numerical accuracy during the calculations [49, 50].

The phonon spectra of the host CrTe, were calculated to
elucidate its dynamical stability. The dispersion curves dictate
the lattice vibrations in the material, such that positive phonon
modes refer to the dynamical stability of the host material.

The formation energy of the material was calculated by
Equation (1).

(Ecrre,) — (XEcr + YETe,)
x+y

ey

Eformation =

where Ec,re, represents the optimized energy of the CrTe,,
whereas E¢, and Er., represent the energies of Cr and Te atoms,
respectively. The variables x and y correspond to the number of
atoms in the unit cell.

The process of intercalation is the foremost task in determining
the suitability of a host as an anode of metal-ion batteries. The
intercalation energy determines the nature of the electrochemical

reaction, which was estimated by placing metal atoms at various
high-symmetry locations. The negative values of adsorption en-
ergies were monitored to ensure exothermic events occurred
during metal atom intercalation. The energetically suitable
intercalation site was discovered by placing the metal atoms at all
possible high symmetry sites in the host material. The lowest
energy site is able to preferentially accommodate the metal atoms
and study concentration-dependent behavior. The value of the
energy to intercalate metal atoms into the host material CrTe, is
determined using Equation (2) [51].

Eintercalation = EX,,CrTez —n X Ex — ECrTez (2)

The intercalation energy of the metal atom added to the host
structure is represented by the value Ey the intercalated energy of
X atoms (X = Li, Mg, and Al) in CrTe, is represented by Excrre,,
and the optimum energy of the pure CrTe, structure is shown by
Ecrre,- When the intercalation energies are negative, the reaction
will be exothermic and used to determine the anode's storage
capacity. The capacity of storing Li, Mg, and Al in the anode is
the most important factor as it has a significant impact on the
battery's overall efficiency. Equation (2) is used to determine the
intercalation energy, which is then used to systematically intro-
duce metal atoms into the host structure to determine the storage
capacity. The primary task is to determine the storage capacity to
test the feasibility of an anode for any rechargeable battery, as
determined using Equation (3) [11, 14].

F
c=21%2
MCrTe2

3

In this equation, the mass of CrTe, is denoted by Mc,te,, and n
represents the number of metal atoms included in the simulation,
where z is the valence number (z =1 for Li, z = 2 for Mg, and z =3
for Al). The value of Faraday's constant is 26.801 Ah/mol.

The electrochemical efficiency of rechargeable batteries is
determined via OCV whose calculations were carried out for
CrTe, using Equation (4) [52]. Throughout the intercalation/
deintercalation of metal ions in the host, the OCV determines
the operating voltage of CrTe, as an anode [53]:

E: )
V=— mte;:;latlon (4)

where Ej,, is the energy calculated according to Equation (2) for
the metal atom-adsorbed CrTe,, and ze represents the electronic
charge of the ions in the electrolyte (z=1 for Li ions, z=2 for
Mg ions, and z =3 for Al ions).

To analyze Li/Mg/Al diffusion pathways in CrTe,, we used climb
image nudged elastic band (CI-NEB) simulations on symmetrical
routes in the structure [54]. This method estimates energy
barriers and identifies saddle points, providing insights into
energy requirements and optimal diffusion channels [55, 56].
We precisely located saddle points by employing intermediate
images technique and global optimization to enhance the
understanding of the diffusion process in the host [57]. The force
on each considered image is computed using Equation (5).
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F=|F| - VE®)L (5)

where E,

F}

| and IVE (R;)|, represent the sum of all the forces,

spring restoring force, and actual force on the considered image

i,” respectively. The maximum value of the force on the
considered image is calculated by Equation (6).

