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Abstract

Sulfide solid-state electrolytes are promising materials to be used in Li-S batteries since they have
the potential to mitigate some of the challenges currently facing this technology such as the
dissolution of polysulfide species and the flammability of conventional organic-based electrolytes.
Nevertheless, the electrode/electrolyte interfaces are not well-understood yet. In this study, we use
density functional theory and ab initio molecular dynamics simulations to investigate the
formation of the cathode-electrolyte interface at two limiting states of charge: Ss and Li2S. B-
Li3PS4 and two lithium halide doped sulfides (LisPSsCl and Li7P2SsI) were selected due to their
Li-ion superionic conductivity and compatibility with sulfur electrodes. The work of adhesion and
interfacial energy of the interfaces were calculated as descriptors of the interfacial properties, then
the mechanisms of the interfacial reactions taking place were characterized. Finally, a charge
transfer analysis is presented, suggesting that, overall, the Ss electrode will oxidize the electrolyte,
whereas the fully discharged LiS cathode will reduce it at different extents depending on the

reactivity of the exposed facet.
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1. Introduction

Over the last few decades, Li-ion batteries (LIBs) have become one of the vital components
of modern technological advancements such as smart portable electronic devices, electric/hybrid
vehicles, and grid-scale energy storage systems. However, with the increasing demand for energy
and the desire to move towards more sustainable sources of energy (i.e., solar, wind), conventional
LIBs are reaching their limits and will not be enough to satisfy the market.! Therefore, major
research efforts have focused on developing the next generation of battery technologies that can
provide higher energy density and capacity than commercial LIBs. In this search, one of the most
promising chemistries is the lithium-sulfur (Li-S) battery due to its reduced cost, low toxicity, and
high theoretical energy density (2567 Wh kg!).*> However, there are some challenges that still
need to be overcome before this technology is widely commercialized. For instance, the use of
organic-based liquid electrolytes raises concerns because of their flammability, formation of
lithium dendrites, and low stability against the Li-metal anode.®” In addition, long-chain
polysulfides, formed at the cathode, are soluble in the liquid electrolyte and can result in the
formation of an insulating layer due to parasitic reactions at the anode.®® As a potential solution
to solve these issues, solid-state electrolytes (SSEs) have recently been considered as an alternative

for electrolyte systems.!%-!!

Among the inorganic SSEs currently under investigation, sulfide-type materials have
drawn a lot of attention to be used in Li-S batteries because of their high ionic conductivity at room
temperature (RT) (>10* S cm™), low grain-boundary resistance, easy processability, and potential
compatibility with sulfur-based electrodes.!® !> For instance, B-LisPSs and Li7P3Si1 have
demonstrated to be lithium superionic conductors with conductivities of 1.6x10* and 4.1x107

S em’!, respectively.!3"'* More recently, it has been reported that chemical doping with lithium



halides LiX (Cl, Br, and I) improves the electrochemical stability of sulfide SSEs. In addition, the
use of non-electroactive species (lithium halides) leads to high Li-ion conductivities (~102 to 10

>S cm! at RT) and enhanced compatibility with Li-metal anodes.'>!”

Besides the bulk properties of electrolyte and electrode materials, the interfacial properties
between the electrolyte and the electrodes are crucial for the adequate performance of the Li-S
battery. Due to the high reactivity of the Li anode, which results in the formation of the solid-
electrolyte interphase (SEI), research efforts have mainly been devoted on understanding
interfaces between liquid or solid electrolytes and Li-metal anodes.!®*! Although some studies
have attempted to address interfacial properties between electrolytes and other cathode chemistries
(i.e., LiCoOz, LiMn204, and NCM),?>?’ sulfur-based cathode/electrolyte interfaces are not well
understood yet. Therefore, in order to overcome the interfacial challenges facing this battery
technology, fundamental understanding of the interfacial behavior of cathode/electrolyte using

both experimental and computational approaches is imperative.?® 2

With the advances of high-performance computing, quantum mechanics-based methods
have proven to be an effective and reliable approach to elucidate electrode/electrolyte interfacial
behavior for both cathodes and anodes. For instance, these methods have extensively been used to

study the SEI formation from solid or liquid electrolytes on the metallic Li metal anode.?-*?

1.33 studied the interfacial de-/lithiation at sulfur cathodes in contact with

Recently, Arneson et a
liquid electrolytes by employing ab initio molecular dynamics (AIMD) simulations. In this work,
we use ground-state density functional theory (DFT) and AIMD simulations to explore the

formation and S-cathode/SSE interfacial behavior. Here, we selected B-Li3PSaas a sulfide material

representative of this group of electrolytes as well as two of its doped structures with lithium



halides (Lil and LiCl) — LisPSsCl and Li7P2SsI — because of the common interest in their promising

ion conductivities and electrochemical stability.
2. Computational and Model Details
2.1. Computational Details

All the calculations were performed using the Vienna ab Initio Simulation Package
(VASP).3*3¢ The exchange-correlation functional was described within the generalized gradient
approximation parametrized by Perdew-Burke-Ernzerhof (PBE).>” Projector Augmented Wave
(PAW) pseudopotentials®®3? were utilized to model the electron-ion interactions as provided in the
VASP database. The Brillouin Zone was sampled using a Monkhorst-Pack k-point grid.*’ The
mesh size was chosen according to the magnitude of the lattice vectors of each system. The energy
cut-off of the plane-wave basis expansion was set to 500 eV with a Gaussian smearing width of
0.05 eV. However, the energy cut-off was reduced to 400 eV to reduce the computational cost
during the AIMD simulations. The reduction of cut-off only led to changes of ~1 meV/atom in the
total energy of each system, which is a good balance between accuracy and supercomputing time.
Convergence during the self-consistent field was achieved when the energy change was less than
10* eV and the convergence criterion for ionic relaxations was set to atomic forces lower than
0.02 eV A, AIMD simulations were performed within an NVT ensemble at 300 K and a time step
of 1 fs unless otherwise stated. The temperature oscillations during the simulations were controlled
by a Nose thermostat with a Nose-mass parameter of 0.5. Charge analysis was carried out within
the Bader analysis scheme.*'**? In this method, the total charge of an atom is approximated to the
electronic charge enclosed in a surrounding volume defined by zero flux surfaces. Visualization
of structures was obtained by combining the use of several software packages: VESTA

(Visualization for Electronic and Structure Analysis)*, Materials Studio*, and OVITO (Open
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Visualization Tool)*. Finally, radial distribution functions (RDF) g(r) were evaluated using the

Visual Molecular Dynamics (VMD)*’ program with a Ar of 0.01 A.
2.2. Model of Bulk Solid-Electrolyte

