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Abstract: Currently, new nanomaterials for high-capacity lithium-ion batteries (LIBs) and sodium- ion
batteries (SIBs) are urgently needed. Materials combining porous structure (such as representatives
of metal-organic frameworks) and the ability to operate both with lithium and sodium (such as
transition-metal dichalcogenides) are of particular interest. Our work reports the computational
modelling of a new A’-MoS; structure and its application in LIBs and SIBs. The A-MoS, monolayer
was dynamically stable and exhibited semiconducting properties with an indirect band gap of 0.74 eV.
A large surface area, together with the presence of pores resulted in a high capacity of the A’-MoS,
equal to ~391 mAg~! at maximum filling for both Li and Na atoms. High adsorption energies and
small values of diffusion barriers indicate that the A’-MoS, is promising in the application of anode
material in LIBs and SIBs.
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1. Introduction

Metal-ion batteries are currently the main power source for electronic devices due
to their high specific capacity [1,2]. Lithium-ion batteries (LIBs) are the most widely
used [3] for many reasons such as their high energy density and the absence of memory
effects [4]. Meanwhile, the widespread availability and low cost of sodium, which has a
close value of redox potential (only ~0.3 V higher than lithium) and is characterized by the
similar chemistry of ion intercalation, make sodium-ion batteries (SIBs) no less attractive
than LIBs [5,6]. On the one hand, SIBs can serve as an excellent alternative to the LIBs
taking into account the reduced availability of lithium and some shortages affecting their
application [3,7,8]. On the other hand, Na* ions have a larger radius, which directly affects
the mass transfer and the energy storage in the electrochemical process [9].

Layered bulk structures consisting of two-dimensional monolayers can act as effective
anode materials due to the rapid transport of ions in the interlayer space and the large
surface area which improves the adsorption of particles [10-13]. For example, at this
moment, graphite, with a layered structure, is the most widely implemented anode material
for LIBs [14] and is characterized by a high theoretical capacity of 372mA-h-g~! for Li
atoms (by forming LiCg) [15]. Graphite electrodes have a long service life [16]; however,
they are characterized by a low range of operating temperatures [17]. In the case of SIBs,
the graphite’s value of electrochemical capacity is less than 35mA-h-g~! [18,19] which
was attributed to the fact that the graphite’s interlayer distance (~0.34 nm) is too small to
accommodate Na* ions (the minimum required distance is 0.37 nm [20]). Moreover, the
Na—-C chemical bond is less covalent compared to the Li-C bond [21], and, as a result, Na—C
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compounds are thermodynamically unstable [21,22]. However, alkali-metal ions with
large atomic numbers (such as K* ions) can form energetically favorable configurations in
graphite sheets [23,24], but the high values of these ion masses make their use in metal-ion
batteries less favorable. In this regard, current research is focused on the development
of new electrode materials, first, to overcome limitations and eliminate, for example,
shortcomings in both LIBs and SIBs [25] and second, to improve the characteristics of
the existing devices. Carbon-based materials are an attractive platform to enhance metal-
ion battery performance. For example, yolk—-shell ZnS@C structures for Li- and K-ion
storage [26] and porous FeS@N-doped carbon nanosheets for Na- and K-ion storage [27]
demonstrate high capacity, but their use requires complex approaches to the synthesis.

The transition-metal dichalcogenides (TMDs) are applicable for both LIBs and SIBs [28].
The interlayer space in bulk TMDs and the weak van der Waals forces between the layers
provide not only a large number of intercalation channels for metal ions but also a rapid
diffusion of particles between the layers [29-31]. However, TMDs are characterized by
lower theoretical capacity compared with graphite due to the larger molecular weight of the
elements forming the structure. For example, bulk 2H-MoS, has a value of 167 mAh-g~!
(considering one Li atom per one MoS, formal unit) [32]. This capacity can be increased
by two times by switching to a monolayer MoS; (two Li atoms per one MoS, formal
unit) [33]. However, a further increase of capacity characteristics requires the application of
artificial approaches, such as composite construction [34,35]. The second possible approach
is the complete decomposition of MoS, accompanied by the formation of Li,S (Na;S)
and Li-Mo (Na-Mo) alloys. However, this method will complicate the reverse transition
and reflect poorly on the cyclicity [32,36,37]. In addition, there is an alternative approach
which is the search for new phases of TMDs having less density than H-MoS; monolayers
because bulk TMDs can exist not only in the hexagonal 2H phase but also in trigonal
1T and rhombohedral 3R polymorphs [38]. Moreover, recent investigations showed that
transition-metal chalcogenides can form various monolayered structures [39-44].

