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Abstract

Exploring novel two-dimensional materials (2D) for electrode and electrochemical storage
applications stands as a pivotal pursuit in advancing renewable energy technologies. While recent
research has predominantly focused on anode materials, cathode materials have received
comparatively lesser attention. This study delves into the potential cathode applications of the
novel two-dimensional material NbS,Cl, using density functional theory. Fundamental properties,
encompassing electronic and thermodynamic attributes, were scrutinized to comprehend the
material’s characteristics. Our investigation extended to examining the adsorption and diffusion
properties of these electrode materials. Comprehensive calculations of mechanical and
thermodynamic properties reaffirmed the stability of this system. Upon adsorption of Li/Na atoms,
the conducting nature emerged, evident through charge density difference and projected density of
states. Our findings notably reveal minimal diffusion barriers of 1.5 eV and 0.35 eV for Li and Na
atoms. Moreover, the observed open circuit voltages for adsorbed Li and Na ions were 4.69 V and
2.62 V, respectively. The calculated theoretical capacity for adsorbed Li-ion on 2D-NbS,Cl, is

400 mAh g~!, while for Na-ion adsorption, it is 353 mAh g~!, awaiting validation through future
experimental verifications.

1. Introduction

Rapidly changing climate conditions with catastrophic effects on our ecology due to global warming have
been worsened by the continual use of fossil fuels for our energy requirements [1-4]. Increasing population
and industrial growth demand more energy, and decreasing fossil fuels and growing environmental problems
need to search for renewable energy resources. Energy resources like solar and wind have reached a
developed stage and are used everywhere. It remains a significant problem to securely and smoothly integrate
these renewable but inconsistent resources into electricity supply systems [3, 5]. Batteries play a massive role
in this regard, significantly impacting consumer electronics and electric automotive industries [6—8].
Therefore, a lot of effort has been put together by the global scientific community to explore novel battery
materials with high energy density, longer life span, safety and low cost [9-11].

Due to their significant surface-to-volume ratio and tunable band gap, two-dimensional (2D) materials
are highly suitable for electrode properties [12, 13]. 2D materials can improve electrochemical characteristics
by increasing electrical conductivity [14]. They have potentially low diffusion barriers which could lead to
high cycling rates [15]. 2D materials have significant potential for thermal management applications due to
their intrinsic heat conductivity [16]. Though several well-known 2D materials such as graphene [17, 18],
chalcogenides [19, 20], metal oxides [21] and MXenes [22, 23] have been studied extensively, the challenge
associated with electrodes and electrolytes still persists. Therefore, it is imperative among the energy storage
community to look for potential new candidates as battery materials.

© 2024 IOP Publishing Ltd
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Today, many essential characteristics of lithium-ion batteries can be precisely predicted by density
functional theory (DFT) due to the enormous advancements made in computational approaches over the
last two decades. With the ability to compare experimental data quantitatively and provide insight into basic
processes, including ionic diffusion mechanisms and electronic structure effects, computational tools have
become indispensable in battery-related research [24]. Monolayer NbS,Cl, has attracted researchers recently
due to its multiple applications, such as thermoelectric, optical and water splitting [25]. So, in this paper, we
studied the electrode properties of monolayer NbS,Cl, using DFT.

The study is structured as follows: section 2 presents the computational methods, section 3 presents the
results and discussions, and section 4 concludes the work.

2. Computational details

The study employed the Vienna ab initio simulation package (VASP) with the DFT approach for both
structural optimization and investigation of electronic properties [26]. A plane wave energy cut-off of 600 eV
was chosen, and the Perdew—Burke—Ernzerhof variant of the generalized gradient approximation was applied
for exchange—correlation potential [27]. To ensure convergence in energy and forces during structural
optimization, tolerance limits of 107° eV and 0.01 eV A~!, respectively, were set. Considering the weak
interactions between layers, van der Waals corrections (DFT-D3) as proposed by Grimme were included in
the calculations [28]. To prevent periodic interactions between two layers, a vacuum space of 20 A was
introduced in the c-direction. A 2 x 2 x 1 supercell was utilized to relax the structure and examine the
electronic properties related to the adsorption of Li/Na on the surface of the NbS,Cl, monolayer. All
calculations employed a I'-centred Monkhorst—Pack 12 x 6 x 1 k-grid to represent the Brillouin zone [29].
Thermal stability properties were investigated using the PHONOPY code [30-32]. The diffusion barriers of
ions were computed using the Climbing Image of the Nudged Elastic Band (CI-NEB) approach, with 12
intermediate images between fully optimized initial and final structures using Quantum-ATK [33-35].

