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Abstract

In this study, we use density functional theory (DFT) with a Hubbard (U) parameter, implemented in the Quantum Espresso
code, to investigate the interactions between Li-ions and the ZrS, monolayer under the influence of in-plane uniaxial and
biaxial strains, specifically within the context of lithium-ion batteries. This is to ensure the ZrS, monolayer is more robust
against the Coulomb forces arising from interactions between multiple lithium ions. This study objectively examines the
impact of tensile and compressive strains ranging from — 5% to 5% on the energetic stability and electrochemical properties of
the lithiated ZrS, electrode monolayer. For a single Li adatom on a 3 x 3 ZrS, monolayer, the compressed structure (at—5%
strain) becomes more energetically favorable, exhibiting a low adsorption energy of — 1.41 eV. In contrast, the stretched
structure (at+ 5% strain) has a higher adsorption energy of —0.95 eV compared to the unstrained structure (— 1.16 eV),
although exothermic interaction is maintained. The ZrS, electrode monolayer has a shallow energy barrier of 0.23 eV for
Li-ion diffusion, indicating greater mobility, which is slightly enhanced by compressive strain. The application of — 5%
(compressive strain) resulted in an average OCV of 0.93 V, and 0.78 V for unstrained, while + 5% (tensile strain) yielded an
OCV of 0.69 V, which is in the range of commercial anode materials. The tensile strain on a ZrS, electrode monolayer would
be more effective in mitigating the dendrite formation. The introduction of a Li adatom rearranged the conduction band
minimum, leading to the hybridized Zr d orbital states crossing the Fermi level and becoming more populated as the number
of Li adatoms increases, leading to a more conductive electrode. Additionally, the strain reduced the band gap, causing the
induced electronic states to be continuous from the VBM to the CBM edges, which enhances the electronic conductivity of
the material, ensuring the excellent LIBs operation during the charge and discharge processes.

Keywords Density functional theory - Zirconium disulfide - Li adatoms - Tensile and compressive strains - Adsorption
energies - Open circuit voltage

Introduction density [2-9]. To address the low theoretical specific capac-

ity of graphite, various two-dimensional (2D) materials

Recent technological advancements have heightened the
urgency to design anode materials for high-performance
rechargeable Li-ion batteries (LIBs) [1]. The widely used
anode material, graphite, has limitations due to its low theo-
retical specific capacity of approximately 372 mAh/g [2].
High-performance anode materials should exhibit excellent
reversible capacity, strong cycle stability, and high energy
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have been investigated in the search for high-performance
anodes [10-16]. In the context of energy storage, significant
attention has been given to transition metal dichalcogenide
(TMD) monolayers due to their low dimensionality, large
surface area, moderate tunable band gap (ranging from 0.1 to
2.0 eV), high electronic mobility, and exceptional mechani-
cal strength. Furthermore, most TMDs can be synthesized
using non-complex and low-cost methods [17-19]. A TMD
monolayer is made up of three atomic planar layers: an inner
transition metal (M) layer is sandwiched in between by the
two chalcogen layers to make a hexagonal bent structure.
One of the novel 2D TMDs is the ZrS, monolayer, which
has been synthesized using various methods [20-24]. It
is also a non-toxic material. The most commonly studied
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polymorphs of the ZrS, monolayer are 1H and 17, which
represent distinct geometries, having space groups of P6 m2
and P3 m1, respectively. Several studies indicate that the
1T polymorph is the preferred structure in terms of stabil-
ity [25]. In particular, the ZrS, monolayer has a high elec-
tronic mobility of 1200 cm? V~! S7!, significantly higher
than other TMDs such as the MoS, monolayer (400 cm?
v-! S_l) [21, 26]. The reported electron mobilities indi-
cate that ZrS, has lower effective mass and enhanced carrier
transport characteristics than MoS,, suggesting that ZrS, is
superior for improving performance in various electronic
applications. Additionally, the ZrS, monolayer is a tunable
indirect band gap semiconductor, and its magnitude can be
quantified based on the method used, GGA-PBE (= 1.1 V),
DFT-PBE +U (~1.7 eV), HSE06 (~1.8 eV) [19, 26-29], and
experiments (1.7 eV) [27, 28, 30]. It was further confirmed
that the ZrS, monolayer is mechanically and dynamically
stable [29]. Based on these findings, concerted efforts by
experimentalists and theorists have focused on exploring its
practical applications [20, 24, 25, 31].

The ZrS, monolayer has been investigated as a suitable
anode material. Primarily, during charging, LIBs absorb
electrical energy and convert it into chemical energy as
stored within the anode materials [32-34]. During discharge,
a reduction process occurs in which Li-ions release electrons
and become oxidized at the cathode. The released electrons
travel through the circuit, attracted towards the positive ter-
minal, generating electrical energy in the process. It was
reported that Li binds more strongly with the ZrS, mon-
olayer and also has a storage capacity that is higher than that
of the MoS,, SnS,, and TiS, monolayers [25, 35]. Further-
more, the commercially suitable average open circuit voltage
of about 0.7 V and excellent migration energy barrier of 0.24
eV are reported [25, 35]. The lithiation of the ZrS, mon-
olayer enables a transition from semiconducting to metal-
lic properties due to Li electrons occupying the Zr d band
[25, 36]. However, it has been reported that achieving 100%
reversal of this transition during battery operation is not
feasible, unlike in cases where the host material is already
metallic. To mitigate this issue, heterolayers consisting of
the ZrS, monolayer and metallic graphene monolayer were
considered [25, 35]. This approach is expected to improve
both the conductivity and strength of the materials. Experi-
mental studies by Kim et al. [37] report that an increasing
number of Li-ions within the ZrS, monolayer lead to strong
Coulomb interactions, transforming the ZrS, monolayer into
an amorphous phase comprising Zr

atoms and Li,S compounds after discharging to 0.1 V,
with this transformation being reversible during charging.
These noted setbacks clearly indicate limitations in energy
density, charge/discharge rates, and overall cycle life, hin-
dering the potential for high-performance anodes. One way
to address these issues and mitigate the failure of the ZrS,
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monolayer anode during lithiation could be the application
of in-plane strain engineering.