Another interesting class of compounds that are promising materials for lithium-ion
batteries are metal-organic frameworks (MOFs) due to their tunable porosity, high surface
area, and abundant cavities reducing the strain during charging and discharging processes,
resulting in increased service life [45—47], The direct utilization of MOFs as anodes in
SIBs is hindered by poor electrical conductivity and instability in organic electrolytes [46],
but some MOF derivatives are deprived of such shortcomings [46,48]. Despite all the
advantages of MOFs, their application is still limited due to the ambiguous principles of
their design and insufficient knowledge of the material.

The ability of TMDs to act as an anode in both LIBs and SIBs can be improved by
creating a porous structure inspired by MOFs. In the present work, the membrane-like
structure of the A’-MoS, monolayer was theoretically examined in terms of application as
an anode material for LIBs and NIBs.

2. Methods

In this work, all quantum-chemical calculations were based on density-functional
theory (DFT) [49,50] and performed within the VASP [51-55] program package. The pro-
jected augmented wave (PAW) [56] method was used to describe the interactions between
electrons and ion cores. The exchange-correlation functional was calculated via generalized
gradient approximation (GGA) in Perdew—Burke-Ernzerhof (PBE) parameterization [57].
The energy cutoff of plane waves was set to be equal to 400 eV. To investigate the de-
pendence of the alkali metal (lithium and sodium) absorption and diffusion on the MoS,
surface on the concentration we considered a unit cell of A’-MoS, consisting of 12 sul-
fur and 6 molybdenum atoms. The first Brillouin zone was sampled according to the
Monkhorst-Pack scheme [58], and the k-point mesh of 5 x 3 x 1 was chosen. The relax-
ation of the atomic geometry was carried out until the maximum values of the energy
difference between two electronic steps became less than 10~° eV and between two ionic
steps, 1073 eV. The Grimme corrections (DFT-D3) [59] were applied to take into account
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van der Waals interaction. To avoid the interactions between the periodic images we used a
vacuum region of at least 15 A in non-periodic directions. We used the elastic-band method
(NEB) [60,61] combined with DFT calculations to investigate the minimal in energy diffu-
sion pathways. To estimate the dynamic stability of A’-MoS, monolayers we studied the
vibrational properties via phonon dispersion calculations based on the density functional
perturbation theory. The force-constant matrix was calculated for the 2 x 2 x 1 supercell
in the PHONOPY software package [62]. To take into account the crystal symmetry and
get rid of the “overdetermination” of the system, the resulting matrix was processed using
machine learning algorithms implemented in the Hiphive software package [63]. The
VESTA [64] software was used for atomic structure visualization.

3. Results

In our work, we considered the MoS; monolayer in the A’ phase, the structure of which
was firstly proposed by Gavryushkin et al. [39] for Janus TMDs. The A’-MoS; monolayer is
characterized by rhombic symmetry and belongs to the Pmn;1 space group with the unit
cell vectors of a = 6.42 A and b = 9.79 A. The feature of the A’-MoS, structure is the presence
of ordered pores resulting in a lower area density of 2.54-10~7 g-cm~2 compared with the
values for known H (3.03-10~7 g~cm_2) and T (3.04-1077 g-cm_z) phases. The unit cell
contains two pores that are equivalent but mirrored concerning the ab plane (see Figure 1a
red and blue) which leads to the increase of the surface area and facilitates the possibility
of the alkali-metal atoms’ diffusion in the perpendicular direction to the layer since the
covalent radius of Li and Na atoms is less than the pore diameter. This feature provides
more opportunities for the intercalation of alkali-metal atoms and makes the considered
structure promising for use as an anode material in metal-ion batteries.
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Figure 1. (a) Atomic structure, (b) phonon dispersion spectra, (c) electronic band structure,
and (d) electron localization function for the total electron density along the ab plane for A’-MoS;.
The unit cell is indicated by black dashed lines. Mo and S atoms are depicted in purple and yellow
colors, respectively. Two types of pores in the A’-MoS; structure are marked by red and blue areas
in (a).

