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Abstract: Lithium-titanium-sulfur cathodes have garnered interest due to their distinctive properties
and potential applications in lithium-ion batteries. They present various benefits, including lower
cost, enhanced safety, and greater energy density compared to the commonly used transition metal
oxides. The current trend in lithium-ion batteries is to move to all-solid-state chemistries in order
to improve safety and energy density. Several chemistries for solid electrolytes have been studied,
tested, and characterized to evaluate the applicability in energy storage system. Among those, sulfur-
based Argyrodites have been coupled with cubic rock-salt type Li,; TiS3 electrodes. In this work,
Li, TiS3 surfaces were investigated with DFT methods in different conditions, covering the possible
configurations that can occur during the cathode usage: pristine, delithiated, and overlithiated.
Interfaces were built by coupling selected Li, TiS3 surfaces with the most stable Argyrodite surface,
as derived from a previous study, allowing us to understand the (electro)chemical compatibility
between these two sulfur-based materials.

Keywords: DFT; lithium-ion batteries; solid state batteries; argyrodite; interfaces

1. Introduction

Cathode materials for commercially available lithium-ion batteries are generally com-
posed of transition metals (TM) oxides. A substantial portion of the employed TMs, such
as Cobalt and Nickel, is categorized as critical raw material due to its high cost and the
socio-economic issue related to its use. The extraction of minerals containing Cobalt and
Nickel has a significant environmental and social impact, prompting research efforts to
shift toward greener and less expensive materials without compromising performance.
Among these alternative materials, sulfur-based cathode materials have gained traction.
Lithium-rich sulfide compounds have been reported to be promising due to their high
energy density and low costs. This class of compounds is composed of naturally abun-
dant and low-cost elements, a key factor for their attractiveness, and their cyclability and
safety characteristics are suitable for the application as lithium-ion battery (LIB) cathode
materials. The lithium-titanium-sulfur family of compounds has been studied and inves-
tigated from different points of view. Among all possible structures and stoichiometries,
disordered cubic rock-salt type Li; TiS3 showed interesting features and performances. It is
reported that, compared to its iso-stoichiometric layered structure, rock-salt type Lip TiS3
is characterized by a higher capacity—over 400 mAh-g~! in a voltage window between
1.5and 3 V vs. Li*/Li [1,2]. The performance characteristics of this material have been
studied with the employment of DFT methodologies by Sakuda et al. [3-5] and by our
research group [6,7]. A thorough evaluation of its properties was performed: crystal
structures, spectroscopic, and electronic properties were analyzed to elucidate the most
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stable structures and configurations. Furthermore, we explored the structural evolution
and relative variations in properties in relation to cycling processes. Our previous efforts
helped us to fully comprehend the system, this knowledge being essential to perform more
challenging simulations.

The described cathode material is well-suited for application in all-solid-state cells,
also known as Gen4 cells. This class of cells employs solid electrolytes (SE) in place of
liquid or gel electrolytes [8], presenting numerous potential advantages: enhanced safety,
increased energy density, long-term stability and cycle life, reduced size and weight, and
the capability to tolerate fast charging. Recently, numerous sulfur-based compounds
with superionic conductivities have been proposed, and this has aroused great interest
because of their potential applications. Due to their nature and chemical composition, this
class of compounds can provide good chemical compatibility and an easy coupling with
sulfur-based cathodes. Among sulfur-based solid electrolytes, Argyrodites, specifically
LigPSsX with X = (Cl, Br, I), are a class of materials renowned for their unusually high Li*
mobility [9,10]. Within this category, LigPS5Cl has received significant attention due to its
distinctive characteristics, such as the very high conductibility (1073 S cm~1) [11,12]. The
study of its structure, thermal and mechanical stability, and electronic properties has been
the subject of a previous publication by some of us [9].

