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ABSTRACT: The structural asymmetry of two-dimensional (2D) ()
Janus transition-metal dichalcogenides (TMDs) produces internal
dipole moments that result in interesting electronic properties.
These properties di er from the regular (symmetric) TMD
structures that the Janus structures are derived from. In this
study, we, rst, examine adsorption and di usion of a single Li
atom on regular MX, and Janus MXY (M = Mo, W; XY =S, Se,

Te) TMD structures at various concentrations using rst-principles
calculations within density functional theory. Lithium adsorption
energy and mobility di er on the top and bottom sides of each
Janus material. The correlation between Li adsorption energy,
charge transfer, and bond lengths at di erent coverage densities is
carefully examined. To gain more physical insight and prepare for future investigations into regular TMD and Janus materials, we
applied a supervised machine learning (ML) model that uses clusterwise linear regression to predict the adsorption energies of Li on
top of 2D TMDs. We developed a universal representation with a few descriptors that take into account the intrinsic dipole moment
and the electronic structure of regular and Janus 2D layers, the side where the adsorption takes place, and the concentration
dependence of adatom doping. This representation can easily be generalized to be used for other impurities and 2D layer
combinations, including alloys as well. At last, we focus on analyzing these structures as possible anodes in battery applications. We
conducted Li di usion, open-circuit voltage, and storage capacity simulations. We report that lithium atoms are found to easily
migrate between transition-metal (Mo, W) top sites for each considered case, and in these respects, many of the examined Janus
materials are comparable or superior to graphene and regular TMDs. In addition, we report that the side with higher electronegative
chalcogen atoms is suitable for Li adsorption and only MoSSe and MoSeTe can be suitable for full coverage of Li atoms on the
surface. Bilayer Li adsorption was hindered due to negative open-circuit voltage. Bilayer Janus structures are better suited for battery
applications due to less volumetric expansion/contraction during the discharge/charge process and having higher storage capacity.
Janus monolayers undergo a transition from semiconducting to metallic upon adsorption of a single Li ion, which would improve
anode conductivity. The results imply that the examined Janus structures should perform well as electrodes in Li-ion batteries.

KEYWORDS: two-dimensional (2D) materials, transition-metal dichalcogenide (TMD), Janus materials, lithium-ion batteries,
density functional theory (DFT), machine learning, descriptor design, adsorption energy prediction
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INTRODUCTION
In recent years, much research has been focused on developing

to their bulk counterparts.” Intensive research has been focused
on 2D transition-metal dichalcogenides (TMDs).?

renewable energy sources and storage devices.! Special
consideration has been given to improving the stability/
performance/capacity of the Li-ion battery that may in the
future be used to power hybrid/full electric vehicles, portable
electronics, and so on.? It is attractive as an electrochemical
energy storage device because of its potentially high energy and
power capacity.>* Two-dimensional (2D) materials are well
suited as anode materials in Li-ion batteries. With their large
surface area, high electrical and thermal conductivity, and high
mechanical strength, 2D materials such as graphene, silicene,
phosphorene, and various MXs>® are superior anode materials
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TMD monolayers are semiconductors consisting of tran-
sition-metal atoms (i.e., Mo, W) between layers of chalcogenide
atoms (i.e,, S, Se, Te). Both bulk and 2D TMDs are very
important in electronic and optical applications.>*° Their
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monolayer forms are intriguing because of the properties that
arise due to surface e ects.”* For instance, bulk TMD materials
have indirect band gaps, while their monolayer versions have
direct band gaps in the visible or infrared ranges. MoS, and WS,
monolayers, for example, have direct band gaps of 1.8 and 1.5
eV, respectively."* In contrast, graphene has very high carrier
mobility due to its linear dispersion relation at its kappa point;*?
however, it is not a suitable material for devices such as eld-
e ect transistors because it lacks a band gap."* TMDs have
tunable band gaps that allow them to transition between metallic
and semiconducting forms. Thus, TMDs are versatile materials
that can be used in transistors, solar cells, integrated circuits, and
s0 on.**** TMDs are also strong candidates for anode materials
in lithium-ion batteries. Such anode materials exhibit high
lithium-ion mobility as they have large interlayer distances and
interact only weakly with the ions.*®> This means that the TMD
anodes are not subject to the rapid volume changes and capacity
decreases that Si anodes experience upon intercalation of Li
ions.*®” Ersan et al."® suggested that TMDs are superior anode
materials to graphene and silicene, which are the two-
dimensional versions of graphite and silicon. According to
their work, the energy barrier for a single Li atom migrating
parallel across a TMD monolayer is between 0.15 and 0.28 eV,
whereas the lowest energy barriers for a Li atom on unstrained
and pristine graphene and silicene sheets are 0.23 eV (for
hollow bridge hollow site path)*® and 0.27 eV (for hollow
top hollow site path).?® This means that the Li needs less
energy to di use across most of the TMD monolayers than on
the more conventional anode materials.

Researchers are also exploring a variation of the TMD, called
the Janus monolayer.'® Janus monolayers are derived from
regular TMDs that have had one of its chalcogenide layers
removed and replaced with atoms of another chalcogen atom.
Recently, Janus TMD monolayers (MoSSe) have been
experimentally synthesized. Zang et al.** synthesized 2D
MoSSe from MoSe, by removing the top layer of Se from the
material and substituting S atoms. The same year, Lu et al.*
synthesized MoSSe by starting from MoS, and replacing one of
its S layers with Se atoms. Structural symmetry is key to
determining a material’s electronic properties. Janus monolayers
break out-of-plane mirror symmetry, thus inducing an electric
dipole moment between the chalcogenide layers.>?* This
intrinsic dipole moment in uences the Janus TMDs’ electronic,
magnetic, and adsorption properties. For instance, it can induce
piezoelectricity in the materials.”*

After Janus TMD monolayers were successfully synthesized,
theorists began to simulate these and other Janus structures to
understand and predict their properties. For instance, Shang et
al.?® used density functional theory (DFT) to study MoSSe’s
potential as an anode material in Li-ion batteries. They looked at
how the Liions di use across each side of the Janus monolayer.
Around the same time, Xiong et al.*® used molecular dynamics
simulations to predict that a free-standing MoSSe monolayer
will spontaneously curl into a nanotube if its circumference is 33
nm or larger. This occurs because of the asymmetry of the Janus
monolayer that results in di erent bond Iengths and angles for
the S and Se sides. Using DFT, Shi et al.* investigated the
mechanical and electronic properties of Janus monolayers MXY
(M =Ti, Zr, Hf, V,Nb, Ta, Cr, Mo, W; X/Y =S, Se, Te) with 2H
and 1T phases. Speci cally, they calculated the elastic constants
and electronic structure of these materials. Cheng et al.?’
conducted stability analysis including phonon dispersions of
MXY (M = Mo, W and X/Y =S, Se, and Te) and reported that

they are all stable. It is known that applying strain to a TMD can
a ect its electronic properties and can even induce a transition
from a semiconducting to a metallic state. Liu et al.*® showed
that applying positive or negative strain to Janus TMDs MXY
(M =Mo, W; X/Y =S, Se, Te) changes the materials’ band gaps.
For example, applying tensile strain to MoSSe decreases its band
gap and induces a transition from a direct to an indirect band
gap. Thus, applying strain to MoSSe can increase its light
absorption range and reduce the recombination rate of
photogenerated carriers. Thus, it appears that MoSSe and
perhaps other Janus TMDs are potential materials for water-
splitting photocatalysts.?**°

In this study, we seek to understand the Janus monolayers’
potential as anode materials in Li-ion batteries. First, we study Li
adsorption at varying concentrations and then examine the
mobility of the Li ions as they di use parallel to the monolayers.
This is not a trivial problem as it is not well understood how the
dipole moment a ects di usion. We use DFT to predict the
migration paths and di usion coe cients of a single Li ion as it
di uses across various Janus monolayers. We do so by
calculating the adsorption energies of the Li ion at multiple
sites of the monolayer. We then use this data for the nudged
elastic band (NEB) method. Speci cally, we study Li di usion
on all of the combinations of two transition metals (Mo and W)
and three chalcogens (S, Se, Te). For all of the structures, we

nd that the Li ion prefers to di use between metal-top sites,
passing over a hollow site in the process. Also, we acquire
activation energy plots for both sides of each Janus structure and
calculate the di usion coe cients, revealing that the Li ions will
more easily di use on these monolayers than on traditional
TMDs and other anode materials. Second, we focus on the
stability and performance of these materials. We calculate
formation energies of Li adsorption, open-circuit voltages at
varying Li coverages, and storage capacities including multilayer
Li adsorption and multilayer Janus structures. In addition, we
report how thicknesses of the Janus structures are changing
upon Li adsorption and provide ways to avoid volume expansion
upon charging/discharging. Thus, we believe that Janus TMDs
are superior candidates for anodes of Li-ion batteries.