Fimax = VE(Rimax) + 2VE R max i ©)

To investigate the current (I) and voltage (V) characteristics of the
material, we performed NEGF calculations. The nonequilibrium
Green's function (NEGF) formalism is a powerful theoretical
framework used to study quantum transport in nanoscale devices
[58]. It allows for the calculation of electronic properties under
nonequilibrium conditions, providing insight into the behavior of
electrons in response to external biases. Driven by the rapid progress
in experimental work on realizing single-molecule nanodevices,
approaches to molecular transport based on DFT in conjunction
with the NEGF formalism have garnered significant attention in the
literature in recent years [59, 60]. The method's appeal stems from
DFT's ability to self-consistently treat realistic atomistic and molec-
ular transport configurations from an ab initio quantum chemical
description. This is paired with an intuitive mapping using Green's
function formalism to a Landauer-type expression for the conduct-
ance and current [61]. One of the main advantages of this type of
system modeling is that it allows us to locate the interface between
the active part of the single-molecule system and the leads between
metal layers. This interface is much better understood than the
intricate geometries that may result in the binding of molecules to
metals. It is thus possible to alter the specifics of these binding
geometries without having to recalculate the contributions from the
bulk contacts. A more nuanced point is that this method, according
to Evers et al. [62], enables us to test convergence to transport
properties that correspond to truly bulk-reservoir electrodes by en-
larging the extended molecule. They have demonstrated this for
tight-binding chains and cluster Au electrodes of different sizes.
Moreover, we may consider basic polarization effects in the leads

(@)

301A

due to the metallic portions of the extended molecule. The current I
is then obtained using the Landauer-Biittiker formula:

(V) = Ze/th(E, VIf(E — ) — f(E — wg))dE  (7)

where f(E) is the Fermi-Dirac distribution function for a given
temperature, and u; (uz) is (eF —eV/2), and e is the Fermi
energy of the electrodes.

3 | Results and Discussion

The findings of this work to shed light on the structural, electronic,
and electrochemical properties of CrTe, for use as an anode in
LIBs, MIBs, and AIBs are described in the following sections.

3.1 | Structural Properties

The 4 x 4 supercell of the CrTe, slab composed of 96 atoms
(32 Cr atoms and 64 Te atoms) was optimized to check the elec-
trochemical performance of the material as an anode. The struc-
ture comprises a transition metal “B” sandwiched between two
chalcogen atoms A, forming an A-B-A configuration. The tran-
sition metal Cr is merged between two chalcogen Te atoms in such
a way that Cr and Te atoms are covalently connected in each layer
[40]. The optimized crystal structure of the layered CrTe, is shown
in Figure 1. From the top view, it is clear that the host possesses a
standard hexagonal geometrical structure with the space group
Pm1 with lattice parametersa = b=3.86 A, c=6.20 A, a = § = 90°,
and y=120° [63]. The geometrical convergence of the host
resulted in forming a layered structure with interlayer distances of
3.01 A. The Cr-Te bond length was found to be 2.74 A, which
agrees with the reported theoretical findings [30]. CrTe, is a
graphite-like structure with weak vdW forces between its layers
[64]. From the side view, it is clear that one Cr layer is sandwiched
within two Te because of the chemical proportion M:X being 1:2,

- sann,
g,

FIGURE 1 | The structure of the host CrTe, viewed along (a) x-axis, (b) y-axis, and (c) z-axis.
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FIGURE 2 | (a) The calculated phonon dispersion curves of CrTe,. (b) The calculated electron localization function (ELF) map of pure CrTe,

(sidebar indicates scale from 0 to 1 for charge value). The Cr and Te atoms are represented by gray and golden spheres.

illustrated in Figure 2b resulting in an X-M-X hexagonal quasi-2D
lattice that is covalently bonded, which is further confirmed by the
ELF analysis described in the following sections [34, 65].

The structural integrity of the host is less susceptible to impurities
commonly found in carbon-based graphite structures [66]. The
layered CrTe, nanostructure has been prepared using a synthesis
method involving cation exchange where the bulk Cr,Tes non-
layered structure is transformed into layered CrTe, by injecting a
Cr precursor [67]. Furthermore, various methods including the
solid-state reaction and the self-flux method have been used to
synthesize the layered CrTe, structures for a variety of applications
[66-69]. The sandwich structure height is 3.33 A, the distance
between the neighboring chalcogen atoms (X-X) and neighboring
metal atoms (M-M) is 3.86 A, the distance between the neigh-
boring transition metal and chalcogen atoms (M-X) is 2.48 A, the
interlayer distance is 3.01 A, and the angle between (X-M-X)
atoms is 95.12° as per agreement with the literature [43].

