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ABSTRACT: Efficient energy sources are essential to meet the .------f zr,c MXene |---------------coov- """‘.

growing demand from households, electric vehicles, and portable i y
devices. Thus, electrode materials with high capacity and safety are ! % [Dj
critical for battery advancement. Recently, metallic two-dimen- | |
sional (2D) transition metal carbo-chalcogenides (TMCCs), such -
as Nb,X,C and T2,X,C (X = S, Se), have shown promise for
energy storage. In this context, we propose 2D Zr,Se,C as a novel L
Li-ion anode using first-principles calculations. This material @
exhibits favorable Li kinetics, with a low diffusion barrier of 0.20 .

eV. A single Li atom donates 0.23 e to the substrate, indicating an ) Meta{//c ©
efficient charge/discharge rate. Moreover, Zr,Se,C can accom- Op tln'1al d/ffusu')n®
modate up to three Li layers on a double-sided scheme, yielding a High capacity @
high theoretical capacity of 456 mAh/g. An average open-circuit

voltage of 0.53 V further supports its potential as an efficient TMCC-based anode.
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B INTRODUCTION

Since the first commercialization of lithium-ion batteries
(LIBs) in 1991, their market has expanded rapidly due to

(TMDs) have shown great potential in energy storage
applications, particularly in LIBs. Notable examples include
MoS,,'" WS,,"" MoSe,,'> and WSe,." Similarly, MXene-based
structures—discovered in 2011—have attracted substantial
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their high energy density and the relative abundance of
lithium."> For example, the LiCoO,/graphite system,
representing the cathode and anode materials respectively,
offered a specific energy of 100 Wh/kg in 1991. This value has
since been significantly improved through continuous research,
reaching approximately 280 Wh/kg by 2020.” The growing
demand for energy, driven by the proliferation of portable
electronic devices and electric vehicles, has fueled a global
pursuit of more efficient rechargeable batteries, including
LIBs.”® Graphite, the most widely used anode material, offers a
storage capacity of only 372 mAh/g° which limits its
applicability in large-scale energy storage systems. Conse-
quently, considerable efforts have been directed toward
discovering alternative electrode materials with superior
conductivity, enhanced Li-ion diffusion, and favorable electro-
chemical kinetics.

In this context, two-dimensional (2D) materials have
emerged as promising candidates for next-generation energy
storage technologies. Their inherently high surface-to-volume
ratio, low dimensionality, and advantageous ion migration
channels offer key benefits.”~* Additionally, quantum confine-
ment effects in 2D materials often result in intrinsic metallicity,
a critical factor for ensuring both battery safety and cycling
stability. Among these, transition metal dichalcogenides
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attention for their robust mechanical stability and high
electrical conductivity."*~"

More recently, a new class of 2D materials has been
introduced by integrating the properties of both TMDs and
MXenes, resulting in the so-called 2D transition metal carbo-
chalcogenides (TMCCs). These nanostructures exhibit a
MXene-like carbide skeleton, typically terminated by chalcogen
atoms such as sulfur or selenium. The first successful synthesis
of such a material was Nb,Se,C, in which Nb motifs from the
TMD-like NbSe, were replaced with Nb—C layers from a
MXene-like Nb,C matrix.” In 2022, Majed et al.”' reported
the synthesis of sulfur-based TMCCs, including Ta,S,C and
Nb,S,C, via a novel approach involving lithium intercalation
and delamination of their bulk precursors. Electrochemical
evaluations revealed excellent anode performance for Nb,S,C,
in agreement with earlier density functional theory (DFT)
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Figure 1. (a) Top and (b) side perspectives of Zr,Se,C monolayer. (c) Temperature-dependent phonon dispersion and (d) ab-initio molecular

dynamics (AIMD) at 300 K for 2D Zr,Se,C.

