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ARTICLE INFO ABSTRACT

Keywords: LISICON-like materials are attracting attention as promising new Li-ion conductors with potential use in all-
Solid-state electrolyte solid-state Li-ion batteries. Although the concept of cooperative diffusion mechanism has been discussed before,
Li;oSiP5S12 a detail understanding of the diffusion process is still lacking for this material. Here, an atomic-scale in-

Cooperative migration
Local configurations
Atomic simulations

vestigation of the Li;(SiP»>S;2 (LSPS)-based system using advanced simulation techniques provides valuable
insights into its Li-ion conducting mechanisms. We find that Li-ion conduction in LSPS occurs through a con-
certed motion of interstitial and lattice Li-ions, evidenced both from molecular dynamics trajectory analysis and
energy barrier calculations. The cause for the cooperative migration is the existence of a low-barrier step, by
which one Li-ion's migration helps another adjacent Li-ion's migration through mutually beneficial S atoms
relaxation and electrostatic interaction. Cooperative migration occurs in the channels formed by connected LiS4
tetrahedrons through Li-Li interaction as well as dual-Li-sites. Cl-doping can enhance cooperative migration by a
new low-barrier step due to more flexible PS3Cl and large oscillation of Li, which smoothes Li potential energy

surface and enhances cooperative migration.

1. Introduction

A range of rechargeable battery technologies are being investigated
to satisfy the increasing demand of advanced energy storage systems
[1]. In particular, the high energy density of all-solid-state lithium
batteries (ASSLBs) and their potential high safety capability make them
viable candidates for electric vehicles [2-6]. The ASSLBs require solid
electrolytes with good Li-ion conductivity. In order to optimize the
performance of solid electrolytes, fundamental understanding of ionic
transport within a structure of a solid electrolyte is required [7-10].

Over the years, the sulfide LISICON-like materials have been pro-
posed as promising candidates for inorganic solid electrolytes (ISEs)
following the exciting discovery of cooperative migration in Li;oMP5S;»
(M = Si, Ge, and Sn) family [11-15]. Li;oMP,S;, family shows the
highest Li-ion conductivities above 10 mS/cm at room temperature
[12]. Kato and Kanno et al. [16] reported Lig54Si;.74P1.44S11.7Clo3
(LSPSCI) solid electrolyte with the highest conductivity (25 mS/cm).
These materials have a space group P4,/nmc and a body-centered cubic
anion sub-lattice structure. In between the PS, and SiS, tetrahedra, four
partially occupied Li sites are presented in the crystal structure.
Therefore, multiple accessible sites are available for Li-ions, which
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causes occupation disorder.

A critical yet unanswered question is what is the atomic-scale me-
chanism controlling Li-ion transport in this system? Based on structural
and geometrical considerations, possible Li-ion migration paths have
been proposed [17,18]. Moreover, three explanations of Li-ions mi-
grations have been proposed and they differ from each other on how
movement of Li-ions is achieved [19-23]. The first explanation suggests
that Li-ion conduction in ISEs occurs through an interstitial mechanism
involving the concerted knock-on motion of interstitial and lattice Li-
ions [19,20]. The second explanation is string-like migration pattern
triggered by the electrostatic interaction among the mobile Li-ions
when ISEs have high concentrations of mobile Li-ions [21]. The third
explanation suggests Li-ions collectively hop into neighboring lattice Li-
ion sites by kicking the Li-ions occupying these sites out [18,22,23]. In
addition, Boris et al. [24] suggested that ionic transport is controlled by
the frustration of the Li-sublattice because of incommensurability with
the host structure at noninteger Li contents by theoretic calculations of
garnet ISEs.

Given this situation, it is thus worthwhile to further investigate this
situation by more careful analysis and tests. Intuitively, it seems more
plausible that more than one Li-ions (Li-Li distance regularly exceeding
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3 A) migration at the same time could induce large structural changes
leading to reduce Li-ion migration barrier. Currently, although some
studies for Li-ion cooperative transport in Li;oMP,S;, have been re-
ported, the origin of cooperative migration remains unclear. Such in-
vestigations on the motivation for cooperative migration and how to
implement it are rather limited. Such mechanistic details on relation-
ship between the multi-Li-ions cooperative diffusion and local structure
need to be explored to gain a deeper understanding of the macroscopic
transport behavior that underpins potential strategies for optimizing
the conductivity of ISEs, as well as designing next-generation materials.

In this work, we adopted atomistic (first principle calculations) and
ab initio based molecular dynamics (AIMD) simulation techniques to
probe the Li-ion transport mechanism by comparing with single Li-ion
direct-hopping and two Li-ions cooperative migration, and their related
Li-ion migration pathways, and the role of Cl dopants on the ionic
conductivity of LSPSCI structure.