3.2 | Dynamic Stability

Phonon dispersion curves are used to test the dynamical stability of
structures and analyze the phonon spectra along high symmetry
points in the Brillouin zone. The phonon band structure sheds
light on the vibrational behavior of atoms in the lattice, which
directly influences its kinetic stability. Figure 2 shows the calcu-
lated phonon curves of CrTe,, which illustrates the absence of any
negative frequencies and thus points to the dynamic stability of the
material. The formation energy of host CrTe, calculated by
Equation (1) appeared exothermically favorable, which indicates its
structural stability and suitability for use as an anode material.

3.3 | Electronic Properties of Pure CrTe,

The electronic properties are known to provide important
information on the potential of the materials for use as elec-
trodes in the batteries. The calculated band structure and den-
sity of states (DOS) of CrTe, are shown in Figure 3a,b,

respectively, which illustrate the metallic nature of the material.
Figure 3b delves deeper into this metallic character by show-
casing the partial density of states (P-DOS), which reveal the
contributions of Cr-3d and Te-5p states to the electronic char-
acter of CrTe, near the Fermi level. The involvement of both Cr
and Te orbitals in these states exhibits their collaborative role in
the metallic behavior of the material. This represents the
absence of a band gap and the cohesive interplay of Cr and Te
orbitals proximate to the Fermi level. These factors significantly
enhance the electronic conductivity within CrTe,, elucidating
its potential efficacy as an anode material.

3.4 | Electron Localization Function (ELF)

To further investigate the electronic behavior of the anode material
and to determine the chemical bonding of the host structure the
ELF based on surface charge integral calculations is frequently
used [70]. A value of 0 indicates delocalization, whereas 1 signifies
the localization of electrons [71]. The ELF value of around 0.5
indicates electron delocalization typically observed in the case of
metallic bonding, whereas higher ELF values indicate significant
electron localization, which usually points to electron sharing
between atoms that is typically observed for covalent bonding. The
ionic bonding, characterized by a lower ELF value, indicates
robust electron localization from electron transfer between atoms.
The ELF of the host CrTe, is shown in Figure 2b according to
which the localization appears around Te atoms, delocalization is
found around Cr atoms, and a metallic bond Cr-Te is obvious.

3.5 | Hirshfeld Charge Analysis

Hirschfeld charge analysis helps to investigate the charge
transfer between intercalated atoms and the host structure,
which is critical for understanding the electrochemical opera-
tion of a battery. Figure 4 gives the calculated Hirsheld charges
on atoms of the host before and intercalation of Li, Mg, and Al
The positive (negative) charge is represented by blue (red) color
to characterize the donor (acceptor) atoms. In the case of pure
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The calculated electronic properties. (a) Band structure of CrTe,. The Fermi level is set at 0 eV. (b) Partial density of states (P-DOS)

of CrTe,. The P-DOS for Cr-3d and Te-5p display states as a function of energy in electron volts (eV).
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FIGURE 4 |

CrTe,, Cr atoms appeared as donors, whereas Te acted as
acceptor. The sketch of the Li-intercalated structure given in
Figure 4b indicates a shift of small charge on Li atoms prefer-
entially from Te atoms. In the case of Al intercalation given in
Figure 4c, the shift of charge from both host atoms to Al atoms
is observed. Similarly, in the case of Mg intercalation, Figure 4d
indicates a transfer of charge from Mg to host atoms.

3.6 | Favorable Intercalation Sites

The determination of feasible sites for intercalation is an
important step in understanding the process of intercalation in
the host material [72, 73]. The energy profiling of the structure
was carried out by placing metal atoms at different symmetry

TOnhfeld Charges

0.0236

0.00

"°'i“"‘6’%
(d) '
Te .Te _Te _le 0.282
é’ f M #A;gk 0.164
-0.037

The calculated Hirshfeld charges of (a) pure CrTe,, (b) Li-intercalated CrTe,, (c) Al-intercalated CrTe,, and (d) Mg-intercalated CrTe,.

places in CrTe, layers. The negative values of intercalation en-
ergy confirm the reaction's exothermic nature, which demon-
strates the host's feasibility as an anode. Equation (2) was used
to calculate the intercalation energy in such a way that the more
negative value of the intercalation energy points to the more
favorable site to host the metal atoms [51]. In the case of LIB,
the B2 site in the host structure indicates an energy of -0.89 eV
as the most exothermic site because it is located near the Te
atom, which has more electron affinity than Cr, as shown in
Figure 5a.