The initial crystalline structures for the bulk SSEs were obtained from a previous
computational study (Li7P2SsI)!> and the Materials Project Database (B-LizPS4 and LisPSsC1)*.
These geometries were further optimized using DFT (at PBE level of theory). The relative
deviations of the lattice parameters with respect to the reported structures were less than 1%, see
Table 1 for optimized lattice parameters. One of the main features of these three electrolytes (see
Figure S1) is the different anionic groups that comprise the material with the common
characteristic that each of them possesses the PS4* tetrahedral anion — typical in sulfide materials.
Hence, the different anionic groups for B-Li3PS4, LisPSsCl, and Li7P2Ssl (hereinafter referred to
as LPS, LPSCIl, and LPSI for simplicity) are PS4+, S*/CI/PSs*, and S*/I/PS3I*/PS4*,
respectively. The predicted electronic band gaps from Density of States (DOS) — calculated using
HSEO06 hybrid functional® — are also shown in Table 1. LPS, LPSCI, and LPSI exhibit moderate
band gaps of 3.98, 3.51, and 2.54 eV, respectively. These values decrease slightly over 1 eV when
the PBE functional was used. These results are in good agreement with previous reports.'> 30-!
More interestingly, the band gap of LPSI is significantly lower (by more than 1 eV) than the other

two materials. This is the result of the PS21?" anion mixing group, which leads to the formation of

new band states in the conduction band, see Figure S2.



Table 1. Simulation k-points, optimized crystallographic parameters, and predicted electronic band gap (Eg) for the
studied SSEs. The DOS is reported in Figure S2. “E; values were calculated using double the number of k-points

shown 1n this table.

Crystallography E; (eV)’
SSE  |K-points| ¢
pace 2 . o o o o
i a(A) | b(A) | c(A) | af) B() v() PBE | HSE06
B-LisPSs | 2x4x4 Pnma 13.073 | 8.112 | 6.253 90 90 90 2.84 3.98
LigPSsCl | 2x2x2 F-43m 10.258 | 10.258 | 10.258 90 90 90 2.29 3.51
Li;P,Ssl | 3x3x2 Pm 9.431 | 7.820 | 11.748 90 75 90 1.53 2.54

To provide a more complete description of the SSEs considered in this study, the transport
properties of Li ions in bulk were also calculated from AIMD simulations. The simulations were
run using an NVT ensemble during 100 ps with a time step of 2 fs at temperatures (T) from 600 to
1300 K (100 K step). This methodology has commonly been used to successfully estimate
diffusion coefficients of SSEs.>% 3233 First, the diffusivity (D) of Li ions was determined at each

temperature from the Einstein relation:

1 MSD(AY)
“2n At

where n=3 is the dimension of the system, MSD(At) is the mean squared displacement of Li ions
over time interval At. The MSD was computed using the nMoldyn 3 software™*. Regarding the
bounds of the time interval, the lower bound was set to 1 ps since for At > 1 ps, the local derivative
dMSD /dAt reaches a plateau. The upper bound was set to 90 ps to avoid deviations from linearity
at the end of the MSD curve. The diffusivities of LPS, LPSCI, and LPSI as a function of the
temperature are reported in Figure S3, where a linear behavior between the log D and /T is clearly

evidenced as described by the Arrhenius relation:

Eq
D = D, exp (_ﬁ)’



where k is the Boltzmann constant, and the activation energy Ea can be calculated by the fitting of
the data to this equation. Furthermore, the fitted Arrhenius relation can be used to extrapolate the
D to other temperatures. Finally, the ionic conductivity (o;;+) 1s computed based on the diffusivity
and the Nernst-Einstein relation:

N 2
L Y
VkT

O-Li+

where N, g, and V are the number of ions, the charge of the mobile-ion species, and the volume of

the system, respectively.

Table 2. Activation energy Ea and extrapolated Li-ion diffusivity and conductivity at 300 K from fitting the Arrhenius

equation.
SSE E. (eV) D (cm?s?) |ou: (MScm?)
LPS 0.28 4.18x10°® 4.69
LPSCI 0.37 1.20x10° 0.17
LPSI 0.27 5.85x10°® 6.07

The activation energies Ea obtained from the fitted Arrhenius relation and the extrapolated
the D and oi+ at 300 K are presented in Table 2. These predicted transport properties for Li-ions
in bulk LPS, LPSCI, and LPSI are comparable with values previously reported, which are
summarized in Table S1 for comparison. For instance, Yamamoto et al.>> recently reported
activation energies at RT of 0.32 and 0.27 eV for LPS and LPSI, respectively. Additionally, Rao
et al.* found the activation energy of LPSCI to be 0.38 eV. Regarding the Li-ion diffusivity, the
predicted value for LPS (4.18x10°® cm? s!) falls within the range of diffusivities of Li* in LPS
found from Pulsed-gradient spin-echo (PGSE) "Li NMR, 1.4-7.2x10° cm? s'.57 In the case of

LPSCI, the Dri+ was found to be 7.7x10®¥ cm?s™' at 313 K*® in an earlier study, which is almost two



orders of magnitude larger than the value extrapolated at 300 K, 1.20x10” cm? s'. Nonetheless,
the Li* conductivity in LPSCI (0.17 mS cm™') is very close to the one obtained from experimental
measurements by Boulineau et al.>° (0.20 mS cm™). The diffusivities of LPS and LPSI — 4.69 and
6.07 mS cm™!, respectively — are overestimated by c.a. one order of magnitude with respect to
previous works: 0.50° and 0.63'° mS ¢cm’!, respectively. In the case of LPSI, these variations could
be related to chemical and structural changes occurred at high temperatures due to dehalogenation
of the anion mixing group PS3I* and association with another anion PS> to form P2S7* and I at
T between 600 and 1000 K, and further reactions, yielding the formation of PSx (x=2, 3, and 5)

and I" anion species, at higher temperatures.
2.3. Model of Surface SSEs

In order to select the proper surfaces of the SSEs to be considered, the surface energies (o)
of five low-index facets — (001), (010), (100), (110), and (111) — were calculated using the

following equation®:

o= 24 (Essg—stiab — NssE-siabEsse—buik)

where Essk-siab, Esse-bulk, nssk-slab, and A are the energy of the slab, the energy of one unit of SSE
in bulk, number of SSE units in the surface slab, and area, respectively. The surface terminations
and thickness of each facet were chosen to fulfill the following conditions: the slabs had to i) keep
the stoichiometry of the material, ii) have at least two stoichiometric layers, and iii) have a
reasonable thickness # (15 A< h <25 A) without compromising computational resources. The
surface energies for the optimized facets considered are reported in Table 3. Final optimized
structures of LPS, LPSCI, and LPSI facets are shown in Figures S4, S5, and S6, respectively.

Although the surface anions of SSEs lose coordination, for LPS and LPSCI, the anions remained



stable in most cases, except for LPSCI-(110), where one of the PS4 groups seems to have stretched
one of the P-S bonds to form PS3 and S species, see Figure S5. In contrast, the PS3I mixing anions
in LPSI facets exhibit a less stable behavior, see Figure S6. For (010) and (111) facets, for example,
this anion decomposes into PS3 and I at the sub-surface and surface. On the other hand, one of the
P-S bonds is stretched due to lack of coordination at the surface of LPSI-(100), resulting in the

formation of PSzI and S species.