We go a step further and employ a supervised machine
learning model for the adsorption energies acquired with DFT.
We follow a similar formalism to that introduced by Dou et al.**
and rely on an initial theoretical analysis of the energetics of the
adsorption process that simpli es the adsorption energy to a few
energy terms, which then serve as the descriptors for our linear
model with a low-dimensional feature space. Dou et al. used the
energy of the lowest unoccupied state E, s, the energy of the
conduction band minimum (CBM) with respect to vacuum, as
the main descriptor for their linear regression model. They used
this model to predict the adsorption energies of di erent alkali
atoms on regular TMD monolayers. In this work, we adopt a
similar approach while extending the scope of our predictive
model to include adsorption on both regular TMDs and the
di erentsides of Janus TMDs. In addition, we take various levels
of Li coverage into account, from full coverage to dilute. To
achieve that, we use a clusterwise linear regression (CLR)
model.*” To disentangle the heterogeneity in a population, CLR
divides the data set into K (>1) subsets (clusters) such that each
cluster represents a homogeneous subpopulation. Then, K linear
regression models are applied to each subset separately, resulting
in a much smaller residue error than without clustering. We have
clustered our data set simply based on supercell size, which has
proven to be a valid assumption. Then, we applied ordinary least
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squares (OLS) linear regression within each cluster. In this
work, we will show that our model, which is based on only three
main descriptors, is e cient and provides very good prediction
results of adsorption energies for Li on both regular and Janus
TMD structures at di erent coverage ratios.

COMPUTATIONAL METHODS

Our calculations are based on the rst-principles plane wave method
within density functional theory (DFT) using pseudopotentials
supplied by Vienna Ab initio Simulation Package (VASP).** We
approximate the exchange correlation functional with the Perdew
Burke Ernzerhof (PBE) approach of the generalized gradient
approximation (GGA).** We perform self-consistent eld (scf)
potential and ionic relaxation calculations with VASP for 1 x 1 x 1, 2
x2x1,3%x3x1 and4 x4 x 1supercells. In these calculations, the
Brillouin zone (BZ) is sampled using (24 x 24 x 1), (12 x 12 x 1), (8 x
8 x 1), and (6 x 6 x 1) Monkhorst Pack special k-points meshes that
correspond to the primitive cell and three supercell sizes. We use a plane
wave basis set with a kinetic energy cuto  of 2(k + G) 2/2m =500 eV
for the regular and Janus TMD structures. We set the energy
convergence criterion between two successive iterations to be 10 °
eV and kept the pressure less than 1.00 kbar. The Fermi surface is
Gaussian smeared by 0.01 eV. To avoid interlayer interaction, two MXY
layers are separated by a 20 A vacuum region. Spin  orbit interactions
are considered for local potential simulations for the side-dependent
work function calculation of Janus structures. The rest of the adsorption
and di usion simulations are spin-polarized, and van der Waals (vdW)
corrections were used.>® Also, we performed dipole moment
calculations on the bare primitive cells of all regular and Janus
TMDs. After geometry relaxation, we performed Bader analysis and
band structure generation for all materials of every supercell size.

We calculate the adsorption energies of the Li atom on multiple
lattice sites for both sides of each monolayer. This gives us the start and
end locations of the migrating Li atom, which are the metal-top sites for
all of the con gurations. We used the climbing image nudged elastic
band method (CI-NEB) to nd the minimum-energy path between the
initial and nal positions of a Li atom hopping between adjacent metal-
top sites.>® NEB calculations are conducted in 3 x 3 x 1 supercells, and
11 images are taken between neighboring ground-state sites. From the
NEB calculations, we acquired the di usion energy barriers, E,, that
must be overcome for a Li atom to hop between nearest-neighbor
lattice sites.

RESULTS AND DISCUSSION

Bare Structures. We begin by analyzing the bare regular and
Janus TMD primitive cells. In Table 1, we provide the optimized
lattice constants, charges on each atom species, dipole moment,

Table 1. Regular TMDs and Janus Primitive Cells®

™D  a(d) m (®) x (8) v(® (D) Eun(eV)

MosS, 32 1.07 0.54 534
MoSe, 3.33 0.82 041 4.86
MoTe, 3.56 0.48 024 4.57
WS, 319 115 0.58 6.09
WSe, 334 091 0.46 5.56
WTe, 3.58 0.52 0.26 5.02
MoSeTe 343 0.56 0.34 0.22 0.17 4.59
MoSSe 3.26 091 0.55 0.36 0.10 5.10
MoSTe 3.36 0.78 0.57 0.21 0.22 4.79
WSeTe 343 071 047 0.25 0.64 5.26
WSSe 3.25 1.03 0.62 0.42 0.14 5.82
WSTe 3.36 0.87 0.64 0.23 0.88 547

aMXY hexagonal lattice constant (|a] = |b|) in A, charge of metal
( w) and chalcogenide atoms ( y, v) in electrons (e), dipole
moment () in D, and cohesive energy per atom (E,;) in eV.

and cohesive energy of each examined structure. Our results
show that the lattice constant of a Janus material is determined
by those of the regular TMD it was derived from and depends on
which species were removed or added. In fact, all of the lattice
constants for Janus MXY structures are the average of the
constituent MX, monolayers. The conversion from regular
TMD to Janus can cause either an expansion or shrinking of the
lattice constant, the extent of which depends on the atomic radii
of the chalcogen atoms. For instance, when a structure
transforms from MoS, to MoSSe, the lattice constant increases
by only 0.06 A (1.88%). Se has a larger atomic radius than S, so
the structure expands after one of its S layers is replaced with Se.
Removing another S layer and replacing it with Se (MoSe,)
cause the lattice constant to expand by 0.07 A (2.15%) more.
Both of these expansions are slight because the di erence in
atomic radii between S and Se is not large enough to cause a
drastic change of the lattice constant. In contrast, the radius of
Te is more than twice that of S. After MoS, transforms to
MoSTe, the lattice constant expands by 5.10%. After trans-
forming from MoTe, to MoSeTe, the lattice constant decreases
by 5.52%. The same pattern exists for W-based TMDs as well.

Table 1 includes the charge transfer of each atomic species.
The data implies that the transition-metal atom (M = Mo, W)
donates charge to the surrounding chalcogenide atoms (X/Y =
S, Se, Te) for both regular and Janus TMDs. The charges are not
distributed evenly in the Janus materials, however. In MoSeTe,
for instance, more charge is transferred to the Se layer than to the
Te layer because the former is more electronegative than the
latter. The order of electronegativity is as follows: Te < Se < S.
Fundamentally, the reason for this asymmetric charge transfer in
Janus TMDs is that these materials break mirror symmetry by
having two chalcogenide layers of di erent species. This
asymmetry is what gives Janus materials their unique properties.
In particular, an intrinsic polarization develops that points
vertically from one chalcogenide layer to the other. These dipole
moments, recorded in Table 1, determine most of the properties
of the Janus structures, such as adsorption of adatoms on their
surfaces. Notice that for both Mo and W structures, those Janus
TMDs with S and Te have the highest dipole moments. This is
due to the high electronegativity contrast between S and Te.
Similarly, S and Se have almost the same electronegativity value,
s0 MoSSe and WSSe have lower dipole moments compared to
the other structures.

Finally, we calculated the cohesive energy of the regular and
Janus TMDs to compare their mechanical stabilities. We de ne
cohesive energy as

_ EMXZ/MXY EM EX EY
coh — 3 (1)

E

where Epymxv: Em, @nd Ey,y are the total energies of the

primitive cell of regular or Janus TMDs, a single transition-metal
atom, and a chalcogen atom in vacuum. Ey = Ey for regular
TMDs. The results are given in Table 1. As expected, we found
that cohesive energy decreases as the lattice constant increases.
We also found that cohesive energy depends on the electro-
negativity of the chalcogenide atoms. Physically, this is because
more charge is transferred from the transition metal to the more
electronegative chalcogens, acting as "glue” for the structures. Of
the regular TMDs, MoS, and WS, have the largest cohesive
energies of the Mo and W groups, respectively. Of the Janus
TMDs, MoSSe and WSSe have the largest values of the Mo and
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W groups, respectively. This resultis due to the combination of S
and Se, the more electronegative elements.

Lithiated Structures. Now, we examine the e ects of
adding Li to regular and Janus TMDs. To study how adsorption
of a single Li atom modi es the electronic and structural
properties of Janus structures and regular TMDs, we construct
supercells. We construct 2 x 2 x 1,3 x 3 x 1, and4 x4 x 1
supercells for each Janus structure examined to test how
coverage a ects our acquired energies. We consider four
adsorption sites for single Li atom adsorption, as shown in
Figure 1. These sites are as follows: (i) hollow site (H) at the

Figure 1. Top and side views of Janus monolayer with Li (green balls)
bound to various adsorption sites. From left to right, the adsorption
sites are as follows: hollow (H), bridge (B), top metal (M), and top
chalcogen (T). The monolayer MXY consists of transition-metal
(purple balls) M: Mo, W and chalcogenides (brown, yellow balls) X,Y:
S, Se, Te.

center of the hexagon, (ii) top site of the chalcogen atom (T),
(i) top site of the transition-metal atom (M), and (iv) bridge
site (B) at the middle of the bond between nearest M and (X, Y)
atoms. Note that Janus monolayers are asymmetrical, so we
examine these adsorption sites for both the top and bottom
layers of each material. Initially, the Li ion is located at 2 A above
the atoms in the vacuum direction on related sites. All of the
calculations were done on optimized structures that were found
upon geometric relaxation. The adsorption energy is given as

Ed = Etot ELi Ebare (2)

where E,,;, E;, and E,. are the total energies of the monolayer
and adsorbed Li atom system, the isolated Li atom spin-
polarized, and the bare monolayer in corresponding supercell
sizes, respectively. According to this de nition, a negative value
for E4 corresponds to the binding of the adatom.