Similarly, in the case of MIB and AIB, S1 and H1 sites in the
host structure are the most exothermic sites with corresponding
energy values of -1.99 and -1.87 eV, as shown in Figure 5b,c,
respectively. The energy values calculated using the mentioned
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FIGURE 5 | Favorable interstitial sites for (a) aluminum intercalation, (b) magnesium intercalation, and (c) lithium intercalation in the host CrTe,.

TABLE 1 | Intercalation energy (eV) of host CrTe, on the three
favorable intercalation sites up to X, (X = Li, Mg, and Al) where x=1,
2, and 3.

H1 H2 H3
-1.87 -1.55 -1.71
S1 S2 S3
-1.99 -1.85 -1.77
Bl B2 B3
-0.89 -0.63 -0.47

sites are described in Table 1. The site offering the most
negative intercalation energy is considered the most stable
intercalation site to accommodate metal atoms in the host
structure.

3.7 | The Intercalation Energy

We evaluated the adsorption energy of all X atoms with the host
structure (where X represents three types of atoms Li, Mg, and
Al). Lithium offers monovalent, Mg gives divalent, and Al
presents trivalent oxidation states whose intercalation in the
host is studied to understand the reaction dynamics between the
embedded atom and the host by taking into account the exo-
thermic (favorable) or endothermic (unfavorable) conditions.
The concentration of X atoms in the host structure steadily
increases, and the adsorption energy is calculated using
Equation (1). The reaction is feasible until the energy stays
negative. However, after a certain saturation stage, the energy
may turn positive, which indicates that the reaction is no longer
advantageous to host the further X atoms.

To begin, the Li intercalation energy in the host material is
determined by inserting sequentially increasing the number of Li
atoms in the host structure. The computed lithiation energy using
Equation (2) indicates that the process stays exothermic until 20
Li atoms are intercalated into the host, as shown in Figure 7. The
insertion of 21st atom (with x = 21) into the host structure turned
the reaction into an endothermic condition.

Furthermore, Mg atoms are intercalated in the host structure,
and the magnetization energy is computed using Equation (1).
The process stays exothermic up to the insertion of fifth Mg
atom, as shown in Figure 7, which shows the optimized

structure of the host with intercalation of one Mg, three Mg, and
five Mg atoms.

During the cation storage process in CrTe,, the following reactions
are proposed for lithium and other cations (like Mg and Al):

CrTe, + 6Li* < Cr + 2Li,Te,

In this reaction, the chromium in CrTe, is reduced, which means
that it gains electrons and is converted to elemental chromium
(Cr). The tellurium in CrTe, is oxidized, reacting with lithium
ions to form lithium telluride (Li,Te). Each lithium atom donates
an electron in the process.

Oxidation half-reaction:
Te™? — Li,Te + 2e~

Reduction half-reaction:

Cr** + 6e~ — Cr

The redox reaction of CrTe, with magnesium can be represented
as follows:

CrTe, + 3Mg — Cr + 2Mg,Te

In this reaction, chromium in CrTe, is reduced, gaining
electrons to form elemental Cr. Tellurium in CrTe, is oxidized,
reacting with magnesium to form magnesium telluride (Mg, Te).
Each magnesium atom donates electrons during this process.

Oxidation half-reaction:
Te™2 — Mg,Te + 2e~
Reduction half-reaction:
Crt* + 6e~ - Cr

This redox reaction illustrates the interaction of magnesium
with CrTe,, highlighting the reduction of chromium and the
formation of Mg,Te.
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The redox reaction of CrTe, with aluminum can be represented
as follows:

CrTe; + 2Al - Cr + 2AlL,Tes

In this reaction, chromium in CrTe, is reduced, gaining elec-
trons to form elemental Cr. Tellurium in CrTe, is oxidized,
reacting with aluminum to form aluminum telluride (Al,Tes).
Each aluminum atom donates electrons in this process.