Table 3. Surface energy (o) for the SSE facets and configurations shown in Figures S4 to S6. Italic and underlined

values indicate slabs that have at least one of the lattice angles different to 90°, i.e., non-orthorhombic cells.

SSE Surface Energy o (meV A?)
001) | (100) | (010) | (110) | (112)
LPS 27 49 28 27 24
LPSCI 1 1 10 25
LPSI 16 35 12 11 10

From the calculated surface energy, the most stable facets for the reported configurations
are (111), (001), and (111) for LPS, LPSCI, and LPSI. In the case of LPSCI, all three low-index
facets (001), (010), and (001) exhibit the same surface energy and this is due to the symmetry of
the face-centered space group (£-43m) of this SSE, which results in equivalent surfaces. In the
case of LPS and LPSI, the most stable facets are not orthorhombic cells, which, from a practical
point of view, represents a challenge to match with the S-based electrode model and it will result
in large strains and, potentially, disruption of the crystallinity of the SSE. Therefore, in this study,
we considered one of the most stable facets with an orthorhombic cell for each SSE, i.e., the (001)
plane. In addition, a second facet with the largest surface energy among the fundamental planes of
the electrolyte crystals was also considered in order to provide a further description of more

reactive surfaces that might be in contact with the sulfur particles in the electrode. For LPS and



LPSI, such facet is the (100), whereas, in the case of LPSCI, no additional facets were included

since they are equivalent and will exhibit the same reactivity of the (001) surface.
2.4. Model of S-based Cathode Surface

Sulfur cathode materials are typically made of a mixture between sulfur nanoparticles of a
few hundred nanometers in diameter and hierarchical carbon materials including mesoporous
carbon, reduced graphene oxide, carbon nanofibers, and carbon nanotubes, which role is to
enhance the electronic conductivity of sulfur-based electrode materials.%?> Although recent studies
have attempted to characterize and understand the actual structure of S/C materials using reactive
classical molecular dynamics, this is still a formidable task to be addressed from first-principles
calculations such as DFT. Therefore, in this work, we focus only on the interface formed between
the active material, i.e., sulfur and the solid electrolyte, and model the electrode using a slab,
similar to previous studies®. In addition, three cathode surface models are used to represent the
active material at two limiting states of charge corresponding to a fully charged (delithiated: Ss)
or discharged (lithiated: Li2S) Li-S battery. To build the surfaces, we started from the bulk
structures of the two limiting case materials. In the charged case, the elemental sulfur was
represented by an orthorhombic crystalline sulfur (a-S) structure, whereas the discharged state was
considered using a Li2S crystalline structure; see Table S2 for details of the bulk optimized lattice
parameters. Moreover, van der Waals interactions within the DFT-D3 parametrization®® were

considered for every system containing the cyclo-octa sulfur rings (Ss).

For a-S, previous DFT-based calculations have suggested that multiple facets — where no
S-S bonds are broken — exhibit low and similar surface energies. For instance, the surfaces (001)
and (100) show the lowest energies: 12 and 11 meV A23? which are very close to our predicted

values of 8 and 9 meV A2, In both cases, the relative difference in the surface energy between
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these two facets is within 1 meV A~2. However, Park et al.%

reported the equilibrium shape of a-
S based on the Wulff construction and surface energies. They found that 30.3% of the area fraction
corresponds to the (001) surface and 23.2% to the (100). Therefore, due to the small differences in
surface energy and this previously reported findings, we opted to model the a-S (001) — referred
as S-(001) — as a representative surface of the charged cathode material. In the case of Li2S, two
scenarios are considered: the most stable surface (111) — which is more likely to be in abundance
— and one that exhibits a large surface energy (001) to account for high reactive areas of the
lithiated interfaces. The calculated surface energies for Li2S (001) and (111) are 138 and 20 meV
A2, which are in good agreement with earlier reports: 148 and 23 meV A2,% respectively. In the
case of Li2S-(111), the simulation cell is hexagonal. However, for simplicity to match with the
SSEs interfaces, it was transformed into an orthorhombic cell, see Figure S7 for details. The
geometry optimized slab models are shown in Figure S8. The S-(001) is formed by 4 layers of
cyclo-octa sulfur rings (~25 A). Regarding the Li2S (~15 A), the surface (001) has 6 Li-S stacked
layers with one Li- and one S-terminated faces of the slab surface, while the (111) is defined by 5
Li-S-Li sandwich-like stoichiometric layers, resulting in Li species exposed on both sides of the
slab. Additionally, the charge difference between atomic species in the slab vs. the bulk were
computed (see Figure S9), and remarkably, there is a large charge polarization in the Li2S-(001)
surface, resulting from the rupture of the coordination of the S species at the top of the slab, which
are charge-depleted. The depleted charge is localized among the Li and S species at the bottom
layer of the slab. This charge localization could result in a reductive/oxidative behavior of the slab

towards the SSE interfaces. On the contrary, no significant charge differences are observed for S-

(001) and Li2S-(111) surfaces.
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2.5. Modeling the S-Cathode/SSE interfaces

Supercells of the surfaces (SSEs and electrode model) were built to minimize the mismatch
between the two solid materials; SSE and electrode surface slabs, while keeping the total size of
the interface systems at around 300 atoms. Details of the supercells are provided in Table S3 in
Supporting Information. New lattice parameters a and b were then calculated as an average
between those of the two solids. In addition, the strains induced along the a and b directions for
each system are tabulated in Table S4. Although the induced strains were attempted to be kept
below 10% in either direction, slightly higher values were allowed for the interfaces between SSEs
and S-(001) due to the size of the S-(001) unit cell model (~10 x 12 A), which did not allow much
flexibility. Once each of the surfaces (with the new lattices) were built and re-optimized
independently, they were placed at an equilibrium distance between 2.0 to 2.2 A in a sandwich-
like model were both solid are in contact with each other at the bottom and top of the simulation
cell due to periodic boundary conditions along the vertical c-axis, yielding a total of 15 interfaces
(3 electrodes vs. 5 SSE surfaces). These initial structures are referred to as Initial hereafter.
Subsequently, a full geometry relaxation (no atoms were fixed) of the SSE/S-based electrode
systems was carried out (referred as Opt or 0 ps). Finally, AIMD simulations were performed at
300 K during 20 ps using the Opt geometries as starting configurations. The DFT-optimized
interfaces are reported in Figures S10 to S12, where some interfacial reactions are already detected

and are discussed later. The simulation cell parameters are summarized in Table 4.
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Table 4. Simulation lattice parameters, work of adhesion (Waqn), and interfacial energy (y) of the fifteen interfaces
considered in this study. *All the simulation cells are orthorhombic, i.e., angle parameters are 90°. Simulations were

run using a fine k-point mesh of 2x2x1 in each case.