Table 2 reports the adsorption energiesforthe 1 x 1 x 1,2 x 2
x1,3x3x1 and4 x4 x 1 cases, which are labeled in terms of
coverage ratios as (1/3), (1/12), (1/27), and (1/48),
respectively. Only the highest adsorption energies are given
along with the lattice site where such adsorption occurs (the top-
metal site). Since charge transfer between the adatom and lattice
surface is part of the adsorption process, the charge of the Li
atom after adsorption is also tabulated in Table 2. Finally, the
average distance of Li from the nearest chalcogenide atoms is
included in Table 2 since stronger adsorption tends to lead to
shorter bond lengths between the adatom and the lattice. To
interpret the data easier, Figures 2, 3, and 5 display the average
Li XY distance, charge transferred from the Li to the
monolayers, and the adsorption energies in terms of coverage
of both the regular and Janus TMDs.

Figure 2 features the average Li chalcogenide distances
above the most energetically favorable adsorption sites (on top
of the transition metals), found by averaging the Li X,Y bond
lengths for the three closest X,Y atoms at di erent coverage
concentrations. As a general trend, the average bond length
increases with increasing atomic number of the chalcogen atom.
This is most likely due to the fact that the electronegativity of
chalcogen atoms increases as the atomic number of chalcogen
atoms decreases, which results in an increase in charge donation
from Li to the chalcogen layer. In addition, as the atomic number
of the chalcogen atom decreases, the atomic radius also
decreases. This results in higher binding energy as the bond
length decreases. When we compare the average Li chalcogen
atom distances of regular (Figure 2a) and Janus (Figure 2b)
TMDs, we see that depending on what chalcogen atoms are
present at Janus TMD surfaces, the average bond lengths are
close to those of the regular TMD cases. For the dense coverage
cases where Li atoms are adsorbed at every primitive cell of a
regular or Janus TMD, the average bond lengths are the largest.
This is due to charge saturation, which we will discuss in the next
paragraphs. For all of the adsorption cases, the average bond
distances on adsorption of Lion 3 x 3 x 1 and 4 x 4 x 1
supercells are very close (less than 1% di erence). This enables
us to state that the bond lengths converge to the dilute case
around the 3 x 3 x 1 supercell size. We will have a detailed
analysis of why the bond lengths in 2 x 2 x 1 supercells are
shorter in the "Linear Regression of Adsorption Energies"
subsection of our results.

In every examined case, the adsorbed Li atom transfers charge
to the monolayer. Note that most of the charge is transferred to
the chalcogenide atoms closest to the Li atom. Figure 3ab
features the charge transferred to the lattice for various supercell
sizes of regular and Janus TMD materials, respectively. In regard
to the regular TMDs, as the electronegativity of the chalcogen
atom increases, the Li adatom loses more negative charge and
thus takes on a more positive character. Also notice that as
supercell size increases and Li concentration becomes more
dilute, the charge values converge to the same values for a Li
atom isolated from other Li atoms on the lattice.

In fact, we believe that the reason why the charge-transfer
values for the primitive cell are smaller than for the supercells is
because of the strong Coulombic repulsion between neighbor-
ing Li adatoms due to relatively small distances ( 3.5 A)
between them. This also results in a signi cant reduction in the
Li adsorption energies, which we will discuss in Section D. The
e ect of Coulomb repulsion diminishes around 3 x 3 x 1
supercell dimensions.

Similar observations can be made for Janus TMD monolayers
as well. Depending on the side of Janus TMD where the Li atom
is adsorbed, the charge-transfer values are similar to the regular
TMD cases and follow similar trends to coverage as well. The
intrinsic strain on the Janus TMD surfaces does not a ect the
charge transferred from the Li adatom. Take the case of a Li
atom adsorbed on the Se side of a 3 x 3 x 1 (Mo, W)SeTe
structure, as indicated in the charge density plots in Figure 4.
Most of the charge is given to the three Se atoms closest to the
Li, which each form Li  Se bonds of 2.49 A. The average Bader
charge delivered to them is 0.24e each. (There is minor
charge transfer to second nearest-neighbor atoms as well. See the
charge depletion/accumulation on the transition-metal atoms in
Figure 4.) In the case of a Li atom adsorbed on the Te side of
such a 3 x 3 x 1 (Mo, W)SeTe structure, the Li atom again
transfers most of its charge to the closest Te atoms. The average
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Table 2. Adsorption Energies, Formation Energies, Charge on Li after Adsorption, and the Average Li X,Y Distance®

adsorption 1/ (V4
TMD  side site @3 12) 1727y 48)
MosS, M 1.824 1.894 1.986 2.024

0.110 0.180 0.272 0.310
0.76 0.857 0.870 0.874
2475 2.342 2374 2.385
MoSe, M 1.724 1.674 1.657 1674
0.010 0.040 0.057 0.040
0.759 0.854 0.864 0.866
2.653 2.463 2484 2494
MoTe, M 1.580 1.654 1544 1.564
0.134 0.060 0.170 0.150
0.752 0.851 0.859 0.860
2.853 2.686 2.698 2.708
WS, M 1.695 1774 1.641 1.688
0.019 0.060 0.073 0.026
0.754 0.856 0.865 0.868
2.500 2.328 2.359 2.363
WSe, M 1.614 1.676 1.486 1516
0.100 0.34 0.228 0.198
0.755 0.851 0.858 0.860
2.669 2439 2.464 2.468
WTe, M 1.492 1511 1.485 1.522
0.222 0.204 0.229 0.192
0.748 0.849 0.856 0.859
2.880 2.666 2.675 2.682
MoSeTe  Se M 1.828 2.027 1.990 2.021
0.114 0.313 0.276 0.307
0.764 0.852 0.861 0.862
2611 2.467 2491 2497
MoSeTe  Te M 1.508 1272 1291 1.301
0.205 0.441 0.422 0.413
0.741 0.852 0.862 0.865
2.903 2.657 2.726 2.736
MoSSe S M 1.887 2.102 2114 2173
0.173 0.388 0.400 0.459
0.764 0.856 0.867 0.870
2462 2.346 2374 2.508
MoSSe Se M 1672 1.493 1.478 1504
0.041 0.221 0.235 0.209
0.752 0.855 0.864 0.870
2.667 2470 2499 2.508
MoSTe S M 2.038 2.486 2.527 2.537

adsorption s L/

TMD  side site /3) 12) (1727)  48)
0.325 0.773 0.813 0.823

0.770 0.857 0.866 0.868

2469 2381 2397 2405
MoSTe  Te M 1469 1219 1219 1206

0245 0494 0495 0508

0.738 0.850 0.863 0.866

2917 2726 2748 2761
WSeTe Se M 1714 1968 1842 1861
0.001 0.255 0.128 0.147

0761 0850 0857  0.857

2.624 2.467 2477 2481
WSeTe Te M 1422 1252 1126 1140

0292 0462 0587 0573

0.741 0.852 0.857 0.859

2924 2809 2707 2713
WSSe S M 1.760 2.033 1.858 1.877
0046 0319 0145  0.163

0.755 0.856 0.863 0.867

2486 2346 2364 2377
WSSe Se M 1565 1426 -1.222 1.235

0149 0287 0492 0479

0750 0852 0855  0.859

2.697 2430 2477 2474
WSTe S M 1911 2375 2283 2299
0.198 0.662 0.569 0.585

0.761 0.858 0.866 0.867

2457 2393 2399 2403
WSTe Te M 1.388 1.099 0.994 1.001

0326 0615 0719 0712

0.750 0.855 0.855 0.857

2951 2691 2738 2750
#Top rows of each monolayer subsection features adsorption energies
of Li on regular/Janus TMD monolayers (in eV). The second rows
feature formation energies (in eV). The third rows feature positive
charge on Li after adsorption (1 e lost by Li (in ¢). Bottoms rows
feature average Li XY distance (in A). Data for all TMD/Janus
monolayers for coverage ratios for primitive cell [ (1/3)],2x 2 x 1
[ (1/12)],3x3x1[ (1/27)],and 4 x 4 x 1 [ (1/48)] supercells
are tabulated. The side where lithiation occurs and the adsorption site

are also reported.

Bader charge delivered to each of these three Te atoms is

0.23¢ , and they each form Li Te bonds of 2.73 A.

Figure 5 displays the adsorption energies in terms of coverage
of both the regular (a) and Janus TMDs (b) so that the data is
easier to interpret. Based on our previous discussions about Li
chalcogen atom bond length and charge transferred to the Li
adatom, we conclude that for regular monolayers, as the Li X
bond length decreases and Li transfers more charge to the
monolayer, the binding energy of the Li adatom increases. There
are three factors in uencing the binding of Li adatoms. These
include actual Li monolayer ionic bonding, Li Li cohesion,
and Li Li Coulombic repulsion. The last two interactions play a
dominant role in understanding the binding at higher
concentrations, but they decay rapidly as the Li Li distances
increase, which results in minor e ects on dilute doping. (See
Section D. Similar to the previous observations, the 3 x 3 x 1

supercell can be taken as a dilute doping concentration due to
energy di erence.)