In this work, our goal is to build up cathode/SE interfaces by combining the most
stable surface of LTS, selected from the surfaces analyzed herein, with the most suitable
surfaces of Argyrodite. The selection is grounded on criteria based both on the chemical
compatibility deduced from the morphology of the involved surfaces and on the need to
build junctions with minimal mechanical stress. To simulate battery operating conditions
during cycling, involving delithiation processes in the cathode, one heterostructure with
a partially delithiated LTS surface was analyzed to assess the impact of delithiation on
the chemical stability of the interface. Furthermore, since LTS was found to accommo-
date additional Li atoms up to a Lip »3TiS3 stoichiometry [3,13], a partially overlithiated
structure was also considered. The selected heterostructures were extensively evaluated
and analyzed to include morphology, electronic structure, chemical stability, and potential
mechanical issues.

Despite the inherently idealized nature of the proposed model of heterojunctions in
half-batteries, we believe that the comprehensive analysis performed in this study, aimed
at deepening our understanding of the properties of these systems, can be valuable for as-
sessing their suitability in real LIB. This knowledge contributes to the further advancement
of sustainable and efficient lithium-ion battery technologies.

2. Computational Methods

Calculations were performed employing the most recent version of the CRYSTAL
program [14], based on DFT Hamiltonians and PBEO hybrid functional [15,16]. All-electron
basis sets 6-11 G, [17] 86-311 G*, [18] 85-211 dG, [19] were used to describe Li, S, and P
atoms, while a Hay-Wadt small core pseudopotentials [20] (12 electrons) together with 4111-
31 (4sp,2d) contracted GTFs were used for Ti atoms. The adopted computational scheme,
as reported in [21], produced accurate results in our previous studies on comparable
systems [6,9,22]. To improve the estimation of noncovalent interactions involved in interface
formation, energy evaluations were carried out using the Minnesota hybrid functional
(MNT15) [23] through single-point energy calculations based on PBEQ optimized structures.

To control the truncation criteria for the bi-electronic integrals, the five thresholds
employed were [7, 7, 7, 7, 14]. The shrinking factor in reciprocal space, as well as for a
denser k-point grid, was set to 3 for the surface simulations and the interfaces, which
correspond to 5 independent k-points in the irreducible part of the Brillouin zone.

In the CRYSTAL code, surfaces are represented as periodic slab models with infinite
dimensions along the x and y axes and a finite thickness in the z axis. Li;TiS3 (LTS) surface
optimizations were performed with the lattice parameters fixed at their bulk values, and
the same approach was applied for optimizing the heterostructure.
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The structural stability of the surfaces was assessed based on the surface energy (E;, ),
calculated as: £ .

Esurf _ Lslab 5 bulk 1)
where Eg,, and Ey,j are the optimized energies of the surface and bulk, respectively, n
represents the number of LTS units in the slab structure, and S is the surface area.

The LTS/ Argyrodite interfaces were modeled by taking into account the most stable
surface of Argyrodite, the (001) [9], and the LTS surfaces. The structural stability of these
interfaces was determined by evaluating the corresponding adhesion energy per unit
surface area, E, g, computed as:

Errs/argy — (ELts + Ea
E,qp = rgy (S rgy) @

Errs/argy, Errs, and Eargy are the total energy of the optimized interface, and the
isolated LTS and Argyrodite surfaces, respectively. The LTS surface was kept fixed at the
bulk lattice parameters, defining the lattice parameters of the interface, while the Argyrodite
surface was structurally adjusted to align with the substrate. The strain energy is defined by
the energy cost for this deformation (per surface unit), Egt4:,,, which have to be considered
for a correct estimate of the total stability of the composite. Eg,i,, Was computed as:

Eargy_11s —nEx lopt
Estmin = 8y 23 r8y-fullop (3)

E Argy_fuilopt Tepresent the energy of the fully relaxed Argyrodite surface, while E 4,¢, 175
denotes the energy of the overlayer Argyrodite optimized at the lattice constants of the
substrate LTS.

The Basis set Superposition Error (BSSE) was estimated a posteriori, by applying the
standard counterpoise method [24].