Electrolyte Lattice Parameters* (A) Units — meV A?
Cathode
SSE Facet a b c Wadh v
LPS (001) 12.841 9.183 47.840 17.47 25.18
(100) 12.557 9.183 54.180 20.74 42.18
S-(001) LPSCI (001) 10.256 11.434 46.419 2.86 19.07
LPS| (001) 9.842 14.124 50.294 26.73 2.68
(100) 11.001 14.124 45.943 44.19 15.45
LPS (001) 12.598 8.097 40.192 69.57 88.62
(100) 12.314 8.097 47.653 72.33 | 110.63
Li>S-(001) LPSCI (001) 11.191 11.191 38.377 89.69 73.74
LPS| (001) 8.757 15.902 42.372 107.23 36.26
(100) 15.902 11.936 37.886 83.30 90.52
LPS (001) 12.598 7.556 39.649 9.13 39.37
(100) 12.314 7.556 47.018 19.85 52.41
Li>S-(111) LPSCI (001) 7.668 14.254 37.608 10.76 11.16
LPS| (001) 8.756 14.820 42.085 10.95 25.16
(100) 14.820 11.935 36.970 30.64 25.16

3. Results and discussion
3.1. Work of Adhesion and Interfacial Energy for the S-Cathode/SSE interface

The works of adhesion (Wadn) for the fifteen interfaces were calculated as a descriptor of

the binding strength between the two solid surfaces according to the following equation®’:

Esse—siab T Ecath—siab — Esse/catn

where A is the interfacial area, and Essg/cath, Esskslab, and Ecath-slab are the energies of the two
surfaces in contact (optimized), the SSE slab, and the cathode slab model, respectively. Table 4

summarizes the results for the calculated work of adhesion and shows that all the values are
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positive, which suggests some degree of affinity between the S-based electrode and these sulfide
materials. In addition, for every SSE facet considered, the Li2S-(001) exhibits the strongest
interactions (70 to 107 meV A2), with the strongest being for the LPSI-(001) among all the SSE
facets. Conversely, the interaction between the same LPSI facet and Li2S-(111) is considerably
weaker (10.95 meV A2). Additionally, the S-(001)/LPSCI-(001) interface displayed the weakest
interaction by far among all the systems, 2.86 meV A2 Overall, the work of adhesion of Li>S-
(111) and S-(001) were found to be substantially lower than those of Li2S-(001), which could be
explained by the higher surface energy and charge localization of the Li- and S-terminated Li2S-

(001) surfaces as discussed in the previous section.

The S-Cathode/SSE interfacial energy (y) is defined as the excess energy (per unit area) of
a system due to the formation of such interface. In other words, it can be used to evaluate the
thermodynamic stability of the interface.®® The interfacial energy of two solids with lattice

mismatch can be expressed as®:

_ Ecatnssse — ncatnEcatn — NsspEssg — Estr
Ycath/ssE = A

where 7; is the number of i units, Ei is the bulk energy of species i, and Est is the strain energy,
defined as: Eg; = Yi—cath, ssg E'(@ser) — E4(ay), where E'(asr) and E'(ao) are the energies of the
strained and pristine slabs of 7, respectively. Table 4 shows that, contrary to what is observed for
Li-metal/sulfide-based solid materials; where y < 0 due to the instability of the interface’> ¢, all
the interfacial energies for the DFT-optimized cathode-electrolyte interfaces are positive. Among
them, the Li2S-(001)/SSE exhibited the highest interfacial energies, except Li2S-(001)/LPSI-(001),
which contrary to the work of adhesion, its interfacial energy (36.26 meV A?) is considerably

lower than half of the other interfaces considered in this study. Furthermore, the y was calculated
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every picosecond over the 20 ps of AIMD simulation, see Figure S13. It can be observed that the
interfacial energy remains almost unchanged after 5 ps. Therefore, a time-averaged y was
calculated over the final 15 ps of the dynamic simulation and reported in Figure 1. From this graph,
it is evident that there is a dependence of the interfacial energy with respect to the charge state of
the electrode. For instance, if any of the SSE materials and facets are considered, the interfacial
energy follows this trend: S-(001) < Li2S-(111) < Li2S-(001), suggesting better stability for LiS,
but superior wettability for the charged electrode, S-(001).” In addition, if any facet of the sulfide
solid electrolytes are compared at the same cathode model, LPS interfaces exhibit higher
interfacial than the lithium halide doped SSE compounds. In contrast, LPSCI-(001) displays the

lowest interfacial energy when in contact with S-(001) and Li2S-(111), whereas LPSI-(001) shows

the lowest among the interfaces with Li2S-(001).
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Figure 1. Averaged interfacial energies between 5 to 20 ps for the cathode/SSE interfaces. Sampled every picosecond.

Error bars show the standard deviation, which is calculated from the energies of the sampled configurations.

3.2. Characterization and structural evolution of the S-Cathode/SSE interface

To gain a more detailed understanding of the cathode-electrolyte interlayer structures,
radial distribution functions (RDFs) for all the combinations of atomic species between the two

solid components were calculated over the 20 ps of AIMD trajectory. Figures S14 to S16 display
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every possible combination of pairs between the electrode and the electrolyte atomic components.

The overall RDFs are shown in Figure 2(a-c), where the pairs are defined as a// the atoms forming

the cathode and SSE slabs. Therefore, it will depict the coordination, if any, at the interface of two

solids. The S-(001)/LPSI-(001) displays a unique peak around 2.07 A (due solely to S-S pairs,

Figure 2d), which coincides with the S-S bond length of elemental sulfur (2.06 A), as we will see

later, this is the result of the bond formed between a S anion from the SSE and a terminal sulfur of

an opened Sg ring at the interface. In addition, all S-(001) interfaces show two characteristic broad

peaks below 4.0 A. The first peak is centered on 2.66 A and corresponds to the coordination of Li

and S atoms from the electrolyte and cathode, respectively. Furthermore, longer-range S—S and

S—X (X=ClI or I) coordination pairs contribute to the formation of the second peak, which is

located between 3.5 and 4.0 A.
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Figure 2. (Top) Relative radial distribution functions (RDFs) g(r) for all cathode-electrode pairs: a) S-(001)/SSE; b)
Li,S-(001)/SSE; and ¢) Li,S-(111)/SSE interfaces. (Bottom) Illustration of the g(r) of specific pairs for three systems:
d) S-(001)/LPSI-(001); Li»S-(001)/LPSCI-(001); and Li>S-(111)/LPS-(001). A complete list of RDFs for all possible
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atomic pairs can be found in Supporting Information (Figures S14 to S16). (e) and (c) subscripts indicate whether the

atom is from the electrolyte or cathode, respectively.