Overall, the Li atom acquires a higher adsorption energy when
bound to the sides with the lower-atomic-number chalcogen
(top side) rather than to the sides with the higher-atomic-
number chalcogen (bottom side). Most likely, this is because the
top-layer chalcogen atoms have electronegativities farther from
that of Li than the bottom-layer atoms. On the Pauling scale, the
electronegativity di erences ( EN) are as follows: 1.6 for S Li,
157 for Se Li, and 1.12 for Te Li. As EN increases, more
charge ows from the Li atom to the monolayer. When binding
energies of individual sides are compared with their regular
TMD counterparts, they depend strongly on the change of the
lattice parameter. If the lattice parameter of the underlying
monolayer increases (e.g., comparing Li adsorption on the S side
of MoSSe and MoS,), the Li binding energy increases due to
reduction in Li Li cohesion and Coulombic repulsion. This

https://doi.org/10.1021/acsami.1c05508
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Figure 2. Li X,Y distances for Li over metal-top sites of all supercell
sizes. (a) Regular TMDs and (b) top and bottom sides of Janus
structures. Notice that the Li is farthest away from the 1 x 1 x 1
supercells, to which Li donates the least charge. The red color on the
chalcogen atom of Janus structures on x-axis labeling indicates the side
on which the Li atom is adsorbed.

trend reverses if the lattice parameter of the underlying
monolayer decreases.

Also notice that in Figure 5b the adsorption energies for the 1
x 1 x 1 cells follow similar trends depending on the side Li is
adsorbed at. When Li is adsorbed on the top side, the binding
energy is lower than for the dilute cases. This trend reverses
when Li is adsorbed on the bottom side. There are two factors
a ecting this, which we will discuss in detail in the upcoming
sections on machine learning. One is the Li Li Coulomb and
cohesive interaction, and the other one is due to the dipole
moment of the Janus structure, which results in splitting of
energies of least unoccupied states of both sides of Janus
materials.

Descriptor Design for the Machine Learning Model to
Predict Li Adsorption Energies. Adsorption energy is our
target variable. The training set includes the adsorption energies
of Li on six regular TMDs and on both top and bottom sides of
six Janus TMDs. For each adsorption case, four energies are
given for four di erent coverage ratios. This makes a total of [(6
(regular TMD) + 6 x 2 (Janus-both sides)) x 4 (coverage)] 72
training instances.

To extract the key features that govern the adsorption of a
metal atom on a 2D TMD structure, we decompose the
energetic contributions involved in the adsorption process.
Starting with an isolated Li atom and a relaxed TMD structure,
adsorption at 0 K can be viewed as a process of experiencing
successive potential barriers and potential wells:

(a) Charge Transfer from Li to TMD
0.90,
I .
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Figure 3. Charge transferred from the Li atom to regular/Janus TMD
monolayers, over metal-top sites of all supercell sizes. (a) Regular
TMDs and (b) top and bottom sides of Janus structures. The red color
on the chalcogen atom of Janus structures on x-axis labeling indicates
the side on which the Li atom is adsorbed.

(a) First, the Li atom must overcome its ionization energy
(Eion) to transfer its charge to the vacuum.

(b) The charge is then transferred from the vacuum to the
lowest unoccupied state (LUS) in the TMD structure. E, s
represents the energy of this potential well.

(c) For the adsorption of multiple Li atoms to take place, each
Li atom must overcome the potential barriers of Li Li
interaction, namely, the Li Li repulsive Coulomb potential
and the Li Li cohesive potential. E; ; refers to these two
interaction energies combined.

(d) Finally, there will be an interaction between the Li atom
and the TMD, which we can view in two successive steps:
distortion of the TMD as the Li atom approaches it, followed by
coupling of the positively charged Li atom to the negatively
charged TMD. Here, we generalize the nding of Dou and
Fyta®* and assume that this distortion energy can be neglected
compared to the other energy terms for all TMD structures.
Thus, we have only the coupling energy described through the
potential energy term (Ecp), Which includes all of the
electrostatic and quantum mechanical interactions between
the Li atom and the TMD.

According to this analysis, the adsorption energy (Ey) can be
decomposed as

B4 = Eion + ELus + Eii 1i + Ecoup (©)
We rely on the above energy representation to select the best

descriptors for predicting the adsorption energies of Li atoms on
2D TMDs.
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MoSeTe, Se Side

WSeTe, Se Side

Figure 4. Charge di erence plots of Li adsorbed on the top and bottom sides of (Mo, W)SeTe. Yellow indicates charge accumulation and blue
indicates charge depletion regions. Isosurface values for charge accumulation and depletion on the Se side are taken as 0.01 and 0.008 e/A%,
respectively. Isosurface values for charge accumulation and depletion on the Te side are taken as 0.008 and 0.004 e/A3, respectively. The same trends
occur for all examined Janus monolayers. Red dashed lines indicate the chalcogen layers. Color coding of atoms is indicated in the gure.
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Figure 5. Adsorption energies for Li atom over metal-top sites of all
supercell sizes. (a) Mo- and W-based TMDs and (b) top and bottom
sides of Janus structures. The red color on the chalcogen atom of Janus
structures on x-axis labeling indicates the side on which the Li atom is
adsorbed.

We then try to analyze the coverage-dependent energy terms,
Eii iand Ecoyp to decouple the coverage dependence from the
material dependence. The Li Li interaction term was calculated
by conducting single-atom DFT simulations of a positively
charged Li* atom in a 2D cell, with 15 A vacuum, according to
the lattice parameters of regular and Janus TMDs. In Figure 6a,
we notice that the distribution of E;; |; forms separate clusters of

continuously distributed values. These clusters correspond to
the four supercell sizes we are studying. We also notice that the
individual distributions of the 3 x 3 x 1and 4 x 4 x 1 supercells
almost entirely overlap. This re ects how a coverage-dependent
energy term would behave. Hence, we claim that the same
behavior would appear for E,,,. To avoid the direct calculation
of Egqyp With DFT, we calculated all other energies on the right-
hand side (RHS) of eq 3 and then E, was calculated indirectly
as the di erence between the DFT-calculated adsorption
energies and the energies on the RHS. Figure 6b indicates that
our claim is valid and that the distribution of E,, can be viewed
to form separate clusters of continuously distributed values
similar to E;; . We also notice that Eg,, becomes more
negative (more attractive) as we increase the doping
concentration due to the larger electrostatic attraction between
the Li atom and the charges transferred from the Li atoms that
tend to accumulate on the TMD surface. Even though the
amount of charge transfer from one Li atom decreases with the
doping concentration, the charge density of the negative
accumulated charge on the TMD surface increases with doping,
resulting in stronger coupling. This trend is opposite to that of
E.; i, which becomes more positive (more repulsive) with
higher doping.

Therefore, we can decouple the coverage dependence from
the material dependence by categorizing our training examples
according to the supercell size of the TMD structure into one of
the three categories (1 x1x1,2x2x 1,and 3 x 3 x 1and 4 x
4x 1) and then performing our ordinary least squares (OLS)
regression within each category. Since the coverage-dependent
energy terms of the 3 x 3 x 1 and 4 x 4 x 1 supercells strongly
overlap in Figure 6, it is evident that the dilute case is achieved in
the 3 x 3 x 1 supercell. Thus, we group the 3 x 3 x 1and 4 x 4 x
1 supercells into the same cluster. Recall that we concluded the
same in our earlier discussions on the bond length and charge
transfer at di erent concentrations.

After decoupling the coverage dependence through cluster-
ing, we must still take into account the material dependence of
Ecoup Within each cluster, which is manifested in the variance of
each cluster in Figure 6b. We do so by calculating the coverage-
independent part of E,,, represented by the interaction energy
of a single Li atom with a bare regular/Janus TMD structure
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Figure 6. (a) Histogram of Li Li interaction energy (including Coulomb and cohesive interactions) labeled by supercell size. (b) Histogram of Li

TMD coupling energy (the de nition of this term is de ned in the text).

Eli TMD(barey: Dy @ simple Coulomb interaction model.
ELi Tmparey Plays an important role in displaying the intrinsic
di erences between regular and Janus TMDs. It is attractive
when adsorption takes place on the higher-EN side of Janus
TMDs but repulsive for adsorption on the lower-EN side. Also,
ELi TMD(barey IS almost zero for regular TMDs. These
observations are due to the intrinsic dipole moments of Janus
TMDs.

Therefore, inside each cluster, eq 3 transforms into

By = Eion + Erus *+ Eii 1i + Bl Tmp(oare) 6y

For this study, we can drop 0  Ej,,, as we are considering only Li
as our adsorbate. To generalize, the predicted adsorption energy
can then be written as a linear combination of the remaining
energy descriptors

=4 *d = aE s + bEy, TMD(bare)  CEL i+ d (5)
where Ef"® is the predicted adsorption energy and a, b, ¢, and d
are the parameters that are tuned through the regression process.
The energy descriptors on the RHS of this equation are
calculated as follows:

(a) The energy of the lowest unoccupied state is found by
subtracting the vacuum energy from the energy of the
conduction band minimum (E,ys = Ecgm Evacuum) Of bare
TMDs. Note that due to the intrinsic dipole moment of Janus
TMDs, the vacuum-level energies are di erenton di erent sides
of Janus TMDs,>” which explains why adsorption energies are
dependent on the side of adsorption. E s varies between 4.74
and 3.18 eV depending on the Janus material and the side of Li
adsorption. This descriptor covers the e ects of the electronic
dipole moment on the electronic structure and is material- and
adsorption side-dependent.