3. Results and Discussion
3.1. LigPS5Cl and LTS Surfaces
3.1.1. LigPSsC1

In a previous paper, we reported the 2D slab models for pseudo-cubic structures
of Argyrodite [8] in terms of surface stability and how they influenced the Argyrodite
crystal formation. Argyrodite is an insulator, or rather a wide gag semiconductor, with
a band gap (Eg) of 3.63 eV (calculated at PBEO level). However, the outstanding ionic
conductivity properties are related to its structural characteristics, such as lithium content,
vacancies, and structural channels, rather than the size of the band gap, and it can be
successfully applied as a superionic solid electrolyte in a lithium solid-state battery, as
widely reported in literature (see, for instance, Ref. [25]). According to our calculations, the
most stable surfaces are (111), (001), and (110), with surface energy values of 18.54 meV/ A?,
21.47 meV /A2, and 18.16 meV /A2, respectively. The (111) and (001) slabs are not symmetric,
i.e., the top and bottom terminations are different, while the (110) is symmetric, and its
terminations are predominantly composed of tetrahedral [PS4] clusters. The (001) surface
presents the most interesting structure, with a well-defined Li,S layer at one termination
(see Figure 1), a passivating material that can act as a barrier against further decomposition
of the alkali superionic conductor electrolyte [26,27]. Furthermore, its lattice parameters
of a=7.06 A and b = 6.90 A are the closest to the lattice parameters of the LTS surface,
which could generate an interface with small strain, leading to better adhesion, as will
be discussed later. For the mentioned reasons, we chose to exclusively focus on the (001)
surface of Argyrodite, as it best suits the scope of the paper of identifying stable interfaces.
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Figure 1. (001) Argyrodite surface. The yellow, gray, green, and magenta spheres represent the sulfur,
lithium, chlorine, and phosphorus atoms.

3.1.2. Li,TiS; (LTS)

In our previous investigation [6,7], we introduced and thoroughly analyzed the bulk
structure of LTS. For this purpose, we utilized a primitive cell consisting of 54 atoms,
including 18 Li, 9 Ti, and 27 S, maintaining the stoichiometry of Li,TiS3. Our results
revealed that structures with a more uniform dispersion of titanium atoms, where titanium
atoms were evenly distributed within the Li sublattice, demonstrated improved stability.
The proposed configuration for Li; TiS3 indeed manifested as a pseudo-cubic structure, with
titanium dispersed throughout the lattice and no observable signs of internal clusterization.
The most stable pseudo-cubic Li,TiS; structure is characterized by a = 15.22, b = 15.27,
c=1522and « =90.2°, 3 = 89.9°, and y = 90.2°, with Li-S that ranges from 2.49 to 2.99 A
and Ti-S that ranges from 2.22 to 3.30 A, with Eg = 2.72 eV.

Low Miller index surfaces (100), (110), and (111) have been cut from the bulk, and
representative stoichiometric two-dimensional slabs are sketched in Figure 2. The (111)
surface is a polar one as it alternates planes containing only S anions or only Ti and Li
cations. In this work, we do not consider matter displacement or the introduction of non-
stoichiometric defects; therefore, the charge compensation needed to avoid the Coulomb
catastrophe occurs self consistently, with the metallization of the surface. For this reason,
this surface will not be considered anymore.

Figure 2. Schematic representation of LTS surfaces (a) (100), (b) (110), (c) (111). Yellow, gray, and light
blue spheres refer to sulfur, lithium, and titanium atoms, respectively.

Let us now examine the (100) surface. Due to the uniform dispersion of Ti ions
within the Li-ion sublattice, each layer obtained from slabs cut along this direction appears
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stoichiometric and electrically neutral. Slabs with thicknesses of 5, 7, and 13 layers have
been considered and relevant properties are reported in Table 1.

Table 1. LTS surfaces structural properties. The number of layers of each slab, nj,ye,, surface z-
thickness (in A), (Li-Li) bond length of inner layers, d,, (in A), Li-In (Li-Li) bond length of the
outer layers, dyyter (in A), surface energy (Egyf, in meV/ A?), and the band gap (Eg, in eV) are reported.