Strain engineering has played a pivotal role in fine-tun-
ing the properties of 2D materials to meet specific needs
[38—40]. Previous studies have reported that 2D materials
can sustain extremely high elastic strain conditions before
collapsing, as compared to bulk materials [41, 42]. Theoreti-
cal computational research can implement in-plane strain by
varying the lattice parameters of a material system, while
experimental research employs the lattice mismatch tech-
nique [30, 43—-45]. Previous DFT studies have shown that
the application of uniaxial and biaxial strains alters the band
gap of ZrS, monolayer [19, 46, 47]. It has been reported
that both biaxial and uniaxial tensile strains increase the
band gap of ZrS, monolayer by different magnitudes, while
compressive strains decrease it. It is worthwhile to under-
stand the response of Li-ions on the ZrS, monolayer under
different strain conditions. Specifically, this should focus
on the stability and diffusion rate, which contribute to the
charging/discharging, when the Coulomb force between Zr
and S atoms is altered by tensile or compressive strains.
The influence of strain on the metallic character should
be carefully examined to determine whether conductivity
is enhanced or reduced. Although there is no evidence of
the effects of tensile and compressive strains on the elec-
trochemical properties of lithiated ZrS, monolayers, such
evidence does exist for other monolayers; for example, Hao
et al. [48, 49] demonstrated that tensile strains enhance the
Li adsorption energy on MoS, monolayers, while having
minimal influence on the migration energy barriers. At low
concentrations, Li adatoms on V,C and Nb,C monolayers
are stabilized by compressive strain, which significantly
reduces the diffusion barriers [40].

In this study, the influence of moderate strain (ranging
from —5% (compressive) to +5% strains (tensile)) on Li-
ions on the ZrS, monolayer was investigated using the DFT
approach. This is to ensure the ZrS, monolayer is more
robust against the Coulomb forces arising from interac-
tions between multiple lithium ions. This aims to enhance
the stability, mobility, storage potential, and conductivity
of Li-ions on the ZrS, monolayer. At this strain range, the
single Li adatom on the ZrS, structures underwent elastic
deformation, ruling out the possibility of immediate amor-
phization, based on the analyzed strain energy. Based on
the adsorption energy analysis of a single Li adsorption,
the Li-ZrS, structures became more energetically favora-
ble under compressive strain (from —2.5% to —5%) and less
favorable as tensile strain increased (from 2.5% to 5%) while
maintaining an exothermic reaction. The strain has minimal
impact on the energy barriers for Li-ion diffusion, except for
a slight reduction under compressive strain. Compressive
strain reduced the band gap, causing the induced electronic
states with high peaks to be continuous from the VBM to the
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CBM edges, thereby enhancing the electronic conductivity
of the ZrS, structures.

Computational methods

Spin-polarized density functional theory (DFT), imple-
mented within the Quantum Espresso software package [50,
51], is used to optimize the lithium adatoms on the ZrS,
monolayer structure and to calculate their various properties.
The generalized gradient approximation with the Perdew-
Burke-Ernzerhof (GGA-PBE) flavor was used to describe
the electron exchange-correlation potential [52]. Addition-
ally, electronic spin was assigned to each atom prior to the
calculations. To obtain accurate results, convergence tests
were conducted for the kinetic energy cut-off used in the
expansion of plane waves and for the k-points sampling of
the Brillouin zone, generated using the Monkhorst-Pack
scheme [53]. An energy cut-off of 500 eV and a5 X 5 X
1 k-point grid are sufficient to yield accurate results. To
account for the interactions between core and valence elec-
trons, ultra-soft pseudopotentials generated from the pro-
jector augmented wave (PAW) method were used [54]. The
electronic configurations used for constructing the pseudo-
potentials are as follows: Zr is 4s> 4p® 4d? 552, S is 3s2 3p*,
and Li is 2s'. The total energies of the ZrS, monolayer and
Li adsorption on the ZrS, monolayer were allowed to con-
verge to within 10~%eV. The Zr, S, and Li atomic positions
were allowed to relax until the forces were below 0.02 eV/A,
calculated considering the Hellman—Feynman theorem. The
Methfessel-Paxton smearing method [55] was used to set
the occupancy of electronic energy states with a spread of
0.02 eV.

In our DFT study, a 1Xx1 unit of ZrS, monolayer was
considered, obeying periodic boundary conditions (PBC)
[56]. As mentioned in the introduction section, the most
commonly studied polymorphs of the ZrS, monolayer are
1H and 17, which represent distinct geometries, having
space groups of P6 m2 and P3 ml, respectively. In the 1H
structure, the top and bottom sulfur (S) atoms are directly
opposite to each other, and the zirconium (Zr) atoms show
trigonal prismatic coordination. In the 1 T structure, the top
and bottom S atoms are positioned diagonally, with the Zr
atoms showing octahedral coordination. After structural
optimization, the calculated cohesive energies defined as
the energy required to disassemble the ZrS, monolayer into
the isolated sulfur (S) and zirconium (Zr) atoms are 5.29 eV/
unit cell with a lattice constant of 3.57 A for the 1H structure
and 5.34 eV/unit cell with a lattice constant of 3.66 A for
the 1T structure. This is an indication that the 1T structure
is the energetically preferred polymorph, in agreement with
the previous study [25].