(b) To nd the Coulomb energies of Li interaction with the
bare TMDs (E.i tmp(bare)): We summed up the Coulomb
interaction energies of a single Li atom with the atoms in the
three layers of the X M Y structure. We assumed that Li is
placed on top of three charged parallel plates (positively charged
plate for the M layer, negatively charged plates for X and Y
layers). The charge density on the plates was determined by our
Bader analysis results and the lattice constants of the
monolayers. For instance, to determine E,; tmpearey fOr Li
adsorption on the S side of MoSTe, we calculated and then
summed up all Li-S, Li-Mo, and Li Te layer interactions for a
single Li atom on the S side of MoSTe. We also assumed that Li
has a charge of +1e . The perpendicular distance between the Li
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atom and the plate on which adsorption takes place was
calculated by approximating the distance between the Li atom
and any of the nearest-neighbor chalcogen atoms as a
summation of their atomic radii. According to this, Li adsorption
on higher-EN sides results in exothermic reactions, while
adsorption on the other side results in endothermic reactions.
This descriptor is material- and adsorption side-dependent. It is
expected to capture the electrostatic energy cost of the intrinsic
dipoles of Janus structures.

(c) For the Li Li interaction energies (E,; ;), we calculated
the DFT total energy of a single +1e charged Li atom (+0.99¢
due to pseudopotential restrictions) arranged in a separate 2D
monolayer (with 15 A of vacuum layer) by making use of the
relaxed lattice constants of each structure. The total energy
includes Li Li cohesion and Coulomb interactions. This
descriptor is mainly concentration-dependent such that the
magnitude of this endothermic energy contribution decays
signi cantly from dense to dilute doping concentrations.

To check the quality of our model, we calculated the root-
mean-squared error (RMSE), the mean absolute error (MAE),
and the coe cient of determination (R?) of our clusterwise
linear regression (CLR) model, and these are tabulated in Table
3. RMSE, MAE, and R? values are also reported for linear
regression without clustering in Table 3 to show the importance
of clustering the data set.

Linear Regression of Adsorption Energies. For each
submodel within each cluster, we used a threefold cross-
validation scheme via the scikit-learn package,®® which means
that the data in each cluster was divided randomly into three

Table 3. Linear Regression Statistics for Each Cluster?

clusterwise linear regression model

supercell a b c d
1x1x1 0.129 0.044 0.032 1672
2x2x1 0.151 0.249 0.035 1.719
3x3x1/4x4x%x1 0.337 0.084 0.015 1.663
RMSE, 0.055 eV; MAE, 0.044 eV; R?, 0.977

linear regression model
all data sets a b c d
0.248 0.103 0.001 1.679

RMSE, 0.120 eV; MAE, 0.094 eV; R?, 0.876

30LS-optimized values for regression parameters are from eq 5.
Linear regression statistics are also tabulated for the data set without
clustering.
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Figure 7. Predictions of adsorption energies from CLR (EJ™) vs original DFT values (E?"). The left plot (a) classi es data according to material
(color) and the side of Li adsorption on Janus materials (up and down arrows). Data for all supercell sizes are given but not distinguished. The right plot

(b) classi es the same data according to the supercell size.

sets. One set was used for testing, and the other two were used
for training. This procedure is repeated so that every set is used
once as testing set to avoid any over tting of the model to
particular training examples. To simplify making comparisons
among the di erent energy descriptors in uencing the
adsorption energy, the descriptors inside each cluster were
standardized by rescaling each descriptor to have a mean of zero
and standard deviation of one. The averaged cross-validation
RMSE and R? scores for the CLR model are 0.056 eV and 0.973,
respectively. These cross-validation measures give an estimate of
the generalization power of the model on future unseen data.
The statistical measures for our nal CLR model applied to the
whole data set are as follows: 0.055 eV (RMSE), 0.043 eV
(MAE), and 0.977 (R?). The predicted adsorption energies from
the CLR model versus the DFT-calculated energies are shown in
Figure 7. We note that a direct application of linear regression
without clustering would give 0.120 eV (RMSE), 0.094 eV
(MAE), and 0.877 (R?), which proves the power of our initial
clustering technique. The regression parameters of the stand-
ardized energy descriptors for the three linear submodels inside
each cluster and the parameters for the nonclustered model are
summarized in Table 3. It is important to note that the linear
regression model without clustering de-emphasizes the concen-
tration-dependent E; ; interaction term as noticed from its
small ¢ value in Table 3, which results in asigni cant decrease in
model accuracy.

Focusing on the CLR model, notice in Table 3 that the
coe cient a increases with supercell size, indicating that E, ;5
becomes a more signi cant descriptor as we approach the dilute
case. This nding agrees with the works by Dou et al.** and
Stavric et al.*® For dilute doping concentrations, the electronic
structure of the material will not be a ected by doping and this
descriptor can be used reliably. However, in dense doping cases,
adsorbents may form extra bands around conduction and
valance band regions, which may result in serious deviations in
the electronic structure from that of the bare TMD. Our CLR
model suppresses thise ectby tting dilute doping (giving more
weight) and dense doping (giving less weight) cases separately,
which makes the model physically more reliable than a linear
model without clustering.

Looking at the concentration-dependent term E; ;, to
compare the signi cance of this descriptor to the adsorption
energy in the di erent clusters, we rst need to take out the
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material dependence from the ¢ coe cients and focus only on
the concentration dependence. Recall that the regression
coe cients in Table 3 are tted to standardized descriptors.
Thus, we need to divide each ¢ by the corresponding standard
deviation of E; |; in each cluster. With standard deviations of
0.016,0.026,and 0.045eV forthe1x1x1,2x2x1,and3 x 3
x 1/4 x 4 x 1 clusters, respectively, we note that the signi cance
of E;; |; to the adsorption energy decreases signi cantly as we
approach the dilute doping case, as we would expect. It is also
evident from the small magnitudes of ¢ that E;; ; is the least
important descriptor for the adsorption energy. This can be
attributed to the fact that E,; |; has alow material dependence as
noticed from the small variance of E; |; within each cluster (see
Figure 6a). Note also that the high dependence of E; |; on
doping concentration was already decoupled through clustering.

Based on our analysis of bond lengths (Figure 2), charge
transfer (Figure 3), and adsorption energies (Figure 5), we
concluded that Li adsorption on the 3 x 3 x 1 supercell size can
be considered as dilute doping. We also noted that at dense
doping (1 x 1 x 1 primitive cell) concentrations, the binding
chemistry of Liwas di erent than that in the dilute doping cases.
Even though these properties at dilute doping concentrations (3
x 3 x 1 supercell or larger) show similarities to those of the 2 x 2
x 1 supercell, the histogram of E,,, in Figure 6b shows a
signi cant di erence in E,,, (0.6 eV) between Li adsorption
on the 2 x 2 x 1 supercell and 3 x 3 x 1/ 4 x 4 x 1 supercell
sizes. This provides evidence that coupling of the Li adatom with
the 2 x 2 x 1 supercell is stronger than that in the dilute cases.
This is the reason why bond lengths of the Li adatom to nearest
chalcogen atoms are smaller ( 0.02 A) and the adsorption
energies are larger ( 70 meV) for the 2 x 2 x 1 supercell than
those for the dilute doping supercells sizes. This explains why
our CLR model elevates the value of b coe cient forthe 2 x 2 x
1 cluster, emphasizing the E; tmp(parey term for the 2 x 2 x 1
supercell above that of the other supercell sizes. Our CLR model
successfully represents this intermediate doping concentration
by de-emphasizing the electronic structure-based descriptor
(ELus) while increasing the importance of the concentration-
dependent (E,; ;) and material- and adsorption side-dependent
(ELi TmD(bare)) descriptors.

Finally, because we have standardized our descriptors, the d
parameter should correspond to the adsorption energy of Lion a
TMD structure whose descriptors have the mean values of our
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Figure 8. Activation energy barriers for Li atom di usion for regular TMD-MX, (M = Mo, W; X =S, Se, Te), calculated with NEB simulations. The
relative energies with respect to the ground-state adsorption geometry are given on the y-axis. The di usion path is from top of the metal site through
the hollow site to the neighboring top site as indicated in the x-axis. See Figure 1 for adsorption geometries.

data set. The mean values of E, ys and Ej; tmpar) are  3.88
and 0.001 eV, respectively, while the mean value of E; |; varies
depending on the cluster since it is a concentration-dependent
descriptor. For instance, for the 3 x 3 x 1/4 x 4 x 1 cluster,
E.; L has a mean value of 3.98 eV. These three means are very
close to the descriptor values of Li adsorption ona 4 x 4 x 1
supercell of MoSe,. Thatiswhy weseed=1.663 eV for the 3 x
3 x 1/4 x 4 x 1 cluster, which is roughly the same as the
adsorption energy of Li on the MoSe, TMD structure in the 4 x
4 x 1 supercell (see Table 2).