Oxidation half-reaction:
Te 2 — Al Te; + 2e~
Reduction half-reaction:

Cr+* + 6e = Cr

This redox reaction demonstrates aluminum interacts with
CrTe,, highlighting the reduction of chromium and the forma-
tion of Al,Te;. As we are dealing with supercells, the interca-
lation of metal atoms increases accordingly.

Lastly, Al atoms were gradually added in the host CrTe, as
shown in Figure 6, which illustrates an optimized host structure
with intercalation of one, two, and three Al atoms. The inter-
action of Al atoms in the host stays exothermic until three Al
atoms are intercalated, as shown in Figure 7.

3.8 | Storage Capacity

The storage capacity of the anode in multivalent ion batteries is
primarily determined by the amount of metal atoms that can be
stored in the anode material per unit weight. The structure was
fully optimized by allowing the reaction between the metal
atoms and CrTe, layers to let the atoms settle into a stable
position. The concentration of metal atoms in the host was
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gradually raised to compute the intercalation energy using
Equation (2), to determine the nature of the reaction. The
interlayer separation depicts minor changes as the concentra-
tion of metal atoms increases, indicating the stability of the host
structure that can maintain its volume. The theoretical capacity
of CrTe, as an anode material in LIBs is determined using
Equation (3). The reaction remains exothermic up to the
intercalation of 20 lithium atoms within the host structure. The
calculated theoretical capacity is 1745mAh g™, as shown in
Figure 8a, which is the highest among all the studied monovalent
and multivalent ion batteries. For MIBs, the capacity of CrTe; is
measured using Equation (3) with the intercalation of five mag-
nesium ions, resulting in a capacity of 872 mAh g™, as illustrated
in Figure 8b. For AIBs, the capacity is determined using Equation
(3) with the intercalation of three aluminum ions, resulting in a
capacity of 785 mAh g™, as shown in Figure 8c. This is the lowest
capacity of CrTe, as an anode material among all the considered
batteries. The calculated parameters and comparison with the
reported values are listed in Table 2.

—— Al
—@— Mg

=}
1
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1
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FIGURE 7 | The intercalation energy of the host CrTe, as a function
of concentration of Li, Mg, and Al. The dashed horizontal line separates
the exothermic region (below 0) and endothermic region (above 0).
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FIGURE 6 | The optimized structure of CrTe, after incalation of (a) one Mg, (b) three Mg, (c) five Mg, (d) one Al, (e) two Al, and (f) three Al

atoms.
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FIGURE 8 | The calculated storage capacity of host CrTe, for (a) Li-ion batteries, (b) Mg-ion batteries, and (c) Al-ion batteries.

TABLE 2 | The comparison of characteristics of CrTe, with reported anode materials.

Anode materials Theoretical capacity (mAh g™) Diffusion barrier (eV) OCV (V) Reference
CrTe, (LIBs) 1745 0.26 0.76-0.12 This work
CrTe, (MIBs) 872 0.55 0.97-0.42 This work
CrTe, (AIBs) 785 0.42 0.62-0.17 This work
LiC, (Graphite) 372 0.22-0.40 1.8 [74]
(LIBs)

Li,C, (Bilayer graphene) 744 — 0.4-0.6 [75]
(LIBs)

Si (LIBs) 4200 0.58 — [76]
g-CSi, (Siligraphene) 1286 — — [77]
(LIBs)

Si;N (LIBs) 1772 0.24 0.15-0.90 [78]
P-Bi;Sn, electrode 301 0-0.8 [79]
MIBs

Micronized bulk Mg,Sn anode 270 — — [80]
MIBs

Nanostructured Sn-Sb alloys 270 — 0-0.8 [81]
MIBs

B,C (MIBs) 3187.55 0.91 0.46 [82]

3.9 | Voltage Profile

The OCV is a crucial parameter that describes the magnitude of
the driving forces required to achieve equilibrium between the
cathode and anode [54]. The calculation of the voltage profile of
host structures helps to estimate the electrochemical perform-
ance of metal-ion batteries [83]. The OCV plays a crucial role in
predicting a battery's state of charge, enabling users and battery
management systems to accurately estimate the remaining
capacity. Moreover, OCV is essential in determining the voltage
profile and overall voltage characteristics of the battery during
both the charging and discharging phases. The open-circuit
potential for the studied batteries is calculated using Equation (4).
Figure 9a illustrates the voltage profile of CrTe, for LIBs, which
shows a maximum value of 0.76 V, representing the second-
highest value. The voltage profile for MIBs is shown in Fig-
ure 9b, with a peak value of 0.97V, the highest among all the
considered batteries. The voltage profile for AIBs is shown in
Figure 9c, with a value of 0.62V, the lowest among all the
considered batteries.