LTS Njayer z-Thickness inner douter Esurf Eg

(100) 5 10.5 2.59 2.48 20.85 2.87
(100) 7 15.3 2.54 2.46 22.60 2.81
(100) 13 30.6 2.54 2.46 22.52 2.74
(110) 6 8.9 1.78-1.88 1.70-1.72 43.40 1.17
(110) 12 19.7 1.80-1.85 1.70-1.74 44.30 1.46

As expected, the surface exhibits significant relaxation, evident by considering the
interlayer spacing, d, which has been calculated based on the average z position, zse, of
all ions in each plane. Indeed, d of the terminal layers, doyter = 2.46 A, is notably reduced
compared to the corresponding values of the internal layers, dj;,e, = 2.54 A. The shrinkage
of dyyuter is well-known to stem from electrostatic effects due to the undercoordination of the
ions in the outer layer. It is the result of a remarkable downshift of the outermost cations
that is particularly pronounced for Ti due to its larger formal charge (0.05 A for Li and
0.24 A for Ti, computed with respect zy of the plane) despite a significant rumpling of
sulfur ions, upshifted by 0.11 A.

Egyr is relatively low, around 22 meV/ A?, indicating a high level of stability for
this surface. Considering the different terminations that these slabs typically exhibit,
the calculated Ej,,; represent an average value between these terminations. Further-
more, the difference between the values obtained for 5-layer and 7-13-layer slabs is only
0.02 meV /A2 This slight difference indicates that a 5-layer slab is already adequate and
can be confidently used to represent the surface.

In the (110) surface, the cut along this direction does not ensure stoichiometric and
electrically neutral layers. To fulfill these requirements, one must consider a slab with a
thickness of six layers (or its multiples). This is essential because, in this case, the number
of atoms in the surface cell is 108, corresponding to twice the number of atoms in the
bulk primitive cell, thus ensuring stoichiometry and electroneutrality. For this surface,
we specifically considered 6- and 12-layer slabs and their relevant properties are detailed
in Table 1.

Significant relaxation also occurs for this surface, since dyyser is remarkably smaller
than dj;,e,, but with more variability than seen in the (100) surface due to the different
number of cations and anions in each individual layer. The calculated value for E,,f of
(110) is twice as large as that calculated for the (100) surface (see Table 1). This increase of
Esurg primarily results from the exposed ions having a four-coordination, compared to the
five-coordination observed in the (100) surface, which decisively contributes to the reduced
stability of the surface.

The ideal Wulff crystal, derived from the surface energies listed in Table 1, exclusively
exhibits the (100) surface (see Figure S3). The crystal shape begins to change, with a very
slight exposure of the (110) surface, only when the surface energy of the (110) surface is
hypothetically reduced by 30% (from ~44 to ~30 meV/A?). For these reasons, we chose to
focus exclusively on the (100) surface for the remainder of the study, as it shows significantly
higher stability compared to other LTS low-index surfaces, making it the most relevant for
constructing realistic interfaces with this material.

When attempting to pair a solid electrolyte with a positive cathode, it is crucial to verify
the electrochemical stability of the junction. The energy levels of the solid electrolyte and
electrodes provide us with information about the electrochemical window (which limits
the cell’s open-circuit voltage) and also assist in predicting the theoretical chemical stability
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of the electrolyte/electrode system. The chemical potential for the cathode semiconductor,
Wcathode- 1S described by the bottom of the conducting band (BCB). If picathode is below the
top of the valence band (TVB) of the electrolyte the latter can be oxidized, unless the reaction
is obstructed by a passivating layer. In the present case, theoretical chemical stability is
predicted by comparing the electronic levels of the TVB of Argyrodite and the BCB of LTS,
as derived by the PDOS of Figures S1 and S2 in the Supplementary Material. The BCB
position of LTS is significantly higher (2.52 eV) than the TVB of Argyrodite, indicating
the stability of the electrolyte with respect to oxidation and thereby ensuring the chemical
stability of the interface. The difference between the TVB of the solid electrolyte and the BCB
of the cathode is defined as AE and used as indicator of the oxidizing power of the electrode
towards the electrolyte, as can be inferred by analyzing the separate components of the
heterojunction. The AE value for this heterojunction is schematically reported in Figure 3a.
The energy levels are referred to the vacuum level, which the CRYSTAL code, dealing with
real 2D systems, correctly computes as the zero value of the electrostatic potential.

