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1 | INTRODUCTION

Lithium-ion batteries (LIBs) [1, 2] are energy storage devices with wide commercial applications in portable electronics, automobiles, and
building facilities. LIBs have great advantages over other energy storage devices due to their high capacity to store energy in a reversible
way, long lifetimes, and high power densities. Due to the great contribution of LIBs to modern life, the 2019 Nobel Prize in chemistry was
awarded for the development of LIBs [3]. However, the development of LIBs with greater energy storage, longer lifetimes, and faster
recharging demands new materials for LIB components. Current anode (negative electrode) materials are based on graphite. Novel lamellar
materials have been studied in recent years to replace graphite as the anode material. Some recently published works have focused on
two-dimensional (2D) materials such as black phosphorus [4], group IV monochalcogenides [5], MXenes [6], and transition metal
dichalcogenides (TMDs) [7-9]. 2H-MoS, has been extensively studied for application in battery electrodes [7, 8, 10, 11]. In 2H-MoS,, a
phase transition from the 2H phase to the 1T’ phase occurs upon lithiation. This phase transition increases the electrical conductivity of
MoS, but also results in a loss of stored energy [12]. 2H-MoS, is a semiconductor, making it difficult to apply this material as an electrode.
The bandgap of bulk 2H-MoS, is 1.29 eV (indirect), while that of 2H-MoS, monolayer is 1.90 eV (direct) [13]. These issues related to the
phase transition and electrical properties can be resolved by using other TMDs. Recently, transition metal (Fe, Co, or Ni)-doped NbS, was
synthesized and applied as the LIB anode [14]. Also, recently the two-dimensional NbS2, was studied for applications in Na-ion batteries
[15], with very promising results for high energy storage devices. However, physical properties of NbS,-based materials as (2H-to-1T) phase
stability and Li diffusivity needs more clarifications.

In this study, we conducted ab initio calculations to investigate the electronic and structural properties of TMD NbS, polytype monolayer
(2H and 1T phases) with Li* adsorption. The electrical properties of the material along with the adsorption and diffusion of Li* were studied to

evaluate the applicability of using this 2D material in novel battery technologies.
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Novel 2D materials with potential applications in LIBs must meet the following requirements: (i) high structural stability with Li adsorption;
(ii) low propensity to form Li dendrites; (iii) high electrical conductivity; and (iv) high ionic conductivity (fast Li diffusion). The results of this study

demonstrate that 2H-NbS, satisfies these criteria for application as a high-performance anode material.

2 | METHODS

All electronic structure calculations were carried out using density functional theory (DFT) [16, 17] implemented in the SIESTA code [18].
Electron-ion interactions were based on norm-conserved pseudopotentials parameterized by Troullier-Martins pseudopotentials [19]. Exchange-
correlation interactions were based on the generalized gradient approximation with Perdew-Burke-Ernzerhof parameterization [20]. We used
mesh cutoffs of 350 Ry for structural relaxation and electronic properties and 500 Ry for Bader analysis. The basis functions were based on
double-¢ functions with polarization orbitals and an energy shift of 30 meV. The Brillouin zone was sampled using a Monkhorst-Pack mesh with
dimensions of 12 x 12 x 1 [21]. For density of states calculations, we used a 100 x 100 x 1 Monkhorst-Pack mesh. All geometries were relaxed
until the forces were smaller than 0.01 eV/A. For transition state (TS) theory, we use the nudged elastic band (NEB) method [22] implemented in
the ASE framework [23].

3 | RESULTS AND DISCUSSION
3.1 | Lithium adsorption and dendrites

Based on a model with disordered stacking of NbS, layers, the NbS, monolayer can be used for the study of battery electrodes. Figure 1 shows
the top and side views of the 2H and 1T phases of NbS,. The sites for Li adsorption above the metal (Nb), above the chalcogen (S), and at the cen-
ter of the hollow hexagon are labeled as M, X, and h, respectively. For the 1T phase, each hexagon center has an S atom on the opposite face.

We calculated the Li adsorption energy as

AEads _ Etot[LIXNbSZ] - Et;t[NbSZ] —XEtot[Ll} ' (1)

where x is the number of Li atoms in the unit cell, and Ei[Li] is the total energy of an isolated Li atom. All adsorption energies were negative,

indicating strong affinity between Li ions and NbS,. These adsorption energies were smaller than the cohesive energy of Li (u; = —1.40 eV),
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FIGURE 1 Lithium adsorption. Ball-and-stick representations of the (A) 2H and (B) 1T phases of NbS.. (C) Lithium adsorption energy as
function of Li coverage for different sites and phases. Li adsorption on MoS, is shown for comparison with NbS,. The cohesive energy of Li (uy;) is
shown as a reference for Li dendrite formation
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indicating low propensity to form Li dendrites in the NbS, electrode. If the adsorption energies are greater than the cohesive energy of Li, Li den-
drites (or Li clusters) will tend to form on the electrode [24, 25]. During the charging process, these Li dendrites can penetrate the separator and
cause serious safety problems for the LIB, including fire and explosion [26].