3.10 | Diffusion Paths of Metal Atoms

The CI-NEB method is used to calculate the diffusion barrier
and lowest energy route for the diffusion of metal atoms in the
host structure. The method divides the reactant and product
states of chemical reactions into intermediate states or images.
The images were connected by an elastic band, which nudged
along the reaction pathway to find the lowest energy path
between the two states. The NEB calculation provides the dif-
fusion energy barrier that is inversely proportional to the dif-
fusion rate and gives us valuable information about the battery's
charging process. The energy needed for metal atoms to migrate
between the layers of the host structure is crucial for the
charging efficiency of multivalent ion batteries and is greatly
influenced by the transition barrier. Different transition pathways
were considered in our simulation, as illustrated in Figure 10.
The first migration path of Li within CrTe, entails passage from
the middle hexagonal ring on the upper layer to the middle of the
hexagonal ring on the lower layer along the y-axis. The energy
barrier corresponding to this path appeared at 0.26eV, as
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illustrated in Figure 10a. It is comparable with commercially used
anode material graphite (0.22-0.40 eV) and Si;N (~0.24 eV). This
transition pathway is suitable for lithiation within CrTe, [74, 78].
When the concentration of lithium is lower, the highly favorable
and stable site is the center of the hexagonal ring. The bridging
between two hexagonal rings creates the least energy needed for
Li to diffuse into a stable position. In this pathway, the interacting
Li atom is located near the Te atom in CrTe,. The lithium atom
transfers its charge to the tellurium atom, as confirmed by
Hirshfeld charge analysis. The second migration path from left to
right along the x-axis diffusion of Li within CrTe, has an energy
barrier of 1.16 eV, as shown in Figure 10b. Notably, compared to
all other pathways, Al has the lowest energy barrier on this path.

For the Mg diffusion in the host CrTe,, two pathways are
investigated. The diffusion channel of Mg into the host struc-
ture, with an energy barrier of 0.55 eV for diffusion from left to
right along the x-axis, is depicted in Figure 11a, which is com-
parable to the MoS, (0.57 V) [84]. The diffusion of magnesium
from the top to bottom ring is shown in Figure 11b, which
corresponds to an energy barrier of 0.95 eV that is comparable to
that of B,C [82].

The diffusion of Al in the host CrTe, is also studied for the two
pathways using CI-NEB. The diffusion channel of Al in the host
structure is depicted in Figure 12a, where an x-axis energy
barrier of 0.42eV is obtained. In contrast, in the case of
Al diffusion from the top to the bottom rings, as shown in
Figure 12b, a barrier of 1.33 eV is encountered.

311 |
CrTe,

Current Voltage (IV) Characteristics of

To understand the role of electronic interactions in solid elec-
trolyte interphase (SEI) formation, DFT-GF electron transport
calculations are carried out for the pure and Li/Mg/Li interacted
structures as shown in Figure 13. The circuit showing two gold
electrodes acting as leads to provide voltage to the host material is
given in Figure 14. Figure 14a represents the pure CrTe,,
Figure 14b represents the Li-intercalated CrTe,, Figure 1l4c
illustrates Mg intercalated CrTe,, and Figure 14d demonstrates
Al-intercalated CrTe,. We are concerned with the electron flow
that results from positive voltages; hence, the IV characteristics
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FIGURE 13 | The view of NEGF setup of (a) pure CrTe,, (b) Li-intercalated CrTe,, (c) Mg-intercalated CrTe,, and (d) Al-intercalated CrTe,. The
proposed anode material is placed between gold leads.
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(a) Li-intercalated CrTe,, (b) Mg-intercalated CrTe,, and (c) Al-intercalated CrTe,. The current-voltage (IV) characteristics showing (d) comparison
of IV curves of pure CrTe,, Li-intercalated CrTe,, and EC + Li-intercalated CrTe,; (e) comparison of IV curves of pure CrTe,, Mg-intercalated CrTe,,
and EC + Mg-intercalated CrTe,; (f) comparison of IV curves of pure CrTe,, Al-intercalated CrTe,, and EC + Al-intercalated CrTe,. The change in

current with and without EC is shown.

are only computed for applied voltages in the range of —5 to
+5V. Figure 14d-f represents that the pure CrTe, has the mini-
mum value of current 0.0009 uA, which is observed notably rise
to 955 and 950 uA when the respective Mg and Al atoms are
intercalated in the host material.