On the other hand, Li2S-(001) interfaces exhibit two well-defined peaks below 3 A. The
first peak at ~ 2.1 A corresponds, again, to the formation of S-S bonds in the interlayer (except for
the interface with LPSCI, see Figure 2e). The contributions to the second peak (~2.4 A) are mostly
due to Li—S coordination either from Li (cathode) — S (SSE) or Li (SSE) — S (cathode), and S—I
and Li—Cl in the case of facets (001) of LPSI and LPSCI, respectively; see Figure 2e and Figure
S15. Similarly, the facets (100) of the SSEs and Li2S-(111) interfaces have the same two peaks
corresponding to Li—S and Li—Cl contributions alike. The S—I g(r) does not display a strong
interaction for the LPSI electrolytes in this case. Although SSE (001) facets do not show the first
peak, the second peak is present. Remarkably in all cases, the second peak seems to have a shoulder
at ~ 3.0 A. In this case, the shoulder peak is attributed to Li—Li and Li—I pairs. This behavior is
illustrated in Figure 2f, where the RDFs of several atomic pairs for the Li2S-(111)/LPS-(001)
interface are shown. In summary, the S-cathode/SSE interfaces will mostly be formed by Li—S
and S—S interactions, and also Li—X in the case of the lithium halide containing solid
electrolytes. In the following subsections, the interfacial models are discussed in more detail and

the reaction mechanisms taking place across the two-solid interlayers are characterized.

S-(001)/SSE Interfaces: the pre-optimized (initial) and final (20 ps) structures of the S-
(001)/SSE interfaces are presented in Figure 3 and Figure S17. Although the sulfur rings within
the charged cathode model seemed to undergo some structural reorganization, RDFs in Figure S18
shows that the three main peaks (~2.1, 3.4, and 4.5 A), concerning the short-range structural
coordination, remained after 20 ps for the interfaces with all five SSE models. In addition,
interfaces between LPS-(001) and LPSCI-(001), and the S-(001) electrode did not exhibit any

decomposition/recombination reactions across the two-solid interlayers. On the other hand, LPS-
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(100) and LPSI electrolytes displayed some reactions at the interface, which are highlighted with
red dotted ovals. Reaction mechanisms are summarized in Figure S19 (Supporting Information).
For instance, three PS4 anions reacted at the S-(001)/LPS-(100) interface. First, one of them breaks
into a trigonal pyramidal PS3 (PSs3«)) and S anions during the optimization of the interface probably
due to excess charge available from Li species lacking coordination at the top of the unit cell.
Instead, one of the other two PS4 anions seems to have a depleted charge (-2.11 |e|) at the other
side of the slab at the initial configuration, which further oxidizes during the optimization (-1.94
le|) and finally reacts with one PS4 anion of the SSE subsurface at 0.4 ps of the AIMD simulation
to form the (PS4)2* dimer via a S-S bond, which remains stable for the remaining simulation time.
Similarly, two of these dimers are also found at the S-(001)/LPSI-(100) interface, following a
similar reaction mechanism. In addition, two of the PS3I> mixing anions that initially have one P-
S bond stretched (2.970 A) form PS3* and I species. In the case of the S-(001)/LPSI-(001)
system, Figure 3 shows that two reactions have occurred at the end of the 20 ps. The first reaction
is an interfacial reaction between a Ss’ ring and a S* from the cathode and SSE, respectively, which
takes place during the geometry relaxation to form a So> polysulfide. On the other hand, the second
reaction did not occur at the interface, but at the inner region of the LPSI electrolyte at 6.2 ps of
the AIMD simulation. Here a PS4* and a PS31?" chemically reacted among them to form the P2S7*
and iodide (I') anions. The P2S7* anion is characteristic of Li7P3S11, a thiophosphate material with
superionic conductivity (4.1 mS cm™ at RT)'*, which has shown promising properties as a solid-

state electrolyte for battery applications.
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Figure 3. Structural changes of selected S-(001)/SSE models after AIMD simulations (20 ps) compared with the initial
configuration (not optimized). For a complete list of structures, see Figure S17. Red dotted ovals indicate places were

reactions occurred.

Li>S-(001)/SSE Interfaces: among the three cathode electrode models considered in this
study, the Li2S-(001) is the most reactive, which could be attributed to the high surface energy of
this Li2S facet making it highly chemically active. The top and middle of the simulation cell in
Figure 4 and Figure S20 corresponds to the Li- and S- terminated facets of the Li2S-(001). Here
each one of the interfaces with SSE materials resulted in interfacial reactions, see Figure S21 for
details of these reactions. For instance, in Li2S-(001)/LPS-(001) interface, the three PS4* anions
close to the Li-exposed facet are decomposed and reduced to PS3»* and S*; two of them during
optimization and the other one along the AIMD simulation, the S-anions are deposited on the Li-
layer. On the other hand, a PS4— on the other side of the LPS slab — combines during the interfacial
ground-state relaxation with two charge-depleted S ions (~-1 |e|) from the S-exposed layer to form
a S3P-S3* species, which then forms a bond with another S from the interface via one of the sulfurs

from the S3 group and simultaneously breaks into a trigonal planar PS3 (PS3()’) and a four-member
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polysulfide S4> during the AIMD simulation (0.39 ps). Furthermore, the Li2S-(001)/LPS-(100)
interface shows similar reactivity; again, the three PS4>" anions close to the Li-exposed facet
reduced to PS3>” and S. In this case, however, one of the PS3() anions further reduces (1 ps of
AIMD simulation) to PS2 and S*. On the S-exposed Li2S surface, two S3P-S3 groups are also
formed during the interface optimization. Remarkably, one of them splits into PS3p) and S3*
during the optimization stage and the second one remains stable even after 20 ps of dynamic
simulation. Figure 4b shows the reduction of two PS4 groups into two PS2*" and four S* at the Li-
exposed surface of the Li2S-(001)/LPSCI-(001) interface. A very crystalline-like layer is formed
below the Li-exposed surface with S-anions coming from these reactions, and S* and CI" from the
LPSCI. In addition, three charge-depleted sulfur anions on the S-exposed surface are oxidized to
form S3*. It is noteworthy that, in this particular case, two Sz species were already formed at the
Li2S slab due to the depletion of charge of S ions (Figure S9) and the strain applied to the

simulation cell due to the lattice mismatch between the two solids.

Figure 4c and Figure S20b also show the reactivity of both faces of the Li2S-(001) slab
toward the LPSI electrolyte, where most of the reactions take place during the structural relaxation
of the interfaces, see Figures S11 and S21. For example, the L2S-(001)/LPSI-(001) interface shows
several reactions at both interfaces; at the top (i.e., the Li-exposed LizS surface), two PS4> and
PS3I? anions are reduced to PS3)*/S* and PS3)*/I" species, respectively. Similarly to the other
two SSEs (LPS and LPSCI), PS4* thiophosphates combine with sulfur species from the Li2S
surface at the S-exposed interface. In this case, two PS4 reacted to form S-S bonds with one S each
forming two S3P-S2* anions. Moreover, charge-depleted I and S ions from LPSI and LS,
respectively, also associate to form two SI” anions, resulting in a well-interconnected interface.