Understanding the stability of the junction also requires examining how the battery
performs under different lithium content. When the cathode undergoes the delithiation
process (during the charging cycle), sulfur oxidation from S*~--S2~ to (S-S)>~ begins,
with the formation of sulfur bridges. Evidence of this phenomenon can be found in the
literature [3] and in our previous study [7], where every removal of two Li atoms leads to
the formation of one (S-S)>~ bridge. If an odd number of Li atoms is removed, a single
electron leaves the structure, causing partial S oxidation through the formation of an
electron vacancy localized on one or more S>~ atoms nearby the newly formed vacancy.

In this work, we selected two delithiation states that corresponds to a delithiation of
44% and 50%, obtained by removing 8 and 9 lithium atoms from the primitive cell, named,
respectively, LTSeven and LTS,4q4, as they correspond to supercell of structures with even
and odd delithiation numbers, respectively. All delithiation sites were selected according to
the structures reported in our previous work [7]. In the 5-layer slab representing the (100)
delithiated surfaces, the LTSeyen structure corresponds to an overall removal of 32 Li atoms,
creating 16 sulfur bridges; in the case of the LTS,44 structure, 36 Li atoms are removed,
leading to the formation of 16 sulfur bridges and 4 electron vacancy localized on four or
more S atoms. Such an atomic arrangement can describe the situation of odd delithiation
in a redundant way or the initial stage of the transient process that, from a partial oxidation
of isolated S?~ atoms, lead to complete oxidation to form (S-S)>~ bridge. The presence
of (5-S)>~ bridge structural units lead to cell expansion (up to 130%) and a gradual loss
of crystallinity, as detailed in [7]. From the perspective of the electronic structure, the
most significant aspect of the oxidation of S>~ is an upward shift of the S 3sp states of the
valence band (VB), leading to a contraction of the band gap from 2.88 eV in pristine LTS to
2.60 eV and 2.69 eV in LTSeven and LTS,q4, respectively (see PDOS reported in Figure S1 of
Supplementary Materials).

Moreover, LTS can accommodate a certain percentage of extra lithium atoms in the
crystalline structure; this non-stoichiometric Li insertion is energetically favored. In our
previous work [7], we demonstrated that the extra Li is interstitially hosted in tetrahedron
sites, preferentially surrounded by other Li cations. In this work, we selected a surface
with 3% extra Li atoms inserted. Overlithiation causes Ti** reduction to Ti** for charge
compensation; Ti3* states affect both the valence and the conduction bands, determining a
significant decrease of Eg to 2.29 eV, see Figure S2.
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Figure 3. Comparison between the bottom of the conducting band (BCB) and the top of the valence
band (TVB) levels for the (a—d) isolated LTS and Argyrodite surfaces, and (e-i) formed interfaces for
different LTS lithium content and the two Argyrodite terminations. The lines in blue, red, cyan, and

magenta represent the energetic level of pristine LTS and Argyrodite surfaces, and the same surfaces

on the formed interfaces, respectively.

The AE of LTSeven, LTSoq4, and LTSqyer are 1.88, 1.17 eV, and 2.58 eV, respectively,
to be compared with the value of 2.46 eV for pristine LTS, as shown in Figure 3b-d.
Although the AE values remain positive, indicating a general difficulty in oxidizing the
electrolyte, they also show a significant dependence on the degree of delithiation of LTS.
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However, assessing the (in)stability of the electrode/electrolyte interface is complex and
cannot be determined solely by the alignment of energy levels of separate components.
Therefore, explicit models of the interface must be investigated to obtain a more detailed
and realistic picture. The following paragraph presents and analyzes the structures of
LTS/LigPS5Cl interfaces.

3.2. LTS/LigPS5ClI Interfaces

To build a stable and chemically sensible (100)LTS/(001)LigPS5Cl heterostructure (here-
after referred to as LTS/ Argy), it is crucial to identify a suitable coincidence cell between
these materials. This approach aims to maximize adhesion energy and minimize strain.
Key considerations include: (i) Chemical compatibility: preserving the integrity of the
pristine structures while facilitating the formation of new chemical bonds at the interface
ensures heterostructure stability; (ii) Mechanical issues: significant lattice parameter mis-
match between the substrate (LTS) and overlayer (LigPS5Cl) can induce strain sufficient
to destabilize the structure. Therefore, choosing the interface coincidence cell involves
striking a necessary balance between model accuracy and computational feasibility.