The dynamic stability of the A’-MoS, was investigated by phonon dispersion spectra
calculation (see Figure 1b), and the absence of imaginary frequencies revealed the stability
of the considered structure. To study the electronic properties of the A’-MoS, we calcu-
lated the density of electronic states and the electronic band structure along the path of
Y0, 1/5, 0) = T(0, 0, 0) — X(*/2, 0, 0) — M(!/4, 1/2, 0) — T(0, 0, 0) (see Figure 1c).
The monolayer was shown to exhibit semiconducting electronic properties with an indi-
rect band gap of 0.74 eV. In comparison, H-MoS;, is a semiconductor with a band gap of
1.71 eV, while the T phase is a metal [65]. The p-states of the sulfur atom and the molyb-
denum d-states made the main contribution to the valence bond minimum, while the
conduction band minima were mainly connected with Mo d-states (see Supplementary
Figure S1). The semiconducting nature of the A’-MoS, can be attributed to two types of
Mo-Mo interactions presented in the structure and associated with different bond lengths.
The electron localization function (ELF) [66] displayed a non-zero value on the Mo-Mo
bond with the length of 2.73 A (see Figure 1d, red circle) which indicates the existence of an
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interaction between these molybdenum atoms also observed in the metallic T phase [67].
On the contrary, in the case of Mo atoms with a bond length of 3.18 and 3.64 A (see Figure 1d,
blue circle) the interaction between Mo atoms was significantly less and the ELF pattern
was close to the case of the H phase [68]. Based on the ELF analysis one can conclude
that the semiconducting nature of the A’-MoS, arises from the weak Mo—-Mo interaction
between isolated Mo3S, clusters connected through sulfur bridges. The small bandgap of
the A’ structure compared to the H phase makes it more convenient for metal-ion batteries
due to low barrier electron transfer.

To investigate the alkali metal diffusion on the surface of the monolayer the intermedi-
ate positions of single alkali-metal atoms corresponding to a local energy minimum on the
A’-MoS; structure were evaluated. We considered the positions above the molybdenum
atoms (positions P2, P4, and P5), above the sulfur atoms (positions P1, P3, P6, and P7), and
in the center of the pore (P8) as indicated in Figure 2a,b.

Figure 2. The considered positions of alkali-metal atom (Li, Na) absorption on the surface of the
A’-MoS, monolayer and the diffusion pathways: (a) A (pink) and B (blue), (b) C (red) and D (violet).
The unit cell is indicated by the grey dashed lines. Mo, S, and alkali-metal atoms (Li, Na) are depicted
in purple, yellow, and green colors, respectively.

We calculated the corresponding adsorption energies of a single Li/Na atom (E,;;) as:

Euas = EMosy+14M — Emos, — Eam, 1)

where Epgos, and Epgos,+1Me are the total energies of pristine 1A’-MoS, and 1A’-MoS, with
adsorbed alkali-metal atom, and E 45 is the chemical potential of an alkali-metal (AM)
atom (Li/Na) calculated from the corresponding BCC crystal. The obtained values of a
single alkali-metal atom are presented in Table 1. The negative value of the adsorption
energy indicates that it is more energetically favorable for alkali-metal atoms to be adsorbed
onto the MoS, surface than to form a crystal.