predictions by Jing et al,”” who reported high metallicity and
metal storage capacities ranging from 158 to 691 mAh/g.
Building on these breakthroughs, Loni et al.”’ expanded the
TMCC family by synthesizing Ta,Se,C through electro-
chemical lithiation, demonstrating both theoretically and
experimentally its promising catalytic activity for the hydrogen
evolution reaction (HER). Recently, Martins et al* explored
computationally 2D Ta,Se,C as an anode material for Li and
Na-ion electrodes, achieving optimal theoretical capacity and
high diffusion kinetics. Sun and colleagues25 also demonstrated
that different transition metal carbo-sulfides can be alternative
substrates for lithium—sulfur (Li—S) batteries. Numerous
theoretical studies have since supported these experimental
findings or proposed new applications for TMCCs in energy
storage, gas sensing, and conversion.”®”*’

Motivated by recent advances, we explore the Zr,Se,C
monolayer as a novel TMCC-based anode material for Li-ion
batteries through comprehensive DFT simulations. We
evaluate its structural, electronic, and mechanical properties,
along with the lithium storage capacity and diffusion behavior
on this new 2D material. Our results demonstrate that 2D
Zr,Se,C possesses excellent anodic performance, representing
a promising direction for the development of next-generation
2D TMCC materials in energy storage applications.

B COMPUTATIONAL SETUP

First-principles calculations based on density functional theory
(DFT) were conducted using the Vienna ab initio simulation
package (VASP).>" The projector augmented wave (PAW)
method and the Perdew—Burke—Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) were
utilized.”>** A plane-wave energy cutoff of 520 eV was applied
to guarantee convergence accuracy. For the relaxation of

20793

atomic structures, a Monkhorst—Pack K-point mesh of 6 X 6 X
1 was employed, whereas the electronic density of states
(DOS) was calculated using a denser I'-centered mesh of 12 X
12 X 1. To incorporate van der Waals interactions, the DFT-
D3 correction proposed by Grimme was implemented.”*
Structural optimizations were performed using the conjugate
gradient method until predefined convergence thresholds were
satisfied. Total energy differences were limited to below 1 X
1075 eV, and atomic forces were reduced to less than 0.01 eV/
A. A vacuum spacing of 20 A was introduced along the z-
direction to suppress spurious interactions between periodic
slabs.

To evaluate the dynamical stability of the 2D Zr,Se,C
monolayer, phonon dispersion calculations were performed
using ALAMODE**® with 3 X 3 X 1 supercell. Additionally,
ab initio molecular dynamics (AIMD) simulations were
conducted at 300 K for S ps in the NVT ensemble, employing
the Nosé—Hoover thermostat’” to assess its thermal robust-
ness. For the lithiated system, a simulation time of 10 ps was
considered. A 3 X 3 X 1 supercell containing a single adsorbed
metal atom was employed to investigate the adsorption and
diffusion behavior of metal ions on Zr,Se,C. The diffusion
energy barriers and minimum energy paths were determined
using the climbing image nudged elastic band (CI-NEB)
method. In these calculations, the force convergence criterion
was set to be below 1 X 107 Ry/a.u.

B RESULTS AND DISCUSSION

Structural and Electronic Description. The two-dimen-
sional Zr,Se,C monolayer originates from the hybridization of
ZrSe, and Zr,C, which correspond to prototypical TMD and
MXene-like structures, respectively. This shape results in the
retention of the carbon-rich core from the MXene precursor,

https://doi.org/10.1021/acsanm.5c03369
ACS Appl. Nano Mater. 2025, 8, 20792—20800


https://pubs.acs.org/doi/10.1021/acsanm.5c03369?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c03369?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c03369?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c03369?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.5c03369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

along with alternating zirconium and selenium atoms arranged
in a layered configuration, as illustrated in Figure 1a,b from top
and side views. The Zr,Se,C TMCC adopts a hexagonal crystal
structure with optimized lattice constants of a = b = 3.45 A,
exceedin§ the experimental values regorted for 2D Ta,Se,C
(3.31 A)** and 2D Nb,Se,C (3.32 A).”® The theoretical lattice
constant of 2D Zr,Se,C is compared with other 2D TMCCs
(Ta,Se,C, Nb,Se,C, Ta,S,C, and Nb,S,C), as listed in Table
S1. In addition, we estimated the formation energy of 2D
Z1,Se,C to be —2.57 eV, which is lower (less stable) than those
of the Ta- and Nb-based analogues (—2.75 and —3.24 eV,
respectively).