To attend to all the requirements described above, a (2 x 2) supercell of (100) Li, TiS3
surface was combined with a (3 x 3) supercell of (001) LigPS5Cl surface, resulting in an
interface composed of 711 atoms with lattice parameters a = 21.54 A and b = 21.59A. The
(001) Argyrodite surface has two different terminations [9]: one which exposes a layer
of LipS to the vacuum, and the other showing a mixed LiCl and PS4 layer; we named
the two terminations as Argy-LiyS and Argy-LPSC. As a result, two different interfaces
were investigated, LTS/ Argy-Li,S and LTS/ Argy-LPSC. The two optimized interfaces are
reported in Figure 4, and their main properties are summarized in Tables 2 and 3. The small
strain energy value (3.03 meV A2 for both terminations), indicates that Argyrodite suffers
negligible tensile strain when matching to the LTS surface.

Figure 4. Final optimized (100)LTS/(001)Argy interfaces (a) LTS/ Argy-Li,S, (b) LTS/ Argy-LPSC,
(c) LTSover/ Argy-LisS, (d) LTSeven/ Argy-LisS, and (e) LTS, 44 / Argy-LisS. The yellow, gray, light blue,
green, and magenta spheres represent the sulfur, lithium, titanium, chlorine, and phosphorus atoms.
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Table 2. Lattice parameters (2 and b, in A) and mismatch (4% and b%) for the four LTS/ Argy. The
Argy lattice parameters are reported as a reference.

Interface a a% b b%
Argy 21.16 20.72
LTS/Argy 21.54 1.73 21.59 421
LTScven/Argy 22.38 5.77 22.38 8.04
LTSoqq/Argy 22.38 5.77 22.38 8.04
LTSover/Argy 21.77 2.89 21.79 5.20

Table 3. Structural properties computed with different functionals for the four different LTS/ Argy
interfaces. Adhesion energy (E,z), strain (Eg4y,), basis set superposition error (Epssg), BSSE cor-
rected adhesion energy (E_ ;,), in meVA 2, and electron charge transfer from Argy to LTS (CT, in
103 le| A=2) for the analyzed interfaces are presented.

Functional Interface E.an Estrain Egsse E CT
PBEO LTS/ Argy-LiyS —25.32 +3.03 +3.71 —21.62 1.147
PBEO LTS/ Argy-LPSC —9.18 +3.03 +3.06 —6.12 0.724
MN15//PBEO LTS/Argy-LiS —35.68 - +4.46 —31.21  0.885
MN15//PBEO LTS/ Argy-LPSC —22.76 - +3.96 —18.79  0.402
PBEO LTSeven/Argy-LipsS —22.73 +12.14 +3.58 —-19.15 1.18
MN15//PBEO LTSeven/ Argy-LirS —32.02 - +3.82 —2820 0.82
PBEO LTSyqq/ Argy-LisS —23.95 +11.95 +3.32 —20.63 1.31
MN15//PBEO LTSy4qq/ Argy-LirS —33.28 - +3.83 —-2945 1.01
PBEO LTSover/ Argy-LisS —23.45 +5.43 +3.26 —-20.19 2.04
MN15//PBEO LTSover/ Argy-LisS —34.94 - +4.37 —30.57 154

We begin by examining interfaces involving pristine LTS. Figure 4 clearly shows the
formation of chemical bonds between the subunits, resulting in noticeable deformations
in the adjacent layers near the interface. The average bond lengths at the interface for
Ti-S (2.34-2.72 A) and Li-S (2.42-2.53 A) bonds fall within expected ranges and are similar
to those observed on the pristine LTS surface. Nevertheless, in LTS/ Argy-LPSC, there
are fewer types of bonds (3 types: Li(LTS)-S(PS4), S(LTS)-Li(LiS), and Ti(LTS)-S(PSy))
compared to LTS/ Argy-Li,S (5 types: Ti(LTS)-S(Li,S), Ti(LTS)-Li(Li,S), S(LTS)-Li(Li,S),
Li(LTS)-S(Li,S), and S(LTS)-Li(Li,S)). This difference can explain the larger stabilization of
LTS/ Argy, Ef ;;, = —21.62 meVA 2 (PBEO), nearly four times higher than the value computed
for LTS/ Argy-LPSC, E; ;, = —6.12 meVA 2, due to the superior chemical compatibility
of the Li,S termination of Argyrodite with LTS in LTS/ Argy-Li,S compared to the PSy
termination in LTS/ Argy-LPSC.