The most energetically favorable position for both Li and Na atom adsorption cor-
responds to the position P1 above the three sulfur atoms forming the pore. The most
unfavorable site for the Li atom is P7 above a sulfur triangle near the pore. The position
P8 in the center of the pore and P6 above the central sulfur in the Mo3S; cluster is the
second most favorable for lithium atoms while for sodium atoms the position in the center
of the pore is the most energetically unfavorable due to steric factors. In all considered
cases the adsorption energy was negative meaning that the process of lithium and sodium
storage on the surface of A’-MoS, was exothermic. The whole set of calculated positions
corresponds to local minima of energy through which the diffusion of alkali-metal atoms
can be considered.
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Table 1. The adsorption energy of a single alkali-metal atom on the A’-MoS, surface and the energy
difference calculated relative to position P1.

Position E,4s (eV) Relative Energy (eV)

Li Na Li Na
P1 —1.22 —1.18 0.00 0.00
P2 —1.00 —0.87 0.25 0.35
P3 —-1.01 —0.93 0.21 0.25
P4 —0.91 —0.80 0.31 0.39
P5 —0.99 —0.93 0.24 0.26
P6 —1.04 —0.86 0.19 0.34
P7 —0.79 —0.16 0.43 0.48
P8 —1.03 —0.43 0.19 0.71

All possible pathways of alkali-atom diffusion via corresponding positions on the A’-
MoS, surface were considered: two paths along a direction of the structure P2—P5—P3—P5—
P2 (denoted as A-path, see Figure 2a, pink) and P6—P4—P7—P4' —P6' (denoted as A’-path,
see Figure 2a, blue), the path along b direction of the monolayer P4—P1—P5—P2—P6—P4
(denoted as B-path, see Figure 2a, red), as well as perpendicular to the slab surface direction
via pore P1—P8—P3 (denoted as C-path, see Figure 2b, violet). Considered diffusion energy
profiles are presented in Fig S2. The A-path was the most energetically favorable with the
maximum barrier value of 0.16 eV for Li and 0.13 eV for Na atoms between P5 and P2 local
minima (see Table 2). The A’-path was limited by the transition from P4 to P7 local minima
(0.21 eV for Li and 0.14 for Na) and the P7 was the least energetically favorable among
considered positions on the surface of A’-MoS, for both Li and Na atoms (see Table 2). The
B-path was limited by transitions from P1 local minimum, which was the most energetically
favorable position, by barriers from P1 to P4 (0.46 eV for Li and 0.50 eV for Na) in one
direction and from P1 to P5 (0.40 eV for Li and 0.35 for Na) in the reverse direction (see
Table 2). Considering the obtained values of diffusion barriers one can conclude that the
diffusion of alkali-metal atoms on the surface of A’-MoS, has an anisotropic character and
is more likely to occur in the A and A’ directions than in the B direction. In the case of
Li-atom diffusion on the surface of the A’-MoS,, the obtained values of diffusion barriers
were lower than for H-MoS, (0.57 eV [69]), while in the case of Na atom the values for A’-
MoS; slightly exceeded the corresponding value for H-MoS; (0.28 eV [69]). In contrast to
H-MoS;, the structure of A’-MoS, contains pores, therefore, there is an additional diffusion
direction perpendicular to the surface (C-path) for this structure. The diffusion through the
pore following the C-path is associated with a local minimum P8, which, in the case of sodium,
differed significantly from the most energetically favorable position P1 at 0.71 eV. In addition,
to advance the Na atom into the pore relatively high energy barriers must be overcome
(1.05 eV from P3 to P8 and 0.82 eV from P1 to P8) because of the steric factor correlated with
a bigger ionic radius of the sodium atom compared to the lithium atom. In the case of the
lithium atom diffusion through the P8 position, the diffusion barriers were less than through
the P1 position along the B-path (see Table 2) which allows us to conclude that Li atoms can
exhibit mobility not only on the surface of the A’-MoS, but also can overcome jumps between
the slab surfaces.
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Table 2. The energy-barrier values for the diffusion of alkali-metal atom (Li or Na) on the surface of
the A’-MoS, monolayer and through the pore.