The mechanical response of 2D Zr,Se,C was investigated
and compared with its TMCC analogues. As the crystal
exhibits hexagonal symmetry, the number of independent
elastic constants can be reduced to C;; and C;,, while the shear
constant (Cg) can be obtained from (Ci; Cp)/2.
Accordingly, the stiffness matrix of these 2D TMCC materials
can be expressed as

Cll C12 0
c.=|C, C, 0

ij
0 0 Ceu=(Cy—Cp/2 (1)

The elastic constants of 2D Zr,Se,C were found to be C;; =
24423 N/m, C,, = 5523 N/m, and Cg = 90.05 N/m. These
values, along with those calculated for other 2D TMCCs, are
reported in Table S1. All of these structures satisfy the Born—
Huang criteria for mechanical stability in 2D hexagonal lattices,
namely C;; > 0, Cgs > 0, and C;;C,, — C3, > 0.°° Furthermore,
it can be observed that Se-terminated surfaces exhibit slightly
higher rigidity compared to their S-based counterparts.

When predicting novel 2D materials via DFT, it is essential
to assess both their dynamic and thermal stabilities. Phonon
dispersion analysis is commonly employed to verify dynamic
stability by checking for the absence of imaginary modes, while
ab initio molecular dynamics (AIMD) simulations are used to
evaluate thermal stability under finite-temperature conditions.
As shown in Figure Ilc, the phonon spectrum exhibits no
imaginary frequencies across the high-symmetry paths of the
Brillouin zone, both in vacuum and at various temperatures
ranging from 300 to 900 K, confirming the dynamical stability
of the monolayer. Furthermore, AIMD simulations conducted
at room temperature demonstrate that the Zr,Se,C structure
maintains its geometric integrity throughout the simulation, as
evidenced by the final snapshot depicted in Figure 1d.

The electronic properties of the 2D Zr,Se,C material are
presented in Figure 2. The electronic band structure confirms
its metallic character, as evidenced by several crossing the
Fermi level (set to zero). This metallic behavior is particularly
advantageous for potential anodic applications. Notably, the
metallicity of 2D Zr,Se,C can be attributed to the significant
overlap between Zr d- and p-states of Se and C atoms, as
illustrated in the projected density of states (PDOS) plot.

Li Binding and Diffusion on Zr,Se,C Monolayer. To
comprehensively evaluate the potential of the Zr,Se,C TMCC
monolayer as a Li-ion battery anode, it is essential to
investigate its lithium storage mechanism. For this purpose, a
3 X 3 X 1 supercell of the monolayer is constructed, and a
single Li atom is systematically placed above various high-
symmetry adsorption sites. These sites correspond to the top
of the surface atoms, namely Se, Zr, and C, as illustrated in
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Figure 2. Band structure and projected density of states (PDOS) of
2D Zr,Se,C.

Figure 1. The adsorption energy (E,q) is calculated using the
following expression

Eads = EZrZSe2C+Li - EZrZSBZC - ELi (2)
where Ej g, c,1; denotes the total energy of the Li-adsorbed

system, E;, ¢, c is the energy of the pristine monolayer, and Ey;

corresponds to the energy of an isolated Li atom in vacuum. A
more negative E 4, value implies a more thermodynamically
favorable (i.e., more stable) adsorption site. The corresponding
adsorption energies are summarized in Figure 3a. Among the

(a) 280+
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Figure 3. (a) Computed adsorption energies for Li over each available
site on 2D Zr,Se,C (Zr, Se, and C). (b) Side and top views of the
most stable configuration (above Zr site) with the register of Bader
charge result.