Based on our physically interpretable descriptors, we expect
our CLR model to be transferable to predict the adsorption
energies of other adatoms on other 2D materials beyond regular
and Janus TMDs provided that the adsorption process is
dominated by a near full charge transfer from the adatom to the
substrate. Recall that our model assumes that the adsorption
process is governed by simple charge transfer in which the
adatom transfers its charge to the 2D material without
introducing additional electronic states to the substrate. Recall
also that we have xed the Li charge to be always +1e in our
model assuming full charge transfer. If additional electronic
states are created near the lowest unoccupied state of the 2D
material upon adsorption or if the charge transferred is far away
from being a full charge transfer, the adsorption picture diverges
from the model assumptions and the model would not be
expected to give reliable predictions in such cases. Another point
that needs to be satis ed to guarantee the transferability of the
model is that the geometrical distortion in the structure of the
2D substrate, which occurs due to the presence of the adatom,
has to be negligible since our model neglects this distortion
energy. When the data in Figure 7 is carefully examined, it is
clear that the highest di erence between calculated and
predicted energies arises from the structures with the highest
dipole moments (MoSTe and WSTe). Even though we included
the e ects of intrinsic dipole to our CLR model using the
electronic structure and Coulomb interaction terms, one can
also enhance CLR tting by including the structural e ects such

as spontaneous curvature of Janus structuresin nite sizes.”® We
came up with a simple model for Janus TMD layers to calculate
the radius of curvature, taking into account the in-plane sti ness
of the constituent regular TMD layers.® For example, for MoSSe,
we used lattice constants and in-plane sti ness of MoS, and
MoSe, to strain the combined structure to curve and match the
lattice constants of MoS,, MoSSe, and MoSe, on S, Mo, and Se
layers of the Janus structure. Once the radius was determined,
we calculated the energy cost in terms of strain and placing the Li
adatom inside and outside the curved structure (Coulomb
interaction). After including this in our CLR model, we managed
to reduce RMSE to 0.045 eV, reduce MAE to 0.037 eV, and
increase R? to 0.984. When compared with our reported values
in Table 3, these are minor improvements in the CLR model. We
do not focus on this method further because (i) this method is
Janus structure-speci ¢ and the e ects of curvature are
calculated primitively instead of giving a full quantum
mechanical treatment and (ii) our aim is to develop an ML
descriptor representation that takes into account the e ects of
coverage and di erent alloys of the underlying 2D layer.
Calculating the in-plane sti ness in accordance with the alloying
concentration is a process that would be extremely computa-
tionally demanding. This con icts with the goal of using ML to
make accurate predictions without the high computational cost
of quantum mechanical simulations.

Suitability of Janus TMDs for Next-Generation Anode
Material. In this section, we will investigate whether Janus
TMDs are good candidates for next-generation anode materials.
To achieve conclusive results, we will focus on three di erent
criteria including the ease of Li di usion on the Janus TMD
surfaces, prediction of open-circuit voltage (OCV), storage
capacity and e ects of multilayered Janus systems, and
volumetric expansion during discharge/charge cycles and the
e ects of Li on the electronic structure.

(i) Li Di usion on Monolayers. In addition to adsorption, Li
migration on the monolayers determines the structures’ abilities
as anodes in Li-ion batteries. The climbing image nudged elastic
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Figure 9. Activation energy barriers for Li atom di usion for Janus TMDs MXY (M = Mo, W; X/Y =S, Se, Te), calculated with NEB simulations.
Barriers for top and bottom sides are calculated separately. The relative energies with respect to the ground-state adsorption geometry are given on the
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adsorption geometries.
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band method (NEB) simulations for Li on regular TMD
structures and Janus materials are given in Figures 8 and 9,
respectively. In both gures, only the 3 x 3 x 1 supercell case is
given. This is justi able because the adsorption energies
converge around 3 x 3 x 1 supercell sizes, as discussed in the
previous sections. For all of the examined con gurations, the
adsorption energy is maximum for Li atoms above the metal-top
sites. The second most favorable site is the hollow site. This
implies that Li atoms transverse the monolayer by hopping
between metal-top sites while passing over metastable hollow
sites. This is true for every supercell size and monolayer side.
From the NEB plots, we nd the activation energy barrier that a
Li atom must pass over to migrate from a top-metal site (at the
zero point) to a hollow site (the middle valley). These values are
recorded in Table 4, along with the Li adsorption energies at the

Table 4. Li on 3 x 3 x 1 Supercell Janus Monolayers®

TMD side Eq(eV) E,(eV) D(cm?/s) i @®
MoS, 1.986 0.28 217 %10 ° 0.874
MoSe, 1.657 0.30 112x10 ° 0.866
MoTe, 1.544 0.29 1.89x10° 0.860
WS, 1.641 0.31 6.65 x 10 1 0.868
WSe, 1.486 0.34 239 x 10 1 0.860
WTe, 1.485 0.33 442 x10 10 0.859
MoSeTe Se 1.990 0.34 2.70 x 10 0.862
MoSeTe Te 1.291 0.22 293 %10 8 0.865
MoSSe S 2.114 0.28 223%x10° 0.870
MoSSe Se 1.478 0.23 134x10 8 0.870
MoSTe S 2.527 0.29 156 x 10 ° 0.868
MoSTe Te 1.219 0.19 7.99 x 10 @ 0.866
WSeTe Se 1.842 0.36 104 x 10 ©0 0.857
WSeTe Te 1.126 0.24 1.06 x 10 8 0.859
WSSe S 1.858 0.32 508 x 10 ¥ 0.867
WSSe Se 1.222 0.23 137 %10 8 0.859
WSTe S 2.283 0.31 6.60 x 10 0.867
WSTe Te 0.994 0.19 833 x 10 8 0.857

@Side where lithiation occurs, adsorption energy (E), activation
energy (E,), di usion coe cient (D), change of charge on Li atom
after adsorption ( ;). The adsorption energies are taken from Table

top-metal site, the di usioncoe cients, and the charge lost by Li
after adsorption. From the energy barriers, we obtained the
di usion coe cients, which is the frequency with which Li ions
move between nearest-neighbor top-metal sites. It is de ned as

D = ave Bkl (6)

where a is the lattice constant, v = 1 x 10! Hz is the order of
vibration of the Li adatom, E, is the activation energy barrier that
must be overcome for di usion to occur, kg is the Boltzmann
constant, and T is the temperature (300 K).*® The product in
front gazv) acts as the probability of a successful jump between
sites.”? As the energy barrier decreases or lattice constant
increases, the di usion coe cient increases. Thus, anode
materials with low di usion energy barriers experience higher
Li-ion mobility, which is expressed as higher di usion
coe cients. Using eq 6, we calculated the di usion coe cient
for graphene as 8.72 x 10 ° cm?/s, where we used a lattice
constant of 2.465 A from Leggesse et al.’s DFT study** and the
energy barrier from Zhong et al.’s study.” In addition, the
di usion coe cients we calculated for six TMDs range from
2.39 x 10 © cm?/s for WSe, to 2.17 x 10 ° cm?/s for MoS,.

This implies that MoS,, MoSe,, and MoTe, have di usion
coe cients that have the same order of magnitude as that of
graphene. Thus, Li ions on these TMDs have about the same
mobility as that on graphene.

Notice that the Y side MXY cases feature higher di usion
coe cients than their parent TMDs. Even though the lattice
constants of parent TMDs are larger, the di usion barriers on
the Y side of Janus MXYs are always lower, which results in
enhanced di usability of Li on the surface. For instance, Li on
the Te side of MoSeTe experiences a larger di usion coe cient
(2.93 x 10 8 cm?/s) than those on MoSe, (1.12 x 10 ° cm?/s)
and MoTe, (1.89 x 10 ° cm?/s). The Janus monolayers’
relatively high di usion coe cients are mostly due to their small
activation barriers. Li across the Te side of WSTe encounters the
smallest energy barrier (0.19 eV) and the highest di usion
coe cient (8.33 x 10 8 cm?/s) of all of the examined materials.

In the case of Lidi usion on the X side of the Janus structures,
di usion coe cients are either very alike (WSSe and WSTe) or
smaller compared to their parent TMDs (except on the S side of
MoSSe that has a slightly higher di usion coe cient than that of
MoS,). This is due to the fact that all of the calculated activation
energies, E,, on the X side of the Janus structures are higher than
those of the parent TMDs. This is a consequence of having
higher adsorption energies of Li adatoms on the X side of Janus
structures. Even though the lattice constants are increasing (as
discussed in previous subsections), the e ect of this on the
di usion coe cients is not pronounced. In summary, our
simulations showed that the Janus monolayers behave di er-
ently depending on where the Li adatom is adsorbed. The Y
sides of the Janus TMDs are preferable to the X sides, as Li
binding energies and activation barriers are lower on the Y sides.
Sulfur-based surfaces on the X side of Janus TMDs have
comparable di usion coe cients to those of their parent TMDs.