Additionally, the charge density difference maps between the interfaces and pris-
tine subunits (Figure 5) reveal depletion or accumulation of charge in Li-S and Ti-S
bonds, further confirming the formation of new bonds and rearrangement of existing
ones by highlighting the localization of the electron density between interface atoms. In the
LTS/ Argy-Li,S heterostructure, these changes primarily affect the atomic layer adjacent to
the interface, with minimal alteration observed in the rest of the system. In contrast, in the
LTS/ Argy-LPSC heterostructure, these effects extend through to more internal layers of
each subunit, indicating a more extensive bond adjustment potentially at the expense of
the energy gain from junction formation.



Batteries 2024, 10, 351

10 of 14

Figure 5. Charge density difference between interface and the pristine sub-units of (a) LTS/ Argy-Li,S,
(b) LTS/ Argy-LPSC, (c) LTSover / Argy-LisS, (d) LTSeven / Argy-LisS, and (e) LTS, 44/ Argy-LisS. The
isosurface corresponds to 0.001 e~ /bhor? with the charge accumulation (depletion) plotted in red
(blue). The yellow, gray, light blue, green, and magenta spheres represent the sulfur, lithium, titanium,
chlorine, and phosphorus atoms.

Since (001) Argy with Li,S termination gives rise to a more stable interface, it will be
used to build up heterostructures with delithiated and overlithiated LTS.

In order to simulate the interface stability with different Li content in LTS, the models
for heterostructures involving delithiated LTS (LTSeven/Argy and LTS,q4/Argy) and over-
lithiated (LTSover/ Argy) were also constructed (see Figure 4). Given that LTS,q4, LTSeven,
and LTSever contain structural units with S-S bridges and an additional number of Li atoms,
respectively, they exhibit a certain degree of cell expansion compared to pristine LTS. This
expansion results in a significantly larger strain energy, as shown in Table 3.

Interfaces formed with delithiated and overlithiated (100) LTS surfaces exhibit ad-
hesion energies similar to pristine (100) LTS: —19.15 meV A~2, —20.63 meV A2, and
—20.19 meV A2, for LTSeven/ Argy-LiyS, LTSyqq/ Argy-LisS, and LTSgver / Argy-Li,S, re-
spectively (see Table 3). This suggests that the bonding between LTS and Argyrodite
is not significantly affected by the lithium content. The primary characteristics of these
interfaces closely resemble those computed for pristine LTS, as indicated by Table 3 and
the comparison of panel (a) with panels (c—e) in Figures 4 and 5. In both delithiated and
overlithiated structures, electron holes or excess electrons are well localized within the LTS
substrate. This localization results in partial oxidation of >~ and reduction of Ti** to Ti3*
without any electron transfer between the two subunits, as shown by the spin-polarized
maps reported in Figure 6.
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Figure 6. Spin density for the (a) LTS,qq/Argy-LisS and (b) LTSover/ Argy-LiyS interface. The
isosurface corresponds to 0.001 e~ /bohr—3. The yellow, gray, light blue, green, and magenta spheres
represent the sulfur, lithium, titanium, chlorine, and phosphorus atoms.

The main difference from the pristine system lies in the increased strain observed in
both delithiated and overlithiated interfaces, as detailed in Table 3. This increased strain
results from the removal and addition of lithium atoms, leading to structural expansion, as
previously discussed and highlighted in [7]. Such findings indicate potential mechanical
issues, as electrochemical bias can lead to high mechanical stress and interface breakdown.
This issue can be addressed experimentally by adjusting the applied pressure to achieve a
stable interface. This strategy is currently applied for Li metal and oxide sulfur interface,
see Ref. [28].