The converged ¢ = 20A value was used, ensuring that
the unwanted interaction between the periodic ZrS, mon-
olayer images is negligible. The Grimme dispersion cor-
rection method (DFT-D3) [57] was applied to the supercell
to account for potential van der Waals forces between the
Zr and S layers, which could influence the energetic and
structural stability of the system. To correct the band gap
of ZrS, monolayer due to the limitations of the GGA-PBE
functional, we applied DFT with a Hubbard-U correction.
We conducted several tests varying the U parameter to
identify the value that yields a band gap equivalent to the
experimental value of 1.62 eV [27]. The nudged elastic
band (NEB) method [58] was employed to examine the
minimum energy path (MEP) for Li diffusion across the
ZrS, monolayer, from one stable adsorption site to another.
Additionally, we calculated the adsorption energies E,
of the Li adatoms on the ZrS, monolayer to test for the
supercell convergence and examine the stability of differ-
ent sites; this was achieved using the following formula:

Eads(Li) = EZrS2+ad - EZrS2 — nky; €))]

The E, ¢,+Li is the total energy of the Li adatoms on
the ZrS, monolayer, E, g, is the total energy of the ZrS,
monolayer without the Li adatoms, and Ej ; represents the
energy per atom of bulk Li in its stable body-centered
cubic (BCC) phase. n is the number of Li atoms attached
to the ZrS, monolayer. The positive E, (Li) refers to the
exothermic adsorption, while the negative E,; (Li) refers
to endothermic adsorption. A positive E 4 (Li) indicates
exothermic adsorption, while a negative E, (Li) refers to
endothermic adsorption. We also investigated the influence
of uniaxial and biaxial strains on Li adatoms on the ZrS,
monolayer. The strain energy, &, is defined by the follow-
ing equation:

—a,

E =

a x 100% Q)
where a and o refer to the lattice constants of strained and
unstrained ZrS, monolayer, respectively. A biaxial strain is
applied when equal amounts of elongation or compression
are imposed on the ZrS, monolayer in two perpendicular
directions (the x and y planes), while uniaxial strain occurs
when elongation or compression is applied in only one
direction [46]. We considered a maximum strain of +5%, as
experimental studies have shown that this range preserves
the structural integrity of the material [59-61].
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Results and discussions
Li adsorption on a ZrS, monolayer under zero strain

Understanding the adsorption mechanisms of ions on an
electrode is very significant in battery technology. Therefore,
we thoroughly investigated the adsorption energies (E,q;),
adsorption heights (dLi), energy barrier profiles, and elec-
tronic properties of a single Li atom on a ZrS, monolayer.
To achieve this, we identified three typical high-symmetry
adsorption sites as shown in Figure 1: (1) H-site Figure 1a,
the Li adatom is precisely positioned above the hexagonal
center or hollow site; (2) T-site Figure 1b, the Li adatom is
unambiguously located on the top of an S adatom; and (3)
T,-site Figure lc, the Li adatom is indisputably situated on
the top of a Zr atom.

Where reference [35] reported the values calculated on
ZrS,-graphene heterostructure

The identified sites agree well with previous studies,
where they have demonstrated that ZrS, monolayer has
multiple sites for anchoring adatoms [25, 35]. It is therefore
imperative to determine the most energetically stable site
through rigorous structural optimization and comprehensive
analysis of adsorption energies.

Additionally, to ensure reliable results for adatom adsorp-
tion on a ZrS, monolayer, it is very important to use a suf-
ficiently large supercell to minimize interactions between
periodic images [62], while still adhering to periodic bound-
ary conditions [56]. One effective approach to achieve this is
to perform supercell size convergence testing. With that said,
supercell sizes were varied as follows: 1 X 1,2x 2,3 x 3,4
X 4, and 5 X 5. Thereafter, a Li atom was adsorbed for each

Li on hollow

Top view

@ dLi

SSSLHLNEP

Ve wewwew
Side view

(a) H-site

Fig. 1 Optimized ball-and-stick model of the ZrS, monolayer. The
top diagram shows the top view, while the bottom diagram displays
the side view of a ZrS, monolayer. Three distinct lithium adsorption
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supercell size, and structural optimization was performed to
ensure energy minimization.

As mentioned earlier, adsorption energy plays a very
critical role in determining the stability and charge/dis-
charge behavior of electrode materials for metal ions. As
depicted in Figure 1, the plot demonstrates the consist-
ency of Li adsorption energies (E,4(Li)) at the H-site,
T,-site, and T,-site across various supercell sizes (1 X 1,
2x2,3%x3,4x4,and 5 x 5) for supercell convergence
tests in Figure 2. The adsorption energies at the consid-
ered sites exhibit minimal change from the 3 X 3 super-
cell size onwards, confirming convergence. Consequently,
the 3 x 3 supercell was selected for further calculations.
Moreover, we examined the E, (Li) on various sites as
illustrated in Figure 1 and Table 1: the H-site, T,-site, and
T,-site on a ZrS, monolayer. The negative E, 4 (Li) values

e Li-H
Li-Zr
- Li-S

Adsorption energy(eV)

: ! . I . ! .
1X1 2x2 3X3 axa 5X5
Supercell sizes

Fig.2 The influence of supercell size variation on the lithium adsorp-
tion energies on a ZrS, monolayer

Lion 2r

dLi [ [
vVVVVeWWWSBV
(c) T,-site

sites are illustrated (a, b, and ¢): corresponding to the H-site, T,-site,
and T,-site, respectively
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Table 1 The calculated adsorption energies E,  (¢V) and optimized
heights dLi (in A) for lithium adatoms at different sites (H-site,

T,-site, and T,-site) of ZrS, monolayer

Li sites E, (€V) dLi (A)
H-site — 1.16 (— 0.88) [35] 1.21
T,-site - 0.30 (0.22) [35] 2.22
T,-site — 1.05 (- 0.71) [35] 1.35

for the considered sites indicate an exothermic adsorp-
tion process, suggesting significant electronic interaction
between the lithium adatoms and the ZrS, monolayer. This
finding is consistent with previous research on Li adatom
interactions with other two-dimensional materials [63—65],
affirming the potential of a ZrS, monolayer as a suitable
cathode material for lithium-ion battery applications.
Among the considered adsorption sites, the H-site exhibits
the lowest E, 4 (Li) value of —1.16 €V, obtained from 3 X 3
supercell sizes, indicating its favorability. This observation
aligns with the findings of King’ori et al. [35], who investi-
gated the energetic stability of Li in a graphene-ZrS, mon-
olayer heterostructure. This suggests a strong interaction
between Li-ions and the ZrS, monolayer, minimizing the
formation of unwanted clusters. The optimized Li height
(dLi (A)) for the considered sites, measured above the out-
ermost sulfur, is detailed in Table 1. The H-site shows the
shortest dLi of 1.21 A, indicating a greater interaction.