(i) Voltage Pro les and Storage Capacities. So far, our
focus has been on adsorption energies and understanding the
binding chemistry of single Li adsorption on Janus surfaces.
However, our adsorption energy de nition does not take into
account the stability and crystal structure of the adsorbent. On
the other hand, formation energy is the energy required to
dissociate a system into its component parts. Thus, stable
systems have negative formation energies. For our study, this
termis de ned as the energy required for a Li atom to dissociate
from its bulk form and be absorbed on the layered materials’
surfaces. We calculated the formation energy as

Epuk 172 Ewxy ™

where Eyxysi and Eyxy are the total energies of the layered
system with and without Li adsorption and Eg, (; is the energy
of the lowest-energy bulk structure of Li, which consists of two
atoms per unit cell. The calculated formation energies are given
in Table 2. According to eq 7, if the system has negative
formation energy, Li adatoms can dissociate from the bulk Li
structure and bind to the monolayer surface. Positive values
indicate that Li prefers to form clusters on the surface and grow
into a bulk system, rather than just binding to the surface. Based
on this stability analysis, MoS, is the only bare TMD that can be
suitable for battery applications at varying Li concentrations.
Unlike the bare TMD structures, all of the X sides of the Janus
MXY structures resulted in negative formation energies, which
opens material possibilities for battery anodes.

To further investigate this claim, we focus on calculating
voltage pro les (speci cally open-circuit voltage, OCV) in the
charging and discharging processes of the candidates. OCV

Ef = EvxvLi

https://doi.org/10.1021/acsami.1c05508
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Figure 10. Calculated relative formation energies per formula unit as a function of the concentration of Li on X sides of MXYs. 1L and 2L in the naming
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voltage pro les of MSeTe, MSSe, and MSTe, respectively. The red line indicates 0 V at every concentration.

values that are positive throughout the charging/discharging where x; and X, are the numbers of adsorbed Li (per formula
processes indicate energetic stability of adsorption on Janus unit) before and after the reaction. The average anode voltage is
TMD surfaces. To calculate this quantity accurately, one should thus computed as

have concentration-dependent ground-state energetics. For this

reason, we performed cluster expansion*?“® simulations to nd V= E(Li,,MXY)  E(Li,MXY) (X, x)E(Li)
the lowest energy distribution of Li atoms on the X surfaces of B (X, Xx))e
MXY supercells as a function of the concentration. We did not (10)
study the Y surfaces, as our formation energy data suggest that Li
prefers clustering on Y surfaces. Since we focus on adsorption of where x, > x;, E(Li,MXY) and E(Li,MXY) are the total
Li on free-standing monolayers, the formation energies may vary energies per formula unit of the anode before and after the
when these structures are on substrates that might make the Y reaction in eV, respectively, E(Li) is the cohesive energy of a
side favorable for Li adsorption. single Li atom in eV, and ¢ is the unit electronic charge.”” In the
Figure 10 denotes the calculated relative formation energies calculation of open-circuit voltages, we considered thermody-
(per formula unit) as a function of Li concentration obtained namically stable compounds formed on the convex hull obtained
from the cluster expansion calculations using the ATAT from the cluster expansion calculations. A positive V implies a
code.** “® The relative formation energy per formula unit, Ey, sustainable charging/discharging process of the anode. Negative
is calculated as voltages indicate that the discharging product is less stable than
the current state of the anode, resulting in an endothermic
Ei = Emxvaxi (0 NEuxy  XEmxvaii €)) reaction to discharge more.*®* The voltage pro les for the
considered systems of single-layer Li adsorption are given in the
where x is the coverage concentration on the outer Li layer, rst and third panels in Figure 11 as a function of coverage.
Emxysxi IS the total energy of the system per formula unit, Eyyy Around 90% coverage, most of the structures acquire a negative
is the total energy of the system per formula unit in which the voltage. WSeTe acquires a negative voltage after 50% coverage.
indicated Li layer has not adsorbed Li (x = 0), and Eyxy.; is the Only MoSSe maintains a small, positive voltage after a full layer
total energy of the system per formula unit in which the of Li on its S side. It is important to note that the amplitude of
indicated Li layer shows full coverage (1 Li adsorption for every OCV on the Se side of the MoSeTe structure after 88%is 50
MXY, x = 1). In this gure, the convex hull connects the lowest- mV. This value (per Li) is very close to thermal energy
energy structures that are the most likely to form in experiments. uctuations at room temperature ( 26 meV). Thus, both
In other words, the convex hull identi es thermodynamically cluster expansion and voltage calculations suggest that MoSSe
stable and homogeneous structures at T = 0 K. We considered at and MoSeTe may be the only Janus structures that can possibly
least 100 structures generated by the special quasirandom maintain multiple layers Li atoms and can be of use as Li-ion
structures (SQS) method*?*® to search for energetically battery electrodes. _ _ _
favorable structures for each considered system. The cross- Furthermore, we conducted multilayer Li coverage simu-
validation errors, measuring the predictive power of cluster lations on the X sides of MoSSe and MoSeTe. Before running
expansion, are as small as 5 meV/ per cell, implying an accurate CE and OCV simulations, we calculated the formation energy of

Li atoms on the second layer for dilute (single Li atom per 3 x 3
x 1 supercell) and dense (single Li atom per primitive cell)
concentrations. The calculated formation energies range from

0.069/ 0.032 eV (dense concentration) to  0.152/ 0.093
eV (dilute concentration) for MoSSe and MoSeTe, respectively.
Motivated by these results, we conducted CE simulations at the
second Li layer to nd the ground-state adsorption geometries at
varying concentrations. The bottom row panels in Figure 10
indicate that the convex hull for energetically favorable
structures only occurs on MoSeTe monolayers. It is notable
that the lowest-energy structures at varying concentrations of
MoSSe structures lie below 10 meV/formula unit. Statistically,
these structures might occur at room temperature. The middle

prediction of the convex hull. All of our CE results, on one-layer
Li adsorption and on the X side of Janus structures, are reported
in the rst three rows in Figure 10 and feature stable
intermediate structures, which indicate homogeneous adsorp-
tion or desorption of Li atoms on the surface during charging
and discharging processes.

De ned as the chemical potential di erence between the
cathode and anode, the cell output voltage is one important
indicator of battery performance. In this work, we investigated
the half-cell reaction

Li, MXY + (x,  xpLi  Li, MXY ©)
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Figure 12. Stacking orientations of the bilayer structures shown in the SeMoS SeMoS atomic layer con guration. (a) Pristine bilayer structures and
(b) atomic orientationsof A Band A C stacking after Li adsorption. 11, 2L, and 3L represent one, two, and three full layers of Li adsorption between
layers of bilayer MoSSe. djers represents the distance between the chalcogen layers facing each other.

panel in Figure 11 shows the calculated OCV of Li adsorption on
the second Li layer. Even though the reported values are all
negative, they are below 50 mV (concentrations below 82% for
MoSeTe and 100% for MoSeTe). Since this value (per Li) is
comparable to room-temperature thermal energy uctuations,
statistically, there is a chance of observing these structures at
ambient conditions.

Next, we examined how the multilayer stacking of Janus
structures a ects the Li storage capacity. There can be many
di erent con gurations of heterostructures of Janus TMDs, but
for simplicity, we only consider bilayer con gurations of MoSSe
structures because it is the only material that can have full
coverage on the X side in the free-standing form. Before
proceeding further, we rst investigated the possible bilayer
orientations. We calculated the energetics of bilayer con g-
urations where S atoms of individual layers are facing each other
(SeMoS SMoSe) and S atoms of one layer are facing the Se
layer of the other layer (SeMoS SeMoS). In each bilayer
con guration, we tried di erent orientations of the layers: A A,
A B,and A C.A Astacking is where the same types of atoms
ondi erentlayers (X/Y and M site) are on top of each other. A
B iswhere di erent types of atoms on di erent layers are on top
of each other. A Ciswhere the M site of the top layer sits on top
of the H site of the bottom layer, while X/Y atoms of top layer sit
over the M atom of the bottom layer. Figure 12a illustrates these
orientations in a SeMoS SeMoS bilayer con guration.

The layer layer binding energy, E,, is calculated as the total
energy di erence between the bilayer and is double the energy of
the monolayer Janus structures. Table 5 reports the layer
binding energy of pristine structures, Ey, distance between inner
chalcogen layers of the bilayer, dyr formation energy of Li
adsorption, E;, and OCV. Comparing the stacking orientations,
in both bilayer con gurations, A A stacking has the least
binding energy and the longest layer layer distance. The
binding energies and layer layer distances of A Band A C
orientations are within 2 meV and 0.1 A of each other, which
indicates that both stacking orientations can be observed at
ambient conditions. For this reason, we studied Li adsorption in
both stacking orientations. It is important to note that the
SMoSe SMoSe bilayer con guration is always energetically
more favorable than the SeMoS SMoSe bilayer con guration.
These ndings are similar to what has been reported in the
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Table 5. Energetics of Li Adsorption between the Layers of
the Bilayer MoSSe Structure®

# of Li Qrayers ocv
stacking  layers E, (eV) (X) E¢ (eV) )
SMoSe A A 0 0134 366
SMose AB 0 0207 311
1 4.08 0541 0541
2 6.04 0.306 0072
3 8.39 0176 0.084
A C 0 0209 308
1 3.60 0.734 0.734
2 6.32 0.304 0.126
3 8.33 0.179 0072
SeMosS A A 0 0119 366
SMosSe AB 0 0178  3.09
1 392 0.661 0661
2 5.88 0.407 0.153
3 833 0243 0.086
A C 0 0180 298
1 341 0.890 0.890
2 5.86 0.402 0.086
3 8.17 0.246 0.065

8A A, A B, and A C stacking orientations together with Li
adsorption are detailed in the text and Figure 12. E, is the layer
binding energy in eV, dy,. is the distance between chalcogen layers
facing each other in the bilayer in A, E; is the formation energy of Li
adsorption per Li per formula unit in eV, and OCV is the calculated
open-circuit voltage in V. See the text for an explanation of the OCV
calculations.

literature.”® Due to the method experimentalists used for
synthesizing these materials from bare TMDs,**** we believe
that both bilayer con gurations can be synthesized. For this
reason, we will focus our attention on both of the bilayer
con gurations.