To analyze the dependence of the computed heterostructure characteristics with the
employed level of theory, E{ ;, values were also computed at the MN15/ /PBEO level, iden-
tifying the same trend shown by PBEO values, even if MN15 energy values are significantly
larger (they range from —18 meV A=2 to —31 meV A~2, see Table 3). The MN15 functional
may offer a more accurate description of energetics, particularly in scenarios where nonco-
valent interactions play a crucial role, such as in interfaces involving metals and notably
large anions like S%>~. The overall charge transfers (CT) at the interface follow a similar trend
to the adhesion energy. Our previous study [9] has established a correlation between charge
transfer, interface bond formation, and adhesion strength. The values obtained in this study
reaffirm this correlation and emphasize the influence of bond polarization on the attractive
forces between surfaces, which plays a crucial role in stabilizing the heterostructure.

The analysis of the electronic properties was carried out using PDOS shown in Figure
52. The TVB of all interfaces is dominated by Li and S states from both LTS and Argy,
overlapping in the region —6/—9 eV, indicating the formation of Li-S bonds, while BCB
level is mainly due to LTS states.

AE values (see Figure 3) estimated for the heterostructures are marginally modified
with respect to the corresponding values derived by band alignment in the separated
components: the TVB of Argyrodite and BCB of LTS that defined this energy difference
are moderately shifted upon the interface formation. AE is 2.35 eV for LTS/Argy-Li,S
and slightly changes during delithiation and overlithiation. In the delithiated system,
AE =214 eV and 1.80 eV for LTSeven/Argy- LipS and LTS,4q/ Argy- LisS, respectively,
and 2.09 eV in the overlithiated structure. While the AE values can only provide semi-
quantitative information, it is interesting to note that the data provided for the explicit
heterostructures shows less fluctuations with LTS lithium content than that for its separate
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components, further suggesting the chemical resistance of Argyrodite towards oxidation un-
der these conditions, even when in contact with Li-rich and Li-deficient cathode structures.

4. Conclusions

In this paper, interfaces between disordered cubic LiTiS; and Argyrodite LigPS5Cl
were investigated. The study of this system is of great interest since these two materials can
be employed for all-solid-state lithium-ion batteries applications. The system was studied
by means of periodic DFT calculations for the simulation of the surfaces and interfaces to
comprehend the affinity between these two materials.

The (001) LigPS5Cl surface, derived from our previous work [9], was chosen due to
the presence of an exposed LS passivating layer. The surfaces for Li;TiS3 were constructed
based on optimized structures from our earlier studies [6,7]. The (100) surface of LTS,
identified as the most stable, was selected to reproduce the surface of a cathode made
from this material. To broaden the scope of this study, the LTS was simulated at three
different states of lithiation—pristine, overlithiated, and delithiated Li, TiS3—corresponding
to the equilibrium, charged, and discharged states, respectively. The three LTS states
were then paired with the LiyS-terminated LigPS5Cl surface, achieving optimal chemical
compatibility between the two systems, according to computing chemical, electronic, and
mechanical properties.

From the energetic point of view, lithium removal (delithiated) or addition (overlithi-
ated) does not affect interface stability, even if the larger strain identified in delithiated
and overlithiated structures could lead to mechanical issues. To evaluate chemical stability,
we refer to the energy difference (AE) between the valence band of Argyrodite and the
conduction band of LTS. In pristine, delithiated, and overlithiated conditions, the AE values
indicate that electrolyte oxidation is not a spontaneous process. However, in this work,
we assumed that the energy level can be used as descriptor for the electrochemical poten-
tial driving the electrolyte oxidation at the interface, but we would underline that they
cannot correspond to real electrochemical reactions and have to be employed mindfully,
see ref. [29].

Although the models presented in this work for LTS/ Argy interfaces do not explicitly
account for operational conditions that could affect long-term stability, such as prolonged
electrochemical potential and mechanical stress, we have extracted significant data that
shed light on the stability of LTS/ Argy heterostructures with respect to lithium content
by examining the chemical stability of the heterojunction under ideal conditions. Our
findings demonstrate that Argyrodite has the potential to be effectively coupled with the
LTS cathode material within the scope of our models, and this interface remains stable
under various lithiation conditions. The goal of our work was to provide guidance to
experimental teams, suggesting that these two materials can be successfully coupled. The
similar sulfur-based chemistry of the materials indicates that chemical and electrochemical
compatibility could theoretically be achieved.
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