This could be the reason that this system, in particular, showed the strongest work of adhesion (per
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unit area) among the fifteen interfaces considered in this study (107.23 meV A?). Finally, the Li>S-
(001)/LPSI-(100) interface also displays the same reactions observed with the other LPSI facet,
except the formation of the SI anions. Additionally, a few more reactions were observed in this
case, mostly formed during the DFT optimization of the interface. For instance, two PSzI™ groups
decomposed into PS2** and I'; the first one during the relaxation and the other at 2 ps of the AIMD
simulation. The latter, then, combines with a PS4 anion (P-S bond) at 7.3 ps to form a (S3P-S-P-

S)* species and releasing a S* anion.
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Figure 4. Structural changes of selected Li,S-(001)/SSE interfaces after AIMD simulations (20 ps) compared with the
initial configuration (not optimized). For a complete list of structures, see Figure S20. Red dotted ovals indicate places

were reactions occurred.

Li>S-(111)/SSE Interfaces: although the Li>S-(111) electrode facet is not as chemically
active as the Li2S-(001), similar reactions could still be expected at different extent, as could be
evidenced in Figure 5. The Li2S-(111) facet is formed by fully coordinated S-anions within the Li-
S-Li tri-layers, which decreases the surface reactivity. A complete description and evolution of the

reactions can be found in Figure S23 of Supporting Information. In fact, LPS-(001), LPSCI-(001),
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LPSI-(001) did not display any chemical changes of their anions at the interfaces when they come
into contact with Li2S-(111), see Figure 5a and b. In the case of the Li2S-(111)/LPSI-(001)
interface, however, the P-I bond, from one of the PS3I> anions in the LPSI subsurface, is stretched
leading to the formation of a PS3(p)” and a charge-depleted iodide anion (-0.50 |e|) during the AIMD
simulation. Likewise, the Li2S-(111)/LPSI-(100) system (Figure S22b) also displays two similar
reactions, but, in this case, the iodide species were fully reduced to the expected Bader charge of
~-0.85 |e| along the DFT-optimization. In addition, two of the PS3I* mixing anions (with one P-
S bond stretched at 3 A) form PS3(»>" and I species during the interface relaxation, analogous to
the behavior of this facet when it was in contact with the charged electrode, i.e., S-(001). Finally,
two PS4 anions with charge depletion from the lack of coordination at the surface with their Li-
ions binds with S* species from the discharged electrode, resulting in S3P-S2* anions, which have
been observed across other Li2S/SSE interfaces in the previous subsections. As shown in Figure
S22a, the same reaction takes place at the Li2S-(111)/LPS-(100) interface. In addition, one PS4*-
with some excess charge (-3.25 |e|) breaks into PS3>” and S*" at the other surface-surface region

formed at the top of this electrode-electrolyte model.

Summary of Reactions: it is well-known that the decomposition and degradation of the
SSE may have a negative effect on electrode charge transfer resistance and cell impedance.”! Thus,
the main electro-/chemical reactions taking place at the cathode/SSE interface are summarized in
Figure 6a to provide some clear insights on the SSE degradation. In reaction (1), where the PS4*
thiophosphate is reduced to PS3®® or PS2* and S* anions, is one of the most common
electrochemical reactions that were found in this study. Although this reaction is characteristic
during the reduction of the sulfide SSEs with Li metal,*? previously reported XPS observations of

LisPSsCI-C electrodes have also shown that S and P species can undergo reduction during the
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discharge process of the battery.”! Reaction (2) describes the oxidation reactions between a PS4>"
and sulfur (Sn) anions from the cathode/SSE interfaces, resulting in the formation of S3P-Sn+1> or

PS4, Remarkably, Nagai et al.”

recently reported XPS and Raman spectra of sulfide SSE-
electrode interfaces, showing evidence of S-S bonds, which were assigned to the formation of
(PS4+n)*" anions. Such S-S bonds are formed during the delithiation of the cathode composite. This
anion is very similar to polysulfidophosphates P2Ss+x found during the discharge of sulfide-based

all-solid-state batteries.”® In the case of the interfaces of this study, these anions were found to

further react to form trigonal planar PS3) anions and polysulfides such as S3* and S4>".
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Figure S. Structural changes of selected Li,S-(001)/SSE interfaces after AIMD simulations (20 ps) compared with the
initial configuration (not optimized). For a complete list of structures, see Figure S22. Red dotted oval indicates places

were reactions occurred.

It has been suggested that one plausible degradation mechanism for sulfide-based SSEs
could start with the polymerization or oligomerization of the anions, which could lead to the
formation of anions with the P-[S]a-P group. This mechanism has been confirmed by XPS, NMR
and UV-VIS spectroscopy analyses of LiioSnP2Si2 interfaces.”* Our predicted reaction
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mechanisms — see reactions (2), (7.2), and (8) — are in excellent agreement with these findings.
The formation of (S3P-S-S-PS3)*, in particular, which results from the S-S bridged PS4’ anions
has been proposed as a product or intermediate of the oxidation of sulfide SSEs. Based on in situ
XPS measurements’”, this anion could also undergo a disproportionation reaction to form the
P2S7* anion and S°. If the oxidation persists, the P2S7* can then be oxidized to P2S¢>" and S°.

Additionally, two PS4 tetrahedrons could alternatively reduce to P2S7* and S,

Reactions (4) and (5) in Figure 6 show the formation of additional polysulfide species. It
has also been reported that LizPS4 can open the sulfur ring to form lithium polysulfidophosphates.’®
However, in this case, it was a S from LPSI that led to the opening of the ring to form the So*
polysulfide chain, which could be the initial stage of the a "S-[S].-S™ oligomer chain. Reaction (5)
shows the association of charge-depleted sulfur anions at the interface of Li2S-(001), leading to
the formation of short polysulfide chains (S2* and S3*) at the cathode/SSE interface. The iodide-
based reactions are shown in reactions (6) through (9), where the P-I is found to be the weakest
bond of the PS3I* mixing anion. In addition, S and I species at the interface can also oxidize to
form SI'. Furthermore, Figure 6b shows both sides of Li2S-(001)/LPSCI-(001) as an illustration of
the interfacial phenomena occurring at the cathode-electrolyte interlayer. As discussed in the
previous subsection, the LPSCI is reduced on the Li-exposed surface of Li2S. On the other hand,
the S anions at the S-exposed Li2S surface are oxidized to polysulfide species. Finally, an
interesting observation can be made from these results, that is, the sulfide-based SSE can act as
active material in conjunction with sulfur, which allow us to provide a clear explanation for
reported specific capacities above the theoretical value of the S-cathode in all-solid-state Li-S

batteries.'?

24



[0t @s(cm Os@P 0@ O]
(1) G‘%@ — ro — ot
(5) nO —_ S,
2.1
o + &N
20 o=oh + ©
S O i+ %:(f
22 AN (6) *) +0
(2) % + 2.3 % PSB
Qo —
PS, > 24 < o
S, O:t:m (7) A) +0—> N
PS;l 7.2 +PS,
(3)2 g;%@ —_— M
oS, (8) Giﬁ %@ —Y K o
(4) + 0 — g PS;l
9 o+ 0 — =0
S, IS
) Formed Crystal
o o © © © (€ 52
0.89  -1.65 Ss e 2 ® '%9" (jlgz)
© o o |emle o o | 47 ‘b o 0 ®
090 -1.63 -1.65 0 © o 5}
o (6} 5) © © © S 0 © ™
158 -1.65 -167 165 |e|/S (131) "?Z}O e :’ &
Li-exposed S-:xposed
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(numbers in parenthesis and in red) indicate the net charge (in |e|) of the species after the AIMD simulation (DFT

optimization of the interface).