The adsorption energies of Li* on NbS, were much higher than those on 2H-MoS,. The Li* adsorption energies (AE,qs) on the M and h sites
were considerably smaller than those on the S site (AE,4s ~ —1.6 €V), and the energies were similar between the two phases. The difference
between the Li adsorption energies on the M and h sites for NbS, and MoS, are shown in Figure S1. These sites can be considered more stable
and equivalent for Li adsorption. Lower concentrations of Li* correspond to stronger adsorption energies. At higher concentrations, the adsorp-
tion energies can increase by ~1.0 eV. NbS, provides stable Li* adsorption in the entire stoichiometric range, which is a desirable feature in a LIB

electrode.

3.2 | Structural stability

One criteria of new materials for battery electrodes is structural stability. That is, the material must maintain its crystalline structure with minimal
structural changes when hosting Li* ions during the charge and discharge cycle (topotactic adsorption/intercalation). 2H-MoS,, a potential alter-
native anode material to graphite, undergoes a phase transition when interspersed with a large amount of Li [12]. This phase transition occurs due
to the large charge transfer from Li to 2H-MoS,, resulting in a loss of energy in the battery cycle. To analyze the structural stability of NbS,, we
first studied the difference between the total energies of the 2H and 1T phases as a function of the net electrical charge of the system. For a neu-
tral material, the 2H phase is more energetically favorable than the 1T phase by AE = —0.13 eV per unit cell. Upon donating electrons to the sys-
tem (negative net charge), the energy difference decreases linearly until AE = —0.41 eV at an electronic density of n = 10*®> cm™2. Removing
electrons from the system (positive net charge) causes the energy difference AE to increase linearly until reaching AE = 0 at p. = 4 x 10** cm™2 or
up to AE = +0.18 eV for the hole density p = 10> cm~2 (Figure 2A). Variations of these total energies for each phase indicate that the phase tran-
sition from 2H to 1T may only occur when the material is doped with positive charge carriers (holes) or when acceptor impurities are adsorbed.

Although the differences in total energy are indicative of phase transitions, a more detailed study can be done by simulating the TS using the
NEB method (see the Section 2). Calculating these phase transitions with the charged materials revealed a variation in barrier height between the
2H and 1T phases with net charge. In contrast, for the neutral material, the height of the energy barrier is AE¥ = 0.58 eV per unit cell, which
decreases to AE¥ = 0.16 eV when the hole density p = 10*> cm™2. Even with the difference in total energy, which is favorable for the phase transi-
tion at p = 10> cm™2, there is still an overlap in energy barrier, as shown in Figure 2B. For negatively charged materials, the barrier heights only
increase with electron density. Snapshots of the phase transition calculated using the NEB method are shown in Figure 2D. Note that there are
asynchronous displacements among the S atoms in one of the NbS, sublayers, as indicated by black arrows in Figure 2D. In the NEB calculation
with a primitive unit cell, the energy barrier is greater due to the symmetry constraint maintained in the phase transition, as shown in Figure S2. In
addition to studying the energy barriers as a function of net charge, we also simulated the TSs of NbS, with adsorbed Li*. Figure 2C shows the
energy barriers with Li* adsorption. The shift in the sulfur atomic plane can occur on the same side as Li* adsorption (top) or on the opposite side
of Li* adsorption (bottom). For each of these two configurations, Li* can also be adsorbed at the M and h sites. All these four phase transition sce-
narios have higher energy barriers than the pristine system. As Li atoms donate electrons to NbS,, the material becomes negatively charged, and
the energy barriers increase. This increase in energy barrier demonstrates the structural stability of NbS, with Li* adsorption, which is opposite
the behavior observed in 2H-MoS,.

3.3 | Charge transfer

Charge transfer is an important chemical property for storing energy in battery electrodes. When Li is adsorbed in the basal plane of NbS,, charge
transfer occurs from Li to the 2D material. This charge transfer shifts the Fermi level of the 2D material and changes the shape of the density of
states. To study this charge transfer, we calculated the projected density of states (PDOS) for pristine 2H-NbS, and 2H-NbS, with three propor-
tions of Li coverage on the basal plane: 13%, 50%, and 100% (Figure 3A). In Figure 3A, Nb states are represented by the light blue area, while Li
states are represented by the red area. In all these cases, NbS, remained metallic with electrical conduction via the basal plane. The PDOS for 1T-
NbS, with Li adsorption are depicted in Figure S3. In fact, both the 2H and 1T phases of NbS, are metallic for all Li coverage percentages.