evaluated sites, the Zr site exhibits the most favorable
interaction, with an E_ 4 of —2.93 eV. This value indicates a
significantly stronger binding affinity compared to several
reported TMCC and MXene systems, such as Zr,C (—2.23
eV),”” Nb,S,C (=1.67 eV),”* and Zr,C,S, (—=2.20 eV).*
The fully relaxed geometry of the Li-adsorbed Zr,Se,C
system is presented in Figure 3b. To further explore the
electronic interaction between Li and the TMCC substrate,
Bader charge analysis was performed. The results reveal a
charge transfer of approximately 0.23 e from the Li atom to the
monolayer, indicating effective charge donation. When a
substantial charge is transferred from the metal to the host
substrate, as observed for Li on 2D Zr,Se,C, the result is an
increase in electrical conductivity and a more stable lithiation
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process, since the metal is more effectively retained on the
surface due to strong binding interactions.

Understanding metal-ion mobility across the electrode
surface is crucial for evaluating the practical feasibility of
battery systems. In this context, Li diffusion behavior on the
2D Zr,Se,C monolayer was investigated using the CI-NEB
method. As illustrated in Figure 4a, three distinct migration

(a) mm Path 1
W Path 2
I Path 3

(b) 1
—a— Path 1 —o— Path 2 —— Path 3
1.04 e
J - N
08 / \
> 0.6
= / \
] /
W 0.4 \
/ \
0.2+ M
0.0 1
0.0 0.2 0.4 0.6 0.8 1.0

Diffusion Path

Figure 4. (a) Three studied migration pathways for Li over Zr,Se,C
monolayer and the (b) associated energy barriers through CI-NEB
approach.

pathways were identified for Li diffusion on the substrate,
denoted as Paths 1, 2, and 3. Path 1 corresponds to the direct
migration of a Li atom between adjacent Zr top sites. In
contrast, Path 2 represents diffusion along the Se centers, while
Path 3 traces the migration across the carbon sites. These
trajectories provide a comprehensive overview of the energy
landscape for Li transport, which is a critical factor in

determining the electrochemical performance of the proposed
TMCC anode.

The CI-NEB calculations reveal favorable lithium diffusion
kinetics along Paths 1 and 3, with energy barriers of 0.209 and
0.205 eV, respectively. In contrast, Path 2 exhibits a
significantly higher diffusion barrier of 0.918 eV. This elevated
value can be attributed to the presence of selenium atoms,
which are located at the outermost layer of the Zr,Se,C
monolayer. As the Li atom moves across Se sites, enhanced
charge transfer interactions are expected, thereby increasing
the energy required for migration along this path. Moreover,
the Zr site, identified as the most thermodynamically stable
adsorption position, likely facilitates stronger charge exchange
with neighboring Se atoms. This observation aligns with the
increased energy barrier encountered in Path 2, confirming a
direct correlation between local bonding environments and ion
mobility.

The low diffusion barriers calculated for Paths 1 and 3
underscore the excellent ion transport properties of Zr,Se,C,
positioning it as a highly promising TMCC-based anode
material. These values are comparable to those of similar
compounds, such as Nb,S,C (0.23 eV) and Nb,Se,C (0.20
V). Furthermore, Zr,Se,C outperforms several well-known
2D materials, including borophene (0.60 eV),*" HOP-
graphene (0.70 eV),* and TiyC,0, MXene (042 eV).*”

Li Storage Properties. Building on the single-atom
adsorption analysis (see previous section), the lithiation
mechanism of the Zr,Se,C monolayer is further explored
using a double-sided adsorption approach. In this config-
uration, Li atoms are symmetrically introduced above and
below the substrate to maximize capacity while preserving
structural integrity. The lithiation process begins with the
adsorption of a single lithium layer, targeting the top sites
above Zr atoms, which were previously identified as the most
energetically favorable adsorption positions. To minimize
structural perturbations and better understand the progressive
lithiation behavior, Li atoms are incrementally added in a
stepwise manner, as illustrated in Figure 5. In this initial stage,
a total of 18 Li atoms are uniformly adsorbed across the
Zr,Se,C TMCC surface. The shortest computed Li—Se
distance in this fully occupied configuration is 2.44 A. Notably,
this value is slightly smaller than the 2.51 A observed in the
single-atom adsorption case, indicating that the introduction of
a complete Li layer does not significantly disturb the host
structure or induce unfavorable interactions. These findings