Furthermore, previous DFT-based studies of thermodynamic equilibrium of SSE stability
against electrode materials suggested that while LPS and LPSCl decomposition is

thermodynamically favorable against oxide-based cathodes,”’ they do not yield decomposition

against Li2S (reaction energy, Ep>0 eV/atom).”® This finding is in good agreement with our AIMD
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simulations for the most stable Li2S facet, where none or few interfacial reactions are observed.
However, partially lithiated cathode interfaces or more reactive exposed facets such as Li2S-(001)
could trigger the formation of transient species such as the ones observed in this study. Moreover,
Mo et al.”#? have recently reported first-principles simulations of phase equilibria of sulfide solid
electrolytes upon (de-)lithiation. This type of analysis can provide information regarding the
compounds that may be formed when the SSE is exposed to reductive or oxidative conditions. For
instance, the oxidation (reduction) of LPS can form P2Ss and S (LixP and Li2S). On the other hand,
the oxidation (reduction) of LPSCI yields P2S7, LisPS4, LiCl, S, and SCI (LixP, LiCl, and Li2S). In
addition, LPSI may be oxidized to P2Ss, S, and L2, or reduced to Li2S, LixP, and Lil. In the case of
the oxidation, such phase equilibria calculation assumes completely delithiation of the electrolyte,
which is not exactly the scenario of the interfaces modeled in this work. However, some
similarities can still be found. Our AIMD simulations show the formation of
polysulfidophosphates and P-[S]n-P oligomers as a result of oxidation reactions at the interface,
these species may serve as intermediates during the oxidation of sulfide solid electrolytes to form
P2Ss*, P2S7*, and P2Se> anions and S. In addition, the formation of low-order polysulfide chains
were also observed, which work as precursors to the formation of S (elemental sulfur). Conversely,
our results show that thiophosphate anions tend to reduce to form S* — suggesting the formation
of Li2S — at the interface where Li species are exposed, which is clearly seen in Figure 4. In the
case of interfaces with LPSCI electrolytes, a mixed CI/S* layer is formed on top of Li due to the
reduction of the SSE (Figure 6b), which can be associated with the formation of an interface
comprised by LiCl and Li2S. The formation of I from the mixing anion PS3I* could also indicate

the formation of Lil in interfaces with LPSI.
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In this section, the reactions taking place at the cathode-electrode interfaces were
characterized in detail. Regarding the thermodynamics and kinetics of these reactions, based on
the short timescale of our AIMD simulations, it could be inferred that these reactions are
thermodynamically favorable and none or very low activations barriers are present. However,
intermediate stages of lithiation of the cathode could also be investigated to get a better picture of
the transient reactions upon battery operation. Thus, although good agreement was found with
available literature, it is worth mentioning that two pieces were not considered in this study and
should be incorporated in future studies for a better description of the interface model: (1)
intermediate states of charge (lithiation) to mimic the charge/discharge process; and (2) the
presence of carbon composites, which could modify the interfacial reactions due to the reactive

carbon atoms at the edges of the carbonaceous structures.

3.3. Charge analysis

In the previous section, the reaction mechanisms that could take place at the interface of a
S-based cathode and sulfide solid electrolytes were discussed. It is clear that many of the reactions
occurred during the DFT ground-state structural relaxation of the interface. Therefore, to further
explore the behavior of these interfaces, a comparative analysis between the net charges associated
with the SSE materials was performed at the initial, optimized (0 ps), and post-AIMD simulations
(20 ps). Figure S24 (Supporting Information) shows that, indeed, for most of the studied interfaces
(11 out of 15), a large fraction (at least 65%) of the total charge transferred between the two solids
during the interface formation relaxation, which agrees with the extent of reactions happening at
this stage. Therefore, these results suggest low charge transfer during the dynamics simulation,
which is corroborated by the SSE charge time-evolution along the 20 ps of AIMD simulations for

all the interfaces, see Figure S25. In every case, the SSE charge seems to remain around a constant
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value after 5 ps. Consequently, the time-averaged SSEs charges (per unit area) were calculated
and are presented in Figure 7. We can split the plot into two parts; the first part corresponds to
interfaces formed between a fully charged S-cathode (in yellow) and the sulfide solid electrolytes
and the second part, where the two facets of Li2S are shown in light pink. Interestingly, it can be
inferred that the sulfide SSEs will partially be oxidized when in contact with the pristine sulfur
nanoparticles of the S-cathode. Additionally, the electrolytes could be reduced during the lithiation
process of the cathode, i.e., discharge, since the formation of any interface with either of the Li2S
facets yields an electron-transfer from the cathode to the electrolytes. However, the extent of

reduction depends on the reactivity of the exposed lithiated facet: Li2S-(001) > Li2S-(111).
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Figure 7. Time-averaged (from 5 to 20 ps of the AIMD simulations) of the net charge (per unit of area) of the SSEs
due to the formation of the interface with the three S-cathode models. The charges were sampled every picosecond.

Error bars show the standard deviation obtained from the charge transferred calculated at each sampled configuration.

In order to provide additional insights on the charge redistribution due to the formation of
the cathode-electrolyte interface, the average charges of atomic species in the SSE materials,

before (SSE slab in vacuum) and after the interfaces were built (20 ps), were computed (Figure
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S26). Based on these results, the relative charge changes of SSE atomic species for all the
interfaces were obtained and are plotted in Figure 8. Overall, no significant charge differences are
observed (less than +2%) for Li species (in SSE). Moreover, S atoms are slightly oxidized for S-
(001)/SSE interfaces; however, they are partially reduced when the interfaces with Li2S are
formed. This could be mostly related to the PS4> reduction to PS3?> and S*. Phosphorus atoms
are, in every case, one of the species that changed the most charge relative to other species within
the same electrode-electrolyte system. Such behavior can be attributed to the P-I and P-S bond
cleavages in PS3I and PS4 anions, respectively, which resulted in the formation of new anions such
as PS2, PS3(), and PS3p). Similar to the case of S atoms, the Li2S-(001)/SSE interfaces led to a
significant extent of reduction of the P atoms (larger than 10%). Regarding the halide species,
there is no considerable change in the charge of the chloride anions, which agrees with the
unchanged Cl 2p XPS signal obtained from the study of interfaces in a Li-In | LPSCI | NMC/LPSC1
battery cell, suggesting no evident ongoing reactions involving Cl species during cycling.®? In
contrast, iodides exhibited the most reduction (relative change) among the components of the SSE
after 20 ps of AIMD simulation in every case except Li2S-(001)/LPSI-(001) where S-I bonds are
formed at the interface, resulting in the oxidation of I and S atoms to form SI". In the other systems,
the greater extent of reduction observed is a consequence of the change of iodine bond character
(from covalent- to ionic-like) in the reduction of the PSxI anion to PSx and iodide (I") anions.
Regarding the cathode materials, the gained charge is expected to be localized at both surfaces of
the S-(001) slab. In the case of the LizS electrodes (Figure S27), S species are oxidized (~ 2-3% in
most cases), whereas changes in charge of Li species in Li2S-(111) are minimal, however, they are

more prominent in the (001) facet.
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Figure 8. Relative charge change of the SSEs atomic components at 20 ps of AIMD simulations with respect to their
charge in the (strained) DFT-optimized slab. Positive percentages mean that the species gained electrons (more

negative charge), and the opposite if they are negative.