Meanwhile, the T -site demonstrates the highest £, (Li)
of —0.30 eV and a relatively longer value of 2.2 A, indicat-
ing a weaker interaction. This observation aligns with the
findings of Rehman et al. [25], who reported binding ener-
gies of Li at different sites as 1.41 eV (H-site) and 1.31 eV
(T,-site) while excluding the T)-site due to its high energetic
instability [25]. The substantial variation in stability among
these sites can be attributed to their distinct Li adatom coor-
dination and differing electronegativity. The T,-site involves
single coordination between the Li adatom and the near-
est outermost S atom, whereas the H-site entails multiple
coordination between Li and the nearest outermost S atoms.
Rehman et al. [25] suggested that the higher electronegativ-
ity of the S atom compared to the Zr atom results in the
acceptance of lithium’s valence electrons, leading to a strong
ionic bond and greater stability. The smaller difference in
adsorption energy between the H-site (—1.16 eV) and the
T,-site (—1.05 eV) could be attributed to the high number of
Li adatom co-ordinations with S atoms in both sites. Conse-
quently, their optimized dLi values are also small, as shown
in Table 1. The relatively higher stability of the H-site com-
pared to other sites (Figure 2) indicates its preference for Li
atom adsorption, potentially enhancing the overall electro-
chemical performance of the ZrS, monolayer. Consequently,
subsequent calculations focused on the H-site.

Li adsorption and charge density distribution
on ZrS, monolayer under uniaxial and biaxial strains

Understanding how strain affects materials is essential, as it
will allow us to tailor their properties for specific technologi-
cal applications. Previous studies have shown that applying
strain can alter various properties of two-dimensional mate-
rials [18, 19, 59, 66-68], such as enhancing the stability
and electrochemical properties, showing great promise for
improving material performance. Thus, we investigated the
effects of uniaxial and biaxial strains on the energetic stabil-
ity and structural properties of lithium atom adsorption on
the ZrS, monolayer. We subjected the ZrS, monolayer to
both uniaxial (depicted in Figure 3a) and biaxial (depicted in
Figure 3b) strains, with a 1.25% increase in tensile and com-
pressive magnitudes ranging from —5% to 5%, as depicted in
Figure 3c of adsorption energies. The relaxed structures of
single Li adsorption on a 3 X 3 ZrS, monolayer under uni-
axial (Figure 3a) and biaxial (Figure 3b) strains at —5% and
5% strains remain intact. It was previously reported that this
magnitude of strain can be achieved experimentally without
deforming the structure [41, 42, 48].

Following the structural optimization, we investigated
the effects of strains on the adsorption energy of Li at an
H-site of the ZrS, monolayer. Figure 3¢ demonstrates that
the calculated adsorption energies are consistently negative,
indicating the sustained exothermic nature of the reaction
of Li with the ZrS, monolayer across the range of applied
strains. Moreover, the adsorption energy (E,;,) exhibits
sensitivity to strain application, as depicted in Figure 3c.
Under both uniaxial and biaxial strains, E, 4, decreased under
compressive strain and increased under tensile strain com-
pared to the 0% strain reference, as shown in Figure 3c. Most
importantly, under compressive strain, biaxial strain yielded
more stable structures (e.g., —1.25% results in E, 4 =—1.21
eV, —2.5% results in E, = —1.27 eV, —5% results in E 4=
—1.40 eV) compared to uniaxial strain (e.g., —1.25% results
in E 4= —1.1eV, —=2.5% results in E;;= —1.23 eV, —-5%
results in E,3,= —1.31 eV). Biaxial strain under compres-
sive force proves advantageous in enhancing the Li-ion ZrS,
monolayer interactions.

Figure 3d depicts the impact of both uniaxial and biaxial
strains on the dLi above the ZrS, monolayer. When subjected
to compressive strain, biaxial strain notably increased dLi
compared to the 0% strain reference (e.g., —1.25% results
in dLi= 1.19 A, —2.5 A% results in dLi= 1.23 A, —3.75%
yields dLi= 1.24 A, =5% yields dLi= 1.25 A). This suggests
that biaxial compression reduces the interatomic distances
between Zr and S atoms from 2.59 A to 2.54 A (Figure 3b),
causing their electronic states to overlap slightly, which
could lead to the repulsion of the Li-ions. For the case of
uniaxial strain (Figure 3d), on the other hand, it does not
result in significant variations in dLi values (e.g., —1.25%
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Fig.3 The relaxed structures of single Li adsorption on a 3 X3 ZrS,
monolayer under a uniaxial and b biaxial strains, specifically at —5%

and 5%. ¢ Variation in adsorption energy E,, as a function of uni-

axial and biaxial strain percentages applied to Li-ZrS, monolayer.
Negative strain percentages represent compressive strains, while posi-

results in dLi= 1.19 A, —2.5% results in dLi= 1.20 A,
—3.75% yields dLi= 1.22 A, and —5% yields dLi= 1.19 A).

When subjected to tensile strain, uniaxial strain results
in greater stability (e.g., 1.25% results in E,;= —1.13 eV,
2.5% results in E,4=—1.11 eV, 5% results in E,;;= —1.06
eV) compared to biaxial strain (e.g., 1.25% results in E ;=
—1.10 eV, 2.5% results in E = —1.04 eV, 5% results in
E, 4= —0.5 eV). Prior research indicates that tensile strain
influences the adsorption of Li/Na atoms on two-dimen-
sional materials [40, 48, 49]. In contrast, under both uniaxial
and biaxial tensile strains, the dLi decreased. Biaxial strain
notably decreases dLi compared to the 0% strain reference
(e.g., 1.25% results in dLi= 1.20 10\, 2.5% results in dLi=
1.21 A, 3.75% results in dLi= 1.13 A, 5% results in dLi=
1.13 A), while uniaxial strain does not cause significant vari-
ations in dLi values (e.g., 1.25% results in dLi=1.18 A, 2.5%
results in dLi= 1.21 A, 3.75% results in dLi= 1.19 A, 5%
results in dLi=1.16 A). Biaxial strain likely elongates the
bond lengths between Zr and S atoms from 2.59 to 2.63 A
(Figure 3b), reducing the overlap between their electronic
states. This reduction in overlap could lead to an increased
attraction for Li-ions.

It is important to assess the energetic stability of strained
Li-ZrS, monolayer structures through strain energy analyses.
The strain energy (AE) is determined as the difference in
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tive percentages represent tensile strains. d Variation in Li height dLi
above the ZrS, monolayer as a function of uniaxial and biaxial strain
percentages. d Strain energy AE as a function of uniaxial and biaxial
strain percentages applied to both the pristine ZrS, monolayer and the
Li-ZrS, monolayer structures

energy between the strained and unstrained structures [19].
Therefore, the following equation is used:

AE=E;-E 3)

The Eg and Ey; terms represent the total energies of
strained and unstrained Li-ZrS, monolayer structures,
respectively.

Figure 3e illustrates the dependence of strain energy on
variations in uniaxial and biaxial strain percentages for both
pristine and Li-ZrS, monolayer structures. All the plots in
Figure 3e exhibit a quadratic relation during both compres-
sion and tensile strains, indicating that both pristine and Li-
ZrS, monolayer structures undergo reasonable elastic defor-
mation. This observation is consistent with previous studies
[19, 59]. Starting with the analysis of uniaxial and biaxial
strains applied to the pristine ZrS, monolayer, it is observed
that biaxial strain consistently results in higher changes
in strain energy (AE) compared to uniaxial strain. This is
particularly noticeable within the strain ranges of —1.25%
to —5% (compressive strain) and +1.25% to +5% (tensile
strain). The value of AE = 0.15 eV at —5% biaxial strain is
consistent with previous studies [59] and is larger than that
at +5% strain. This could be attributed to the fact that the
repulsive forces between atoms under external compression
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to the pristine ZrS, monolayer require more energy than the
attractive forces between atoms under tensile strain.

For the application of uniaxial and biaxial strains to the
Li-ZrS, monolayer structure, it is found that the presence
of a Li adatom slightly reduces the AE in the compressive
region (—1.25% to —5%) compared to their pristine coun-
terparts, as shown in Figure 3e. Conversely, the Li adatom
slightly increases the AE in the tensile region (+1.25% to
+5%). Nonetheless, the AE values in the compressive region
remain marginally higher than those in the tensile region,
indicating the predominance of atomic repulsive forces due
to compression. The close agreement between the AE values
of the pristine and Li-ZrS, monolayer structures indicates
that both have the potential to retain high elasticity before
undergoing plastic deformation.

Furthermore, to fully comprehend the electronic interac-
tions between the adsorbed Li and ZrS,, we investigated
the charge density distributions in the systems. Notably, the
investigations were done on the zero strain and extremes
of —5% and +5% strains. The results revealed that charge
density was accumulated (pink) towards the ZrS,, specifi-
cally from the Li to the Zr atoms as shown in Fig. S2. Most
interestingly, the accumulation of charge density for all the
considered systems at different strains had a similar trend
of charge density cloud with the same iso-value of 0.0025
a.u. (Fig. S2). Nonetheless, Bader’s analysis revealed slight
differences in the quantified charge density transferred;
for the zero strain, it was 0.910 lel; for +5%, it was 0.911
lel; whereas for —5%, it was found to be 0.908 lel. These
slight differences could be a result of structural change due
to external forces. Ultimately, the results showed that there
are electronic interactions between the Li and ZrS, despite
the application of different strains, which is significant for
the anode material as it helps to stabilize charging of the ions
and transport during the operation of the battery.

Diffusion of Li-ion on strained ZrS, monolayer

The mobility of metal ions on an electrode plays a crucial
role in determining the efficiency of the battery’s charg-
ing and discharging processes. It is heavily influenced by
the energy barriers present on the electrode surface. To
gain insights into how uniaxial and biaxial strains affect
the mobility of Li-ions across a ZrS, monolayer, we per-
formed calculations of the diffusion energy barriers using
the nudged elastic band (NEB) technique [69]. We created
a series of visually descriptive images, representing lithium
ions as red balls (Figure 4), to illustrate the high-symmetry
diffusion paths and estimate the minimal energy path (MEP)
that lithium ions follow across the surface of a ZrS, mon-
olayer. Figure 4 showcases the ZrS, monolayer structures,
with two distinct diffusion paths marked by red chained
balls. Path 1 involves a lithium-ion starting at an H-site

and moving to an adjacent H-site (i.e., H-site to H-site), as
depicted in Figure 4a. Path 2 depicts a lithium-ion starting at
an H-site, passing through a T)-site and a T),-site, and end-
ing at another H-site, as shown in Figure 4b. Figure 4a and
b showcase the energy profiles for Path 1 and Path 2 under
biaxial strain, respectively, while Figure 4c and d present the
energy profiles for Path 1 and Path 2 under uniaxial strain.

After the calculations, energy barriers for the two paths
were compared at O strain condition; Path 1 (Figure 4a) dem-
onstrated a low energy barrier of 0.22 eV, whereas Path 2
shows a higher energy barrier of 0.86 eV (Figure 4b).

Hence, this suggests that Li-ions favor Path 1 due to
its lower energy barrier, enabling efficient movement and
ensuring an excellent charge/discharge rate. Our obtained
diffusion energy barrier for Path 1 is consistent with previ-
ous studies on a variety of 2D materials, such as ZrS, (0.24
eV) [25], graphene (0.31 eV) [70], MoS, (0.19 eV) [71],
and SnS, (0.61 eV) [72]. In addition, the impact of strains
on Li-ion mobility is depicted by the energy barrier profiles
presented in Figure 4a and b for biaxial strain and Figure 4c
and d for uniaxial strain.

Delving into Path 1, both uniaxial and biaxial strains
marginally decreased the diffusion energy barriers under
compression (Figure 4a): When ZrS, gets compressed,
the S at the saddle point shifts slightly away from the Li,
hence decreasing the electronic interaction and subsequently
reducing the energy barrier, whereas with tensile strain, the
ZrS, remained rigid, maintaining the distance between the
S at the saddle point and Li (Figure 4b). Hence, the diffu-
sion energy barrier is almost similar to that of an unstrained
system. This finding aligns with previous related studies
suggesting that Li-ion diffusion in other 2D materials is not
significantly impacted by tensile strain application [40, 48].
Ultimately, the application of strains was observed to have
a minimal effect on the diffusion energy barriers, unlike its
significant influence on the adsorption energies of the Li
on ZrS,. This is important as it shows strain applications
to enhance the performance of anode materials in Li-ion
batteries.

Effects of biaxial strain on electronic properties
of Li-ZrS, monolayer

The electronic conductivity of an electrode is a crucial
property for battery performance, requiring excellent elec-
tronic conductivity in the material. Our study investigated
the impact of biaxial strain on the electronic conductivity
of Li-ZrS, monolayers. By analyzing spin-up and spin-
down density of states (DOS) and partial density of states
(PDOS) plots in Figure 5, we examined the total and partial
DOS contributions of pristine ZrS,, as well as those of Li-
ZrS, with and without strain. The spin-up and spin-down
DOS plots for pristine ZrS, in Figure 5a reveal it as a band
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Fig.4 The Li-ion diffusion possible paths and energy barrier profiles at different strains

gap material with poor electrical conductivity, consistent
with previous literature [19, 26, 29, 73]. Using the DFT+U
approach, we obtained a band gap value of 1.62 eV, in agree-
ment with prior studies [29].

The material’s HSE and PBE band gap values range from
1.53t0 1.95 eV and 1.12 to 1.20 eV, respectively, as reported
in [19, 26-28]. Experimental studies have firmly established
band gap values of 1.68 eV [27], 1.7 eV [28], and 1.78 eV
[30]. The PDOS effectively showcases the orbital contribu-
tions to the valence band maximum (VBM) and the conduc-
tion band minimum (CBM) of the pristine ZrS, monolayer,
as depicted in Figure 5a. Sulfur p orbitals dominate the
VBM states, while the CBM states are greatly contributed to
by zirconium d orbitals, with slight hybridization from sulfur
p and s orbitals, as demonstrated in previous studies [73].

Figure 5b illustrates the DOS and PDOS for the Li-ZrS,
structure. It is important to highlight that the introduction of
Li on ZrS, monolayer resulted in the spin-down states cross-
ing the Fermi level [25] closer to the CBM. The conductive
states induced are mainly attributed to the hybridization of
the Zr d orbitals (Figure 5b), indicating that Li adsorption
has a significant impact on the CBM of the ZrS, monolayer.

@ Springer

According to Hammer et al., the d states/bands for surfaces
play a crucial role in the reactivity with metal atoms [74,
75]. The states associated with the Li become relatively flat
near the Fermi level. The band gap magnitude has increased
from 1.62 to 1.82 eV due to the rearrangement of Zr d states
responsible for the CBM. Additionally, the introduction of
Li caused the Fermi level to shift closer to the CBM edge,
indicating the transfer of extra electrons into the ZrS, mon-
olayer system. When subjected to a 2.5% tensile strain, the
Li-ZrS, supercell demonstrates a widening of the band gap
from 1.82 to 2.41 eV, as depicted in Figure Sc. This strain
causes a shift of the Fermi level away from the conduction
band minimum (CBM) towards the in-gap region. Addition-
ally, the resulting d states exhibit a flatter profile as they
intersect the Fermi level, suggesting a decrease in conduc-
tivity due to the tensile strain. Conversely, a compressive
strain of —2.5% leads to a reduction of the band gap from
1.82 to 1.68 eV, as shown in Figure 5d. Application of a
5% tensile strain notably increased the band gap to 2.57 eV
(Figure 5e), consistent with previous studies [18, 19, 59,
66—68]. Furthermore, a —5% strain (Figure 5f) reduced the
band gap to 1.24 eV. These compressive strains notably shift
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the Fermi level closer to the CBM. Additionally, the Zr d
orbital states exhibit sharp peaks crossing the Fermi level,
indicating enhanced electrical conductivity compared to the
tensile strain case.

Effects of biaxial strain on the average adsorption
energies, open circuit voltages, and electronic
properties of ZrS, monolayer adsorbed

with multiples of Li-ions

The efficiency of energy utilization is heavily dependent on
the adsorption energy, open circuit voltage, and metallic

Fig.6 The calculated aver-

monolayer under various strain percentages: ¢ 2.5%, d— 2.5%, e 5%,
and f— 5%. The Fermi level is set to O eV and represented by the
black dotted line

characteristics of an electrode. Our comprehensive analysis
of these properties in the ZrS, monolayer as a lithium anode
began with the calculation of average adsorption energies for
multiples of adsorbed Li (1, 2, 4, 6, 8, and 16) corresponding
to Li concentrations (x = 0.04, 0.07,0.15, 0.22, 0.30, and
0.60), as depicted in Figure 6. The results revealed a linear
increase in adsorption energy (Figure 6a) as the Li increased
concentrations from 0.04 to 0.3, indicating a decrease in
binding strength with the ZrS, monolayer. This trend aligns
with findings from a previous related study [25]. The rise
in Coulomb repulsive force between the Li-ions with the
addition of more Li to one side of the ZrS, monolayer is
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believed to be the cause of this effect. Interestingly, when
the number of Li exceeded 0.3 and both surfaces were con-
sidered, the change in adsorption energy became minimal,
resulting in a horizontal plot. This suggests that the ZrS,
monolayer would require a higher concentration of Li for
the adsorption energy to reach 0.00 eV (Bulk Li formation
above the ZrS, monolayer), hinting at the potential for high
Li-specific capacitance.

After subjecting the material to a biaxial strain, we
closely observed its impact on adsorption energies. When
the strain was increased to 2.5%, the calculated adsorp-
tion energies for varying numbers of Li consistently rose
in comparison to those at 0% strain. However, these values
approached the 0% strain levels when the Li concentration
reached 0.3, as illustrated in Figure 6a. A similar trend is
observed for a tensile strain of 5%, with higher adsorption
energy values indicating a slight reduction in the interaction
between Li-ions and the ZrS, monolayer. Conversely, under
a compressive strain of —2.5%, the adsorption energies for
various Li are consistently lower than those at 0% strain
(Figure 6a). With a further increase in compressive strain to
—5%, the adsorption energies decrease even more, indicat-
ing slightly improved binding between Li-ions and the ZrS,
monolayer. We also calculate the specific capacity Cy; of a
ZrS, monolayer to evaluate the number of lithium ions that
an anode can accommodate per unit mass.

This was achieved using the following formula:

nZF

C . =
N iy, @

where the Faraday constant F is set to 26,801 mAh/mol and
My, is the total molar mass (g/mol) of a 3 X 3 X 1 ZrS,
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Fig.7 (a—d) Total density of states for multiple Li adatoms on a ZrS,
monolayer without applied strain. The effect of biaxial strain on the
density of states of Li adatoms on the ZrS, monolayer is examined at
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monolayer. Z represents the number of valence electrons of
Li-ions.

The graph in Figure 7b demonstrates a significant
increase in storage capacity with the rise in the Li concen-
tration. Specifically, the storage capacity rises from 173
to 2761 mAh/g as the concentrations increase from 0.04
to 0.60. This impressive storage capacity is anticipated to
continue increasing with the Li concentration until amor-
phization or dendrite formation occurs. It is noteworthy
that even at this capacity, the structural integrity of the
ZrS, monolayer remains intact, underscoring its resilience
to lithium adsorption. Our findings of 350 mAh/g (for 0.07
Li concentration) and 700 mAh/g (for 0.15 Li concentra-
tion) are in line with the values of 345 mAh/g (for 0.07 Li
concentration) and 690 mAh/g (for 0.15 Li concentration)
reported by Rehman et al. [25].

Open circuit voltage (OCV) serves as a crucial param-
eter for evaluating the performance of lithium-ion batter-
ies. Recent research suggests that an ideal anode material
should demonstrate a low average OCV to be suitable for
rechargeable LIBs [25, 35, 48, 72, 76-78]. It has been
observed that OCV values tend to approach zero as the
material reaches its maximum lithium-ion insertion capac-
ity. Throughout the charge/discharge cycle of LIBs, the
well-known half-cell reversible reaction at the anode ZrS,
monolayer can be expressed as:

Lit + ne” +ZrS, < LiZrS, (5)

n represents the number of lithium atoms, and e denotes
the electronic charge, respectively. The electrons produced
in this reaction travel through the battery’s external circuit,
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while positive ions move between the electrodes via the
electrolyte.
The OCYV is calculated using the following equation:

Ve Eys vaa — Ezs, —NEp
- ne

(6)

Here, E,,q,+ad represents the total energy of Li adatom
at the hollow site of a ZrS, monolayer, E, 4, denotes the
total energy of the pristine ZrS, monolayer, and E,; refers
to the total energy of lithium ions in a bulk BCC structure,
respectively.

Figure 7b displays plots of OCV as a function of the Li
concentration (0.04, 0.07, 0.14, 0.22, 0.30, and 0.60) under
different applied strains (¢ = —2.5%, —5%, 0%, 2.5%, and
5%). The positive OCV values (Figure 7b) indicate that
lithium ions have a potential binding with the ZrS, mon-
olayer. At zero strain (¢ = 0%), OCV decreases from 1.16
to 0.52 V as the Li concentrations increase from 1 to 0.60.
A noted steady constant OCV plot when Li concentrations
increase from 0.30 to 0.6 indicates the potential to incorpo-
rate the majority of them into a ZrS, monolayer supercell.
This suggests that additional Li concentrations can still be
incorporated beyond 0.60 before the OCV reaches 0.00 V,
and beyond this point, metal clusters may begin to form
[79]. The average OCV of 0.78 V was calculated by averag-
ing the potential values (V = 1.155, 1.038, 0.644, 0.853,
0.502, and 0.512), which correspond to increasing lithium
concentrations as illustrated in Figure 7b at zero strain (¢ =
0%). Previous studies report similar OCV values for various
monolayers: For example, Rehman et al. [25] found an OCV
of 0.7 V for a ZrS, monolayer, Bekeur et al. [72] reported
1.34 V for a SnS, monolayer, and Hao et al. [48] measured
an OCV of 0.65 V for a MoS, monolayer. An experimental
study of Li deposition on a ZrS, monolayer indicates that
the acceptable average OCV values should range from 0.1
to 3.00 V [37], which supports our OCV findings. Moreo-
ver, it has been reported that as the concentration increases
and the discharge voltage approaches 0.1 V, the structure
amorphizes into LiS and Zr compounds due to the rise of
strong Li repulsive forces [37]. When charged to 0.4 V, the
structure reverts to the ZrS, crystal form.

We furthermore looked at the influence of the tensile (& =
2.5% and 5%) and compressive (¢ = —2.5% and —5%) strains
on the OCV (Figure 7b). It is observed that tensile strains of
2.5% and 5% consistently yielded lower OCV values com-
pared to the unstrained condition (0%). As the Li concentra-
tion increased from 0.04 to 0.22 above a ZrS, monolayer,
the OCV values remained lower, but they began to approach
those of the unstrained condition when the Li concentration
reached 0.30 to 0.60. The resulting average OCV values for
2.5% and 5% strains were calculated to be 0.72 V and 0.69
V, respectively, by averaging the potential values for 2.5%