-, Li Na
Transition Path
Direct Reverse Direct Reverse
A P2—P5 0.16 0.16 0.06 0.13
P5—P3 0.11 0.13 0.06 0.05
A P6—P4 0.19 0.07 0.08 0.02
On the P4—P7 0.21 0.09 0.14 0.04
surface P4—P1 0.14 0.46 0.11 0.50
P1—P5 0.40 0.17 0.35 0.10
B P5—P2 0.16 0.16 0.13 0.06
P2—P6 0.21 0.26 0.16 0.15
P6—P4 0.19 0.07 0.08 0.02
Through C P3—P8 0.22 0.38 1.05 0.55
the slab P8—P1 0.22 0.28 0.07 0.82

To estimate the electrochemical performance of A’-MoS, anodes we calculated the
open circuit voltage (OCV) and the value of the theoretical capacity (C). The OCV was
calculated as:

oCY — _AE _ Ey[MoS; + nMe] — E 4 [MoS;] — nE[Me] / @)
nze nze
where E ,/[MoS; + nMe| and E 4/ [MoS;] are the total energies of A’-MoS, before and after
n alkali-metal atoms adsorption, z is the electronic charge of metal ions (in the case of Li an
Na atoms z = 1), and e represent electron charge, while the value of theoretical capacity (C)
in mA-h-g~! was calculated using the formula:

znF
c=10° , 3
MA/ ( )

where F is the Faraday constant (F = 26.801 A-h-mol~!) and M 4 is the mole weight of the
A’-MoS; unit cell. The OCV profile as a function of theoretical capacity (C) for Li and Na
atoms is shown in Figure 3.

Alkali Metal content (x) in AM,MoS,
0 0.5 1 1.5 2

12 { ———— ~-Li
1 ‘Na
S 1.0 - _
> 0.8 -
0 .
O |
0.6 -
0-4 L) v L) v 1

0 100 200 300 400
Specific Capacity (mA-h-g-")

Figure 3. The open circuit voltage profile for A’-MoS, as a function of the theoretical capacity of Li
(blue) and Na (orange).

The OCV for the A’-MoS; monolayer for both Li and Na was higher in comparison to
the pristine H-MoS, monolayer [69] at the same range of capacities due to higher absorption



Membranes 2022, 12, 1156 7 0of9

energy of alkali-metal atoms and was close to the values for defective H-MoS, containing
Mo vacancies [69]. The highest value of A’-MoS; specific capacity denoted to the unit cell
(MogS12) with 14 alkali-metal atoms was equal to 390.65 mA-h-g~! for both Li and Na
which exceeds the value for the pristine H-MoS; monolayer [32,33,70]. The same value
of maximum specific capacity for Na and for Li provided by the A’-MoS, area density
makes the A’-MoS; membrane promising not only for LIBs and but also for SIBs without
capacity loss.

4. Conclusions

To summarize, the novel porous A-MoS, monolayer was investigated via DFT calcu-
lations. The membrane-like structure of A’-MoS; made possible Li and Na diffusion in all
directions, but Na diffusion through the pore was limited by the high value of the diffusion
barrier (1.05 eV) due to the steric factor. At the same time, the barrier for Li atom (0.38
eV) was lower than the highest one for diffusion on the surface (0.46 eV). The OCV values
of the novel A’-MoS, monolayer were found to be in the same range as H-MoS; with Mo
vacancies. The theoretical specific capacity was ~391 mA-h-g~!, which was 17% higher
than the maximum filling of 1T and 2H phases (~334 mA-h-g~!) by Li atoms. Due to area
density, the Na atom can fill the A’-MoS; monolayer with a same specific capacity which
characterized the A’ phase as a good candidate for the anode in LIBs/SIBs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /membranes12111156/s1, Figure S1: Density of electronic state struc-
tures resolved by d-orbitals for Mo atoms and by p-orbitals for S atoms for A’-MoS2;
Figure S2: Diffusion energy profiles for Li (blue) and Na (orange) atoms’ diffusion barriers in
different considered directions for A’-MoS,.
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