[ Lithiation model — 1st layer |

Figure 5. Lithiation scheme for a double-sided Li adsorption (1st layer) on 2D Zr,Se,C material.
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suggest that Zr,Se,C maintains structural stability even under
increased Li loading, highlighting its potential as a robust
candidate for high-capacity anode applications.

The theoretical lithium storage capacity of the 2D Zr,Se,C
can be estimated using the following expression***’

nzF

Cq =7~ X 1000 )
where n is the number of adsorbed Li atoms, z is the valency of
lithium (equal to 1), F is the Faraday constant (26.801 Ah/
mol), and W is the molecular weight of the pristine Zr,Se,C
substrate. Using this relation, a theoretical capacity of 152
mAh/g is obtained for a single Li layer symmetrically adsorbed
on both sides of the monolayer. This capacity is comparable to
experimentally reported values for related MXene-based
materials, such as Ti,CO, (110 mAh/g) and Nb,CO, (170
mAh/g)."”” However, to enhance the energy storage perform-
ance of 2D materials, multilayer lithiation strategies have been
extensively investigated in both experimental and computa-
tional studies.**™* Inspired by these findings, we systemati-
cally explore the electrochemical storage behavior of 2D
Zr,Se,C under increasing Li coverage, aiming to assess its full
theoretical capacity and multilayer lithiation potential.

To further investigate the multilayer lithiation behavior,
single-atom adsorption analysis was repeated to identify the
most energetically favorable binding sites for Li atoms in the
second and third adsorption layers. Our results indicate that
lithium preferentially occupies sites following a Zr—Se—C
vertical alignment, corresponding to the first, second, and third
Li layers, respectively. The fully lithiated configuration of the
Zr,Se,C monolayer, containing a total of 54 adsorbed Li
atoms, is illustrated in Figure 6a. The interlayer distances

(b)
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Figure 6. (a) Result of multilayer approach (3-Li layers) over 2D
Zr,Se,C structure and its (b) electron localization function (ELF)
map.

between successive Li layers were found to be 2.28 A (first to
second layer) and 2.07 A (second to third layer), both of
which are noticeably larger than the 1.40 A spacing observed
between the first Li layer and the Se surface atoms. This trend
suggests that the interaction strength between Li atoms
weakens with increasing coverage, likely due to repulsive Li—
Li interactions.

To gain deeper insights into the nature of bonding and
charge distribution, the electron localization function (ELF) of
the fully lithiated structure is shown in Figure 6b. In the ELF
map, red regions represent strong electron localization (ELF ~
1.0), while blue regions correspond to low electron density
(ELF =~ 0.0). The Li—Se interaction exhibits low ELF values
(ELF < 0.5), confirming its ionic character and supporting the

high charge transfer observed in the first layer. Conversely, the
interaction between Li atoms is characterized by very low
electron localization and is dominated by electrostatic
repulsion, which accounts for the increased spacing between
Li layers in the higher coverage regime.

The evolution of the adsorption energy with increasing
lithium coverage on the Zr,Se,C TMCC monolayer was
evaluated and is presented in Figure 7a. As additional Li atoms
are introduced, the adsorption energy gradually decreases from
—2.86 eV to —1.67 eV. This trend reflects a progressive
stabilization of the system as charge from Li is evenly
distributed across the substrate, leading to a lower overall
energy configuration. Notably, the drop in E 4 becomes less
pronounced between the second and third Li layers, indicating
a saturation point in the adsorption process and suggesting that
the system approaches a thermodynamically stable state at
higher coverage. The corresponding theoretical capacities for
single, double, and triple Li-layer configurations are calculated
to be 152, 304, and 456 mAh/g, respectively, as illustrated in
Figure 7b. These values position Zr,Se,C among the most
promising TMCC-based anode materials, with substantial
energy storage performance.