The partial charges for each atom of the unit cell in pristine NbS, and NbS, with adsorbed Li were calculated using Bader analysis. For pristine
NbS,, Nb is a cation with partial charge g = +2 |e|, and S is an anion with partial charge g = —1 |e| [Figure 3B]. With the adsorption, the Li atom
completely loses the 2 s electron and becomes a cation with charge g = +1 |e|. The electron donation occurs mainly for the S atom closest to Li
(Sup) and in a smaller proportion for Nb. Meanwhile, the partial charge of the S atom below Nb (Sgown) remains virtually unchanged. This charge

transfer can also be seen by the difference in density:
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FIGURE 2 NbS, phase transition. (A) Difference in energy between the 2H and 1T phases as a function of net electron density. (B) Energy
barrier diagrams of the NbS, phase transition for various values of electron density (10** cm~2). (C) Energy barrier diagrams for the phase
transition of Li-doped NbS,. (D) Snapshots of the nudged elastic band (NEB) unit cell from simulation of the NbS, phase transition
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FIGURE 3 Li,NbS, charge transfer. (A) Projected density of states (PDOS) of Li,NbS, for x = 0, 0.13, 0.5, and 1.0. NbS, states are shown in
blue, whereas Li states are shown in red. The Fermi level (black dashed line) is set to zero. (B) Bader charge analysis for Li,NbS,. (C) Volume slice
plot of the charge difference Ap. Accumulation (depletion) of electrons is shown in red (blue)
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Ap = pLi,Nbs, —PNbS, —PlLiys (2

as shown in Figure 3C, where the accumulation (depletion) of electrons is shown in red (blue), while regions with no change in charge density are
shown in green.

Making use of the partial charge of Li, we can estimate the specific capacity by the Faraday's equation:

xzF
C= ,
Mnbs,

©)

where F = 26.801 Ah/mol is the Faraday constant, z is the charge transferred from the ion to the anode, x is the fraction of Li ions per NbS, for-
mula, and Myps, is the NbS; molar mass. The highest capacity obtained in this work was C = 341 mAh/g. Although these specific capacities are
relatively low, recent strategies with TMD frameworks can significantly increase these values to up to 700 mAh/g [8].

3.4 | Lithium diffusion

The fast diffusion of Li* cations is one of the essential criteria of a high-performance LIB. To calculate the diffusion kinetics of Li adsorbed on
NbS,, we simulated the TSs of Li* cations transiting at equivalent adsorption sites. Figure 4A shows a ball-and-stick representation of a snapshot
from the TS calculation performed with the NEB method. The corresponding energy barrier diagrams are shown in Figure 4B. The energy barrier
for low Li coverage (13%) is AE¥ = 0.12 eV, while that for high Li coverage (100%) is increased to AE¥ = 0.24 eV. For comparison, the energy bar-
rier for the diffusion of Li* on 2H-MoS, is 0.19 eV for low Li coverage (13%). The small energy barrier in the case of low Li coverage results in a
high diffusivity of Li* in NbS,.

The diffusivity is calculated as a function of temperature by

D(T) = A%kys, (4)

where 1 = 3.362 A is the distance from equivalent Li adsorption sites, and kys is the kinetic rate constant for diffusion given by the Eyring's

equation [27]:

keT AEF
krs = %exp<—kB—T>, (5)
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FIGURE 4 Lithium diffusion on 2H-NbS,. (A) Ball-and-stick representation of Li* diffusion on NbS, based on the nudged elastic band (NEB)
method. (B) Energy barrier diagram for Li* diffusion for low (13%) and high (100%) Li coverages on NbS,. (C) Diffusion coefficients for low and
high Li coverages as functions of temperature. The calculated data for 2H-MoS, are shown as a reference
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where kg is the Boltzmann constant, T is the temperature, h is Planck's constant, and AE¥ is the energy barrier height (activation energy) shown in
Figure 4B. The diffusivities for low and high Li coverages are shown in Figure 4C. For low Li coverage (13%) at room temperature (300 K), the dif-
fusivity is D = 6 x 107> cm?/s, ~17 times faster than the diffusion of Li* on 2H-MoS,. This ultrafast diffusion is similar to the diffusion of Li*
between layers of graphene [28, 29]. This high Li* diffusivity is explained by the small difference in adsorption energy between the M and h sites
in NbS, (Figures 1C and S1) since the M site is the initial and final state, and the h site is an intermediate state. The differences between the
adsorption energies of the M and h sites are greater in MoS, than in NbS,, which explains the greater energy barrier and lower diffusion coeffi-
cient of MoS..

4 | CONCLUSIONS

Based on first-principles simulations, we have shown that 2H-NbS, monolayer meets the important criteria of new anode materials for LIBs. 2H-
NbS, monolayer exhibits high structural stability upon Li adsorption and, unlike 2H-MoS,, does not undergo a phase transition to the 1T phase
upon electron doping. Since both the 2H and 1T phases of NbS, are metallic, a phase transition is not necessary to increase the electrical conduc-
tivity of the material. The high adhesion of Li* cations to NbS, reduces the tendency to form Li dendrites on the electrode during the recharging
process. Both 2H-NbS, and 1T-NbS, are metallic from their pristine forms up to high coverages of Li. Li* cations adsorbed on 2H-NbS, diffuse in
a ultrafast way on the basal plane, with diffusivity reaching D = 6 x 10~ cm?/s at room temperature. These outstanding physical properties make
2H-NbS, monolayer as a potential candidate for replacing graphite as the negative electrode material in LIBs.
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