2. Computational details and structural models

All DFT calculations are carried out using the Vienna ab initio si-
mulation package (VASP) [25] within the projector augmented wave
(PAW) approach [26]. The generalized gradient approximation is
adopted in the parameterization of Perdew, Burke, and Ernzerhof (PBE)
to describe the exchange—correlation functional [27,28]. A supercell
containing 4 formula units (f.u.) of Li;(SiP»S;5 as a model was used. A
k-mesh (3 x 3 x 2) was generated using the Monkhorst-Pack method
to sample the Brillouin zone. The evaluation of the migration barrier of
Li-ion is carried out by the climbing image nudged elastic band (cNEB)
method as implemented in VASP [29]. The Li-ion dynamics are per-
formed using the AIMD under the NVT ensemble (at T = 300, 400, 500,
600 and 700 K) and Nosé thermostat to give a simulation time of 30 ps.
The ionic trajectories analyses of AIMD simulations use Python Mate-
rials Genomics (pymatgen) [30] and its add-on package pymatgen-
diffusion [31]. NVT AIMD simulation is also used to calculate the Li-ion
diffusion coefficient (Dy;) and predict the room temperature con-
ductivity (or;). The calculation details of Dy; and oy; are present in
supporting information (SI).

The crystal structure of LSPS has tetragonal symmetry and is com-
posed of isolated SiS, and PS, units with no sharing S, which form two
channels along c and ab-plane (Fig. 1a). On the other hand, it is useful
to image the LiS, tetrahedral sharing S from different SiS, and PS,
tetrahedrals. The Li-ion diffusion pathways are highlighted by the LiS,
tetrahedral configurations and sketches in Fig. 1b (but not all the LiS,
are occupied with Li at its center for a given configuration snapshot).

To construct the Cl-doped LSPS system, an S atom in LSPS is sub-
stituted with a Cl atom. In modeling the Cl-doped LSPS system, the
formation of Li vacancy in LSPS is considered because the substitution
of C1~ for S*~ can be charge-balanced by the formation of Li vacancy at
the adjacent site. The detail for formation energy is described in SI. Fig.
S1 presents the calculated Cl-dopant formation energies as functions of
the Fermi level [32]. For Fermi energy above valence band maximum
(VBM), the formation energies of neutral state of Cls® is under the in-
tersection of the Cls™! and Clg™?, suggesting neutral state of Cls° is the
most favorable one in LSPSCI. We also check the Cl-dopant at an in-
terstitial site. Fig. S2 shows that formation of interstitial Cl-dopant in
LSPS is only favorable under extreme high chemical potential of CI.
Under the chemical potential of Cl defined by LiCl, the formation en-
ergy of interstitial Cl is about 3.8 eV. Therefore, LSPSCI structure with
neutral state of Cls® is the most thermodynamically favorable one,
which is consistent with experimental observation [16].

For the Li channel along the c-axis, there are two types of tetra-
hedral distinguished by their shapes, denoted as 1 and 2 with occupied
Li; and Li,, respectively. They can also be divided into two types: 1, 1
types and 2, 2’ types due to orientation difference. Since 1 and 1’ sites
are close together, they will also be called dual-Li-sites. Along the
possible path on the ab-plane, there is another Li-site which we call site
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3 with occupied Liz, with 6-S atom surrounding this site. The channels
are consisted of edge-sharing LiS4 units along c-axis and edge-sharing or
point-sharing polyhedron LiS; units along ab-plane. The Li; ;- and Lis /o
tetrahedrons make up the c-axis channel, and Li; ;- and Lis polyhedrons
make up the ab-plane channel. Due to the symmetry of the system, Li;
and Li;> are two equivalent positions, similarly for Li, and Liy. The
distance for adjacent Liy ;- sites (assigned dual-Li-sites) is about 1.4 A,
which is much shorter than that of Li-Li regular distance (> 310\), e}
double occupancy of the two sites is highly unfavourable (by over
1.80 eV according to our calculation). Fig. 1c shows optimized LiS,4
tetrahedrons along the c-axis and ab-plane, both with three Li-ions in
the unit cell.

3. Results and discussion
3.1. Stability of LSPS and LSPSCI

Phase stability of LSPS and LSPSCI is analyzed after computing the
decomposition energy (AEgecomposition) Of LSPS or LSPSCI with respect to
the possible decomposition compounds. AEgecomposition i defined as

AEdecomposition(LSPS/ LSPSCI) = E(LSPS/LSPSCI)
compounds).

E(decomposition

@

The negative value of AEgecomposition Means the decomposition is
unfavourable. Here, we consider three combinations for LSPS: 1)
LilOSistlz = 2L13PS4 + Li4SiS4, 2) LimSiPZSu = PzSS + 5leS + SiSz,
and 3) Li;(SiP5S:5 = 2LisPS4 + 2Li»S + SiS,; and one combination for
LSPSCI