To gain enhanced insight into the electronic effects of
progressive lithiation on the Zr,Se,C monolayer, detailed
electronic structure calculations were performed through
PDOS plots (see Figure S1). At the first Li adsorption layer
(Figure Sla), a pronounced hybridization between Li and Zr
states is observed, particularly around 0.5 eV above the Fermi
level, indicating strong interaction. As additional Li layers are
deposited onto the Zr,Se,C substrate, significant hybridization
emerges within both the valence and conduction bands.
Notably, pronounced peaks corresponding to orbital inter-
actions between Li and Zr atoms appear near —0.9, 0.8, and 2.2
eV. These features reflect substantial electronic coupling
between the adsorbed Li atoms and the TMCC host lattice.
Furthermore, PDOS analysis confirms that the metallic
character of Zr,Se,C is preserved throughout the lithiation
process, a crucial attribute for maintaining efficient electron
transport in anodic applications.

The thermal stability of the proposed multilayer lithium
storage configuration on the 2D Zr,Se,C electrode was further
evaluated using ab initio molecular dynamics (AIMD)
simulations at room temperature (see Figure 8). The energy
profile over the S ps simulation exhibits a smooth and stable
behavior, confirming the reliability of the system under thermal
fluctuations. Moreover, the final AIMD snapshot demonstrates
that the Zr,Se,C monolayer can effectively accommodate a
high density of Li atoms without significant structural
distortion. Notably, pronounced Li-ion mobility is observed
between the layers, yet no aggregation or clustering of Li atoms
occurs. At the end of the AIMD simulation, we observed a
3.48% expansion in the layer thickness. Additionally, the
average in-plane Li—Li bond length decreased slightly from
3.45 A to 3.36 A, confirming that multilayer stacking does not
induce significant lattice distortions under thermal perturba-
tion. This behavior suggests that the material can facilitate
facile lithium insertion and extraction, highlighting its
promising potential for efficient charge/discharge cycling in
TMCC-based battery applications.

The open-circuit voltage (OCV) profile was calculated to
evaluate the electrochemical stability and safety of the Zr,Se,C
anode. The OCV values were estimated using the average
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Figure 8. Energy fluctuation and final snapshot of ab initio molecular dynamics (AIMD) for 3-Li layers scheme over Zr,Se,C TMCC.

adsorption energies of lithium atoms according to the
relation***°

OCV = _(Ezrlsezc‘*'xLi - EZrzSeZC - xELi)

(4)

where x denotes the number of adsorbed Li atoms and e is the
elementary charge. Negative average adsorption energies
correspond to thermodynamically favorable adsorption,
which translates into positive OCV values, indicating stable
and safe electrode operation.

Figure 9a illustrates the OCV profile as a function of lithium
concentration on the Zr,Se,C anode. The voltage decreases
progressively with increasing Li content, as expected. At the
lowest Li coverage, the OCV reaches 1.90 V, dropping to 0.17
V for a fully occupied first Li layer (18 Li atoms). Subsequent
adsorption of additional Li layers maintains positive OCV
values of 0.07 and 0.04 V for the bilayer and trilayer
configurations, respectively. The presence of a plateau during
the second lithiation step further supports the electrochemical
stability of the multilayer Li storage on 2D Zr,Se,C. An
average OCV of approximately 0.53 V confirms that this
material offers a promising anodic performance suitable for
lithium-ion battery applications. The obtained results for 2D
Zr,Se,C are close to the voltage window required for practical
applications, where low but positive values are essential to
ensure a safe lithiation mechanism.”"