3.4. Comments on the LPSI Crystalline Structure and Consistency Analysis

LPSI: as it has been discussed in the previous sections, the mixing anion PS3I* tends to
dissociate into PS3 and iodide anions. If the P-I bond cleavages are checked at the 20 ps of AIMD
simulation (at 300 K), at least 25% of these bonds in the (001) facets are broken, and the percentage
increases for the (100) facet; at least 50%, see Figure S28. To provide some additional insights
into the structural stability of the crystal phase of LPSI used in this work, which was obtained from
a XRD and DFT-based approach in a previous study'>, a 2x2x1 supercell was run during 50 ps of
AIMD simulation using a NVT ensemble at 300 K (1 fs of time step), surprisingly, 50% of the P-I
bonds were broken, resulting in the formation of two PS3p)” and I anions, similarly to what was
observed for some interfaces, the PS3(p) could later combine with another PS4*" to form P2S7* as
seen in the LPSI-(001)/S-(001) interface. Hence, it might be possible that a mixture of crystalline

phases is present for LPSI electrolytes with this stoichiometry. Therefore, more efforts on the

30



characterization of the full crystalline structure of this promising electrolyte are needed to generate

more accurate models in the future.

Inspired by the structural changes of LPSI observed from high-temperature AIMD
simulation of the bulk, an AIMD simulation of the unit cell was run during 100 ps at 600 K.
Remarkably, the structure obtained contains the P2S7* group above mentioned and iodide, see
Figure S29a. All the atoms within the structure were then tightly relaxed using DFT ground-state
optimization. The total energy of the resulting structure (Figure S29b) is lower by 0.29 eV/unit
than the previously reported configuration. In addition, the new structure has a wider electronic
band gap (predicted with the HSE06 functional) of 3.69 eV compared to the 2.54 eV of the reported
configuration, which results from the lack of the anion mixing PS3I*" that created new states at the
conduction band, see Figure S29c. This could have positive consequences when modeling the
electrochemical stability window of this material. Finally, it is important to mention that this new
structure obtained from high-temperature AIMD simulation may not be the most stable crystalline
structure of the Li7P2Ssl electrolyte. The simulations carried out in this subsection are for
comparative purposes only and further research still needs to be done in order to generate a more

accurate representation of the crystallographic parameters of this solid electrolyte.

Consistency Analysis: in order to test the validity of the results of the interfaces at longer
simulation times, the S-(001)/LPSI-(001), Li2S-(001)/LPSCI-(001), and Li>S-(111)/LPS-(001)
interfaces were run during an additional time of 30 ps of AIMD, resulting in a total simulation
time of 50 ps. With regard to the reactivity of the interfaces (not shown), no additional reactions
are observed after 50 ps. In the case of the S-(001)/LPSI-(001) interface, the P2S7* and So*" anions
formed earlier remained stable. In addition, same happened for the S3* and PS2* species at the

Li2S-(001)/LPSCI-(001) system. Moreover, the two interfaces shown in Figure 6b are still present
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at the end of the simulation. Similarly to what was observed up to 20 ps, no recombination or
decomposition reactions took place after running the Li2S-(111)/LPS-(001) interface for 50 ps.
Figure S30 shows the interfacial energy and charge transfer evolution over the 50 ps. It is found
that both properties remain almost unchanged after 20 ps. These findings suggest that our 20 ps-
simulations are consistent with longer times and provide enough description of the earlier stages

of interface formation at the cathode of Li-S batteries.

Additionally, two systems — Li2S-(001)/LPS-(001) and Li2S-(111)/LPS-(001) — were
selected to test the behavior of such interfaces at a higher temperature of 750 K, which could
accelerate some of the interfacial phenomena. In general, similar interfacial reactivity was found
at 750 K. Figure S31a shows that the Li2S-(001)/LPS-(001) interface evolves similarly at 750 K
exhibiting the reduction of PS4>~ anions to PS3>” and S*". At 300 K, after the formation of the S3P-
S3 anion, this species recombines with an additional S* from the surface and, subsequently,
decomposes to form PS3p)”and S4*. At 750 K, however, a PS4 binds with one S from the electrode
to form a S3P-Sa species. A S2* polysulfide is also formed from the oxidation of two S* anions.
The Li2S-(111)/LPS-(001) interface is, as at 300 K, stable and no decomposition or recombination
reactions were observed. The time-averaged charge transfer was very similar in both cases to the
simulations at 300 K (Figure S31c). Regardless of the change in magnitude of the averaged
interfacial energy, the relative behavior was found to be the same: Li2S-(001) > Li2S-(111). Thus,
we are confident that our results are consistent and show, overall, a good description of the SSE/S-

cathode interfaces.
4. Conclusions

We used DFT ground-state optimizations and AIMD simulations to study the initial stages

of the interface formation between sulfide-based SSE and the S-cathode. All the interfaces showed
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some degree of affinity between the electrode and electrolyte as shown by the work of adhesion.
Despite the SSE material, the interfacial energy exhibited positive value and followed this trend:
S-(001) < Li2S-(111) < Li2S-(001), which was correlated with the reactivity of the cathode
surfaces. The interfaces were found to be rather stable during the AIMD simulations; nonetheless,
several interfacial reactions took place during the DFT-optimization. All the reactions were fully
characterized. It was found that PS4 typically reduces to PS3* and S*. In addition, the PS4*
tetrahedron can also react with S or other thiophosphate anions to form polysulfidophosphate-type
anions (PS4n)>" or P-[S]a-P-type oligomers, respectively. Moreover, polysulfide chains were also
identified as an important part of the formation of the interfaces. Finally, charge transfer analysis
showed that a charged electrode, S-(001), could partially oxidize the SSE. In contrast, Li2S could

lead to the reduction of the solid electrolyte material.

In summary, this study provides new insights on the cathode-solid electrolyte interfacial
behavior at two limiting stages of the Li-S battery operation. The fundamental understanding of
these interfaces is critical in order to overcome the interfacial challenges facing this battery
technology. In addition, we also show the potential of using computational tools such as DFT-

based methods to accelerate the understanding and design of next generation of battery materials.
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