Independent of stacking orientations and bilayer con g-
urations, the formation energies of an added Li layer between the
MXY layers are all negative, which means that clustering of Li
atoms in between the MXY layers is prohibited. However,
depending on the stacking orientation (i.e., A C stacking),
adding a second Li layer results in negative OCV values, which
in uences the cyclic performance and stability of the material.
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Figure 13. Band structures for Janus monolayers MXY (M = Mo,W; X/Y = S,Se, Te) with 3 x 3 x 1 supercells. Bare structures are in the left column,

and lithiated structures are in the central and right columns. The red color element name indicates where the Li adatom is adsorbed. The dashed red
line indicates the Fermi energy of the system.

Adding the third layer of Li decreases the OCV even more so

We calculated the theoretical speci ¢ capacity of the Janus
that such an anode is unable to discharge.

structures by using the following relation
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- (1)
where n; is the number of Li ions in the anode, N, is the
Avogadro constant, n, is the valance of ions, e is the electric
charge of an electron, and m is the weight of the anode with Li
intercalation. Calculated speci ¢ capacities for monolayer and
free-standing Janus structures are 125.3, 66.6, 90.74, 66.92,
76.99, and 33.73 mAh/g for MoSSe, WSSe, MoSTe, WSTe,
MoSeTe, and WSeTe, respectively. It is important to note that
our formation energy analysis resulted in Li clustering on the Y
side of the Janus structure, which prohibits the material to be
used as an anode. Also, by CE simulations, we manage to
monitor the OCV during gradual charging/discharging rates.
This resulted that full coverage of the single layer of Li on some
of the Janus structures even cannot be achieved due to negative
OCV. Based on these results, we conducted the second-layer Li
adsorption simulations only for MoSSe and MoSeTe structures,
but the calculated OCVs are all negative. We found thatan A B
stacking of a MoSSe bilayer can adsorb up to two layers of Li in
between the layers. Taking into consideration all of these results,
we calculated the maximum theoretical speci ¢ capacity of 184.9
mAh/g for a bilayer of MoSSe in the SMoSe SMoSe
con guration and A B stacking, with two intercalated layers
of Li between the MXY layers and an additional Li layer on the
outer S side of the bilayer.

Shang et al.? studied single- and double-layer MoSSe Janus
structures for Li adsorption theoretically and reported that
storage capacities for single- and double-layer MoSSe can reach
up to 776.5 and 452.9 mAh/g, respectively, which are
considerably higher than our reported values. There are two
reasons for the discrepancy of the results. First, Shang et al.
focused on the average formation energy per Li on both sides of
Janus MoSSe. For that reason, even though the formation
energies of Li adsorption on the Y side of Janus structures are
positive (see Table 2), the average formation energy is still
negative due to the strong interaction of the X side with Li. This
enabled Shang et al. to adsorb multiple layers of Li onto the Y
side of the Janus structure as well. The other di erence is the way
we calculate the OCV. We used the CE method to predict the
accurate atomic ordering and energetics at varying concen-
trations. Other researchers focused only on the dense
concentrations at each adsorbed Li layer. Their OCV
calculations only provide data on adding/removing layers of
Li but not partial Li removal inside each layer. For this reason,
we believe that our method provides a higher resolution and
accuracy of the charging/discharging process. However, our
method can further be improved by running CE simulations of
multiple layers of Li not only layer by layer but also
simultaneously. This will enable modeling of partially lled
multiple Li layers on the Janus surface and can avoid the high
Coulombic repulsion at dense doping concentrations of each Li
layer. Another method of enhancing the storage capacity of
Janus structures of battery applications is to heterostructure
them with other layered materials. For example, Lin et al.*’
reported that Janus MoSSe and graphene heterostructures can
enhance the Li storage capacity to 560.59 mAh/g. Another study
by Zhang et al.** indicated that Janus SnSSe and graphene
heterostructures could achieve Li storage capacities of up to
472.66 mAh/g.

(iii) Volumetric and Electronic Stability. Many Li-ion
batteries struggle with anomalous volume expansion, in which
anode materials expand and fracture upon reaction with Li. Such

fracturing is devastating to a battery’s performance, as it impedes
the movement of Li ions across the electrodes and thus causes
the battery’s capacity to fade.”® °* Table 1 tabulates the lateral
lattice constants of Janus structures, which do not change upon
adsorption of a single Li atom. The thickness of Janus structures
varies between 3.22 and 3.48 A. Adsorbing a single layer of Li on
monolayers results in a thickness increase up to 1.74 A ( 1.55A
for MSTe, 1.65Afor MSSe, 1.74 A for MSeTe). Taking into
account our two layers of Li adsorption on MoSSe and MoSeTe,
the second layer of Li adds an additional 2.1 A. Similar
observations are also carried out for bilayer MoSSe as well.
Layer layer distances for various bilayer con gurations and
stacking orientations are reported in Table 5. It is important to
note that adding a single layer of Li between bilayers does not
result in a thickness increase ( 0.9 Afor A Bstackingand 0.5
Afor A C stacking) as in the case of free-standing monolayers.
Adding an additional layer of Li increases the thicknessby 2 A.
These observations conclude that to avoid signi cant volumetric
change during charging/discharging, bilayer Janus structures are
more bene cial. As noted in the previous sections, only the
single-layer Li adsorption is stable on most of these structures,
which suggests less volumetric change during the charging/
discharging process.

We further explored this application to anodes by conducting
band structure analysis for the bare and lithiated Janus materials.
Al of the examined bare structures are semiconducting.’® Upon
adsorption of a single Li atom, the structures become metallic, as
seen in the band structure plotsin Figure 13. Upon Li adsorption
at dilute concentrations, the electron transferred from the Li
atom occupies the conduction band of the underlying Janus
TMD structure without altering the band dispersion. This shifts
the Fermi level of the system to the conduction band of the Janus
TMD layer. Thus, the structures become more metallic. This is
important because metallic materials are necessary to provide
high electrical conductivity in anodes.

This is also another indication that what we assumed in our
CLR ML model was true. At dilute concentrations, the charges
transferred from the Li occupy the conduction band and do not
alter the electronic structure of the underlying Janus TMD layer.
We can safely use the energies of the conduction band edge to
relate it to the binding energy of the Li adatom.

CONCLUSIONS

In this study, we at rst examined adsorption and di usion of a
single Li atom on both sides of six Janus TMD systems MXY (M
= Mo, W; X/Y =S, Se, Te). We studied charge transfer from the
Li atom to the lattice and Li lattice distances. We examined
various Li coverage cases, varying from dilute to full coverage.
We included discussions about how these properties a ect the
binding energy of a Liatom on di erent regular and Janus TMD
surfaces at varying concentrations.

Based on this analysis, we developed a linear regression model
for our concentration-dependent adsorption energy data. We
found that the statistical errors decrease when the data is rst
sorted into clusters based on supercells, and then, regression is
performed on each cluster separately. Overall, this ML model
gave us physical insight into the adsorption process. For
instance, we found that the energy of the lowest occupied state is
a prominent feature in determining the adsorption energy of Li
on our MX, and Janus MXY materials. The intrinsic dipole of
Janus TMDs and concentration-dependent Li Li interaction
terms play a dominant role in predicting the adsorption
chemistry at dense doping concentrations. We hope that our
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results can be used to predict adsorption energies of other
adatoms on the same or similar materials.

At last, we focus on analyzing these structures as a possible
anode in battery applications. Ideal anode material for Li-ion
batteries must have a low activation barrier and a high di usion
coe cient. In these respects, many of the examined Janus
materials are comparable or superior to graphene and regular
TMDs. We found that Li prefers to travel between top-metal
sites while passing over metastable hollow sites. By conducting
various stability and performance analyses, we report that the X
sides of Janus structures are suitable for Li adsorption and that
only MoSSe and MoSeTe can be suitable for full coverage of Li
atoms on the surface. Multilayer Li adsorption was hindered due
to negative open-circuit voltage. Multilayer Janus structures are
better suited for battery applications than one-layer Janus
structures, as the former experience structures experience less
volumetric expansion/contraction during the discharging/
charging process and have higher storage capacity. Finally,
e cient electron transport is also a critical property of an
electrode. Janus monolayers undergo a transition from semi-
conducting to metallic upon adsorption of a single Li ion, which
would improve anode conductivity. Overall, our results imply
that the examined Janus structures should perform well as
electrodes in Li-ion batteries.
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