The structural stability of lithiation on an electrode can be
theoretically assessed by computing the formation energy
(Efx)) for different Li concentrations (x). Here, as the

xze

20797

number of Li atoms increases on the TMCC monolayer, the
formation energy of the material with intermediate lithium
content is expressed following®>>’

Eo) = E(tizose,c) — ¥Ewy = (1 = %)E(z.5¢. ) (s)
where E is the total energy. In eq 5, the reference states are
defined considering different lithiation steps, ie., x = 0, 0.04,
0.4, 0.62, 0.8, and 1.2. As shown in Figure 9b, all lithiated
compounds of 2D Zr,Se,C lie on the convex hull. This
parameter indicates the thermodynamic feasibility of the
proposed anode material.

In Table 1, we compare the main theoretical parameters of
2D Zr,Se,C with those reported for other 2D anode materials.
The results highlight its superior theoretical capacity compared
to its analogues, i.e., Nb,S,C (194 mAh/g),”* Ta,Se,C (404
mAh/g),”* and Ta,S,C (367 mAh/g).** As expected, bare
MXenes such as Ti,C,** and V,C;>° present smaller diffusion
energy barriers (0.07 and 0.05 eV, respectively) than 2D
Zr,Se,C (0.20 eV), since the binding strength of metals over
these substrates is weaker than the metal-S or metal—Se
interactions in 2D TMCCs. Also regarding diffusion kinetics,
2D Zr,Se,C also exhibits competitive performance relative to
these 2D TMCCs and to carbon allotropes such as HOP-
graphene,”” Me-graphene,”” CYC-CTF0,”® CTF0,”” and
Athos-graphene.”’ A similar trend is observed for the average
OCYV profile. Overall, the proposed 2D Zr,Se,C is verified as a
viable alternative anode material due to its competitive
electrochemical performance evidenced by computational
simulations.
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Figure 9. (a) Open-circuit voltage (OCV) profile and (b) formation
energy convex hull plot for Li storage on Zr,Se,C monolayer.

Table 1. Performance Comparison of the Li Storage
Capacity, Energy Barrier and Average OCV Calculated for
2D Zr,Se,C and Those Reported Theoretically for 2D
Anode-Based Materials

Capacity Energy barrier ~ Average OCV

System (mAh/g) eV) (gV)
Zr,Se,C (this work) 456 0.20 0.53
Nb,$,C* 194 023 0.92
Ta,Se,C** 404 026 0.34
Ta,$,C** 367 021 0.57
Ti,C,*° 448 0.07 0.43
v,C;° 223 0.05 0.38
HOP-graphene™® 1338 0.70 0.42
Me-graphene®’ 613 0.48 -
CYC-CTF0*® 585 0.17 1.10
CTF0*’ 462 0.07 -
Athos-graphene® 837 0.30 0.54

B CONCLUSIONS

Motivated by ongoing advances in the synthesis and study of
two-dimensional (2D) transition metal carbo-chalcogenides
(TMCCs), this work investigates the anodic potential of a
novel Zr,Se,C monolayer using density functional theory
(DFT) simulations. Our results demonstrate both the thermal
and dynamical stability of 2D Zr,Se,C, confirmed through ab
initio molecular dynamics (AIMD) simulations and phonon

dispersion analyses, respectively. Single-atom lithium adsorp-
tion reveals a strong binding affinity accompanied by a
significant charge transfer of 0.23 e. The lithium diffusion
mechanism across the Zr,Se,C surface was probed using the
climbing image nudged elastic band (CI-NEB) method,
yielding a low energy barrier of 0.20 eV, indicative of favorable
Li mobility.

Furthermore, both single- and multilayer lithium storage
scenarios were examined, with theoretical capacities calculated
as 152, 304, and 456 mAh/g for one, two, and three Li layers,
respectively. AIMD simulations corroborate the thermal
stability of the fully lithiated multilayer configuration. Finally,
the open-circuit voltage (OCV) profile for Li adsorption on
Zr,Se,C spans a favorable range from 1.90 to 0.04 V, with an
average value of 0.53 V, supporting its promise as an efficient
anode material for lithium-ion batteries.
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