Furthermore, we placed the ethylene carbonate (EC) as
electrolyte near the anode material CrTe, to investigate the
transportation of electrons, as shown in Figure 14a-c for Li,
Mg, and Al-intercalated CrTe,, respectively. The IV curves
shown in Figure 14d-f point to (i) a notable increase in current
when intercalation of the metal atoms takes place in the host,
and (ii) a significant decrease in the current after the intro-
duction of the EC electrolyte in all studied cases. The decrease
in the current owes to the formation of the SEI layer on the
anode after the application of the external voltage. SEI devel-
opment causes capacity loss in silicon anodes, which signifi-
cantly impedes their practical use in the next generation of
high-energy LIBs [85].

The analysis of IV curves of the intercalated host points to a
reduction in the current, which takes place in descending order
of Ij.crre, < Ivg:cite, < Ia:crte, due to reactions involving elec-
tron transfer. The notable reduction from monovalent Li case of
multivalent Mg and Al atoms. In the early stage, the formation
of SEI takes place on the surface of the anode when electrolyte
EC is reduced by donating electrons [76]. The application of
applied voltage introduces a current comprising electrons
donated by EC and metal ions to facilitate the reactions involved
in SEI formation. The comparison of the systems with and
without the electrolyte clearly indicates the significant decrease
in current (indicated by Alx) upon the formation of the SEI
components. In the case of monovalent Li-intercalated anode,
the value of decrease in current Aly; is 1101 pA, whereas the
decrease in current for multivalent Mg- and Al-intercalated
anodes, the values of Aly, and Al are found at 927.5 uA and

928 A, respectively. The results predict that the simultaneous
transfer of electrons from EC and X™* ions from the intercalated
anode to form SEI is dependent on the valance status of the X
atom. The provision of a higher number of electrons in the
formation of SEI in the case of multivalent ion batteries will
facilitate the quicker formation of stable SEI, which is a
requirement to develop cost-effective and efficient metal-ion
batteries [77, 86-88].

4 | Summary

In summary, our study provides compelling evidence that two-
dimensional (2D) puckered chromium ditelluride (CrTe,)
holds significant promise as an anode material for multivalent
metal-ion batteries operating via lithium (Li), magnesium
(Mg), and aluminum (Al) ions. Through DFT calculations, we
comprehensively investigated the stability, structural propert-
ies, and electronic characteristics of CrTe,, alongside its dif-
fusion barriers, storage capacities, OCV, and adsorption sites.
The exothermic interactions of CrTe, with Li, Mg, and Al ions
confirmed its suitability for intercalation processes in both
monovalent and multivalent ion batteries. The calculated val-
ues of storage capacities are notably high with values of
1745 mAh g* for LIBs, 872 mAh g™* for MIBs, and 785 mAh g™*
for AIBs. The OCVs of CrTe, are 0.76 V for Li, 0.97V for Mg,
and 0.62V for Al. Furthermore, the low diffusion barriers of
0.26 eV for LIBs, 0.55eV for MIBs, and 0.42 eV for AIBs indi-
cate the potential for rapid charging capabilities due to effi-
cient ion movement. We investigate the electron transport
properties in a few finite models of the host material using a
combined DFT and Green's function method (DFT-GF). When
compared to systems without SEI components, it is evident in
every instance that the current is significantly decreased with
the installation of SEI components These findings suggest that
CrTe, could be a potential anode material in the development
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of high-performance metal-ion batteries. Its ability to support
fast charging rates, combined with substantial storage capacity
and favorable voltage profiles, highlights the feasibility of
CrTe, in advancing the technology of multivalent metal-ion
batteries.
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