3. Results and discussions

3.1. Structural and electronic properties

NbS,Cl, has a monoclinic crystal structure with a C2/m space group. The unit-cell contains 4 Niobium, 8
Sulphur, and 8 Chlorine atoms. The optimized 2 x 2 x 2 supercell of bulk structure is shown in figure 1(a).
In the NbS,Cl, monolayer, Nb atoms appear in pairs. Each Nb—Nb pair is connected to four S atoms to
create a cage-like Nb,S, unit. The bond length between Nb—Nb (2.87 A) is longer than that between S-S
(1.99 A). The bond lengths between Nb—S (2.48 A) and Nb—Cl (2.59 A) are nearly the same. These values are
consistent with the experimentally reported values [36]. In bulk, the layers are stacked along the ‘c’ axis and
held together by weak van der Waals interactions between interlayer atoms. Therefore, we cleaved a single
layer from the stacking of bulk along the ‘¢’ axis to form a monolayer and adsorped the Li/Na atom as shown
in figures 1(b) and (c). Next, we calculated the cohesive energy to investigate the stability of the system and
the equation given below [37],

my X E(Nb) —+my X E(S) + m3 X E(CZ) + my X E(x) —E(XNb52Clz)
my + my + ms + my

Ecoh = (1)
where x = Li/Na and E(xNbS,Cl,), E(Nb), E(S), E(Cl) and E(x) are energies of x adsorped in NbS,Cl,,
isolated Nb, S, Cl and x respectively. my, m,, ms and my4 are number of Nb, S, Cl and x in the supercell. We
have investigated the cohesive energy of NbS,Cl, after adsorping Li and Na which are —1.68 eV and
—2.40 eV. The negative value indicates stability of the system.

We have calculated the charge density difference(Ap) to study the charge transfer between layer and
metal atom. The Ap is defined as,

Ap = PxNbS,Cl, — PNBS,Ch — Px (2)

where pynps,cr,» PNbs,c, and py are charge density of x(Li/Na) adsorped and pristine layer of NbS,Cl, and
single metal atom, respectively. The calculated Ap for studied compound is shown in figure 2. The
cyan-coloured area shows a depletion in charge density, while the yellow-coloured region indicates an
accumulation in charge density. We observed a significant charge transfer between adsorped metal atoms to
monolayer NbS,Cl,. Figure 3 displays the projected density of states or NbS,Cl,, LiNbS,Cl,, and NaNb§,Cl,.
The structure of pristine NbS,Cl, is semiconductor in nature. The Nb-d state contributes more to the
valence band than the S-p and Cl-p states. S-p orbitals contribute more than Nb-d and Cl-p orbitals in the
conduction band at the Fermi level. After adsorping Li and Na ions, it becomes metallic which is an
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Figure 1. (a) Bulk structure in 2 X 2 x 2 supercell and (b), (c) side and top view of the monolayer in 2 X 2 x 1 supercell with
adsorped Na atom. The atoms of Nb, S, Cl, and Li/Na are represented by the colours red, blue, green, and yellow.

0 (b)

Figure 2. (a), (c) Side and top view of the charge density difference and (b) charge density cloud around the Na-atom.

important property for battery materials [38, 39]. This metallic transition is mainly due to the contribution
of unpaired electrons in Li/Na to the Fermi level. During the process of charging and discharging, it is
observed that the mechanical properties of the cathode materials undergo notable alterations, resulting in
substantial deformation. This deformation, in turn, can give rise to the fracturing of the electrode. The
structural distortion of the cathode material induces significant deterioration, manifesting as increased
capacity decay and compromised cycling longevity. Elastic constants are crucial in assessing the material’s
mechanical stability [40]. The evaluated diagonal component within the elastic constants C;; and Cy,
manifests as 72 and 100 GPa, respectively, thereby corroborating the inherent stability of the system. The
observed elastic constants of an investigated compound are nearly equal to other reported two-dimensional
materials of the monoclinic structure [41, 42].

3.2. Thermodynamic properties

Phonon dispersion calculation was performed to validate thermodynamic stability of the system which is
shown in figure 4(a). The absence of imaginary phonon modes in the calculated phonon dispersion reveals
the investigated system is dynamically stable. Within the quasi-harmonic approximation, the integration
over the phonon density of states is performed to calculate the temperature-dependent specific heat capacity
(C,), Helmholtz free energy (F) and entropy (S) using the following expression [43],

wms ey 2 hw
C, = 3nNKB/0 2T csch (ZIQBT> g(w)dw (3)
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Figure 3. The partial density of states for (a) pristine structure (b), (c) after adsorping Li/Na atom in the monolayer.
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Figure 4. (a) Phonon dispersion and (b) thermodynamic coefficients of the monolayer NbS,Cl,.