strain (V =1.043, 0.943, 0.740, 0.616, 0.502, and 0.490)
and for 5% strain (V = 0.947, 0.863, 0.727, 0.593, 0.512,
and 0.506). These values are relatively close to the average
OCYV under unstrained conditions. For both the —2.5% and
—5% compressive strains, the OCV remains above that of the
unstrained condition as the Li concentration increased from
0.04 to 0.60 on the ZrS, monolayer (see Fig. 5b). This indi-
cates that the ZrS, monolayer under —5% strain can accom-
modate more Li than at 0% strain before the OCV reaches
zero. The average OCV values for —2.5% and —5% strains
were calculated to be 0.85 V and 0.93 V, respectively, by
averaging the potential values for —2.5% strain (V = 1.273,
1.140, 0.932, 0.662, 0.527, and 0.550) and for —5% strain
(V =1.413, 1.255, 1.022, 0.749, 0.567, and 0.580). These
values were also found to be higher than the average OCV
under the unstrained condition. Thus, we suggest that apply-
ing tensile strain on a ZrS, monolayer can help mitigate den-
drite formation during the battery operations.
Additionally, we analyzed the impact of varying the
number of Li-ions on a ZrS, monolayer on the DOS. This
comprehensive analysis initially was conducted without
the application of strain, as illustrated in Figure 7 (a to d),
and was subsequently followed by an in-depth investigation
under both tensile strain (Figure 7 (e to 1)) and compressive
strain (Figure 7 (m to t)). Upon the adsorption of two Li
atoms, the induced spin-down DOS increased (Figure 7a)
as compared to the DOS of a single Li atom, as depicted
in Figure 5d. Conversely, with four Li atoms adsorbed on
the ZrS, monolayer, the induced states shifted to a spin-
up orientation, spanning a significant portion of the energy
band gap, as shown in Figure 7b. Notably, the induced DOS
for four Li atoms exhibited a substantially greater magni-
tude compared to those for two Li atoms. When eight Li
atoms are adsorbed on a ZrS, monolayer (Figure 7 (c)), the
induced DOS remains predominantly spin-up oriented and
spans a large region of the energy band gap. For 16 Li atoms
adsorbed on a ZrS, monolayer, the induced DOS (Figure 7c)
exhibits both spin-up and spin-down orientations spanning
within the energy band gap. These induced DOS for 16 Li
atoms exhibit a greater magnitude compared to those for a
smaller number of Li atoms. The Fermi level for this struc-
ture had shifted into the CBM, indicating an increased num-
ber of electron transfers due to the adsorption of Li adatoms.
Similar behavior was noted in [25]. The observed increase
in electrical conductivity of the ZrS, monolayer due to Li
adsorption is a key property for improving LIBs in terms of
the charge and discharge rates. The application of tensile
strain on the systems of multiple Li adatoms adsorbed on a
ZrS, monolayer caused an interesting shift of the induced
states from the CBM to the VBM, as shown in Figure 7
(e to h) for 2.5% and Figure 7 (i to 1) for 5%. This shift
is accompanied by an increase in the band gap, leading to
the induced states being separated by small energy gaps.

@ Springer



5184

Journal of Solid State Electrochemistry (2025) 29:5173-5186

However, a drawback is that the flow of electronic charges
will not be continuous during LIB operation under tensile
strain. On the other hand, the application of compressive
strain to multiple Li adatoms on a ZrS, monolayer reduces
the band gap, causing both the induced spin-up and spin-
down states to shift from the CBM to the VBM, as illustrated
in Figure 7 (m to p) for —2.5% and Figure 7 (q to t) for —5%.
Similar behavior is noted for Li on a MoS, monolayer [48].
Notably, as the Li concentration increased, the induced
states became continuous and the band gap closed, which
is also linked to the stability in adsorption observed when
the OCV reduced with an increase in Li concentration (Fig-
ure 7b). This suggests enhanced conductivity, as the induced
DOS reveals that the flow of electronic charges will be con-
tinuous during LIB operation under compressive strain.

Conclusions

In summary, DFT was used to investigate the interactions
of Li-ions with a ZrS, monolayer under uniaxial and biaxial
strains. Our results revealed that after a single Li adsorption,
the Li-ZrS, structures became more energetically favorable
as compressive strain increased and less favorable as tensile
strain increased, while maintaining an exothermic reaction.
The Zr-S bond lengths decreased under compressive strain,
causing repulsion of host electronic states and resulting in an
increased adsorption height of the Li adatoms. Conversely,
tensile strain led to the opposite effect, where Zr-S bond
lengths increased and Li adsorption height decreased. Addi-
tionally, it was found that the Li adatom prefers to diffuse
along Path 1 with an energy barrier of 0.22 eV. By looking
at energy barriers for different strains, the general applica-
tion of strains had a minimal impact on Li-ion diffusion.
Furthermore, the analysis of the DOS revealed a transition
from semiconductor to metallic behavior, as the spin-down
Zr d orbital states crossed the Fermi level near the CBM.
Under compressive strain, the induced states became steep,
resulting in increased conductivity, whereas under tensile
strain, the states became flat, leading to decreased conduc-
tivity compared to the unstrained condition. We also inves-
tigated the adsorption of multiple Li-ions (up to 16) on the
ZrS, monolayer under various strains ranging from —5 to
+5%. Interestingly, the application of strains had minimal
impact on the adsorption energies, particularly between 8
and 16 Li-ions, with only a slight reduction under compres-
sive strain. When 16 Li were adsorbed, an impressive storage
capacity of 2761 mAh/g was achieved, corresponding to an
OCV of 0.53 V. This finding suggests that more Li concen-
trations can be adsorbed to reach 0.00 V. Under—5% strain,
the average OCV increased to 0.93 V from the unstrained
value of 0.78 V, while +5% strain yielded an OCV of 0.69 V.
Although both values fall within the acceptable range of 0.1
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to 3V, the tensile strain can be more effective in mitigating
the formation of dendrites. Moreover, as the number of Li
adatoms on the ZrS, monolayer increased, the population of
induced spin-up and spin-down states within the band gap
also increased. Furthermore, compressive strain reduced the
band gap, causing the induced electronic states to be con-
tinuous from the VBM to the CBM edges, thereby enhancing
the electronic conductivity of the material.

Despite the exceptional results of the ZrS, monolayer as
an anode material, practical applications require it to be sup-
ported, and this aspect has not yet been explored. Therefore,
further research is recommended to determine how its elec-
tronic and structural properties can be influenced when the
ZrS, monolayer is supported, especially with low-energy
bulk materials such as transition metals, including com-
monly used electrolytes such as dimethyl carbonate (DMC)
and ethyl methyl carbonate (EMC). This approach could be
similar to past studies that examined the effect of solvated
graphene+ and M,C; monolayers on Na adsorption energies
[80]. Additionally, since all the properties in this study were
calculated based on the ground state (O K) DFT approach,
we recommend future studies consider the investigation of
temperature variation effects on the reported properties,
including battery operational temperature of 300 K. This can
be achieved using ab initio molecular dynamics (AIMD).
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