Wmax . hw
F= 3nNKBT/O In (2 sinh (ZKBT) ) g(w)dw (4)

“max hw hw i hw
S= SnNKB/O [<ZHBT> coth <2HBT> —1In (ZSlnh (ZKJBT>):| g(w)dw (5)

where k3 is the Boltzmann constant, 2,4 is the largest phonon frequency, 7 is the number of atoms per unit
cell, N is the number of unit cells. Figure 4(b) displays the thermodynamic properties of NbS,Cl,. The
Helmbholtz free energy decreases as the temperature increases and reaches —155.46 ] K mol ! at 700 K. As a
function of temperature, the free energy is discovered to decrease progressively and become negative. As the
temperature increases from 0 to 300 K, the constant volume-specific heat capacities (C,) rise significantly,
reaching approximately 220 ] K~! mol~! and it approaches the classical asymptotic limit of Dulong—Petit
law. Due to thermal agitation, the system’s entropy (S) increases with respect to temperature [44]. The
entropy (S) increases significantly from 0 to 285 ] K~! mol~! at 300 K.

3.3. Diffusion properties

One of the most crucial factors in determining whether an electrode material is suitable for use with
rechargeable batteries is the mobility of the adsorping ion, which determines the charge—discharge rate of
rechargeable batteries [45, 46]. Desirable qualities for an effective electrode material include high mobility
within the layer and minimal diffusion barriers [47]. We have calculated different possible pathways for the
diffusion of Li/Na and their corresponding energy barriers, which are shown in figures 5 and 6. We observed
that there are two possible paths for ion mobility. The first path (path-I) is between x; and x,, whereas the

4
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Figure 5. (a) Path-I and (b) path-II for the nudged elastic band.
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Figure 6. (a), (c) Energy barrier for the path-I and (b), (d) energy barrier for path-II.

second path (path-II) is between x3 and x,. Li and Na ions in path-I have an activation energy of 1.5 eV and
0.35 eV, respectively, whereas path-II has an activation energy of 1.75 eV and 1.2 eV, respectively. It shows
that the energy of the diffusion barrier decreases with increasing ionic radius [48]. Among the two possible
paths, path-1 has the minimum activation energy compared to path-2 due to less interaction with the
structure. The calculated barrier energies are very low value compared to earlier reported values such as
MoS,(0.6 €V) [49], SiC5(0.8 eV) [39] and VOPO,4(0.62 V) [50].

3.4. Theoretical capacity and open circuit voltage (OCV)
The storage capacity is a crucial factor in determining the effective electrode properties. The theoretical
capacity, C, was given by

. nzF

C_Mf‘ (6)
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Here, n and z represent the number and charge of adsorped Li/Na ions in the pristine structure. Myand F are
molecular weight and Faraday constant, respectively. We discovered that the theoretical capacity of Li and Na
ions is 400 mAh ¢! and 353 mAh g™}, respectively, which is greater than that of MoS, (146 mAh g~!) [49],
Mo,C (132 mAh g~!) [38] and boron phosphide (143 mAh g=!) [51]. Calculating the OCV is an essential
parameter of electrode material. If x is the number of adsorbed adatoms on NbS,Cl,, the OCV can be
calculated as, [52]

OCV = AG ~ —Hu (7)

X X

where E,q is adsorption energy of the investigated compound which is E,g = Enanbs,cl, — Exbs,cl, — Ena- The
calculated OCVs for Li and Na are 4.69 V and 2.62 V, respectively which is higher than other state-of-art
investigated cathode materials such as LiNbS,0; (4.2 V) [53] and LiCoO,; (4.5 V) [54]. Our investigated
compound can be suitable for potential cathode material.

4, Conclusion

This study employs DFT to investigate the thermodynamic and electrode characteristics of monolayer
NbS,Cl,. Our findings reveal that upon binding Li/Na to the monolayer’s surface, the computed density of
states showcases a metallic nature an essential property for rechargeable battery materials. The phonon
spectra and elastic constants affirm the compound’s robust thermal and mechanical stability. Notably, our
research identifies remarkably low diffusion barriers of 1.5 eV and 0.35 eV for Li and Na atoms, indicating
highly efficient diffusion mobility. Moreover, our investigation highlights superior charge/discharge rates for
Na-ion batteries compared to Li-ion batteries. We determine a Li-ion capacity of 400 mAh g~!, hinting at
potential avenues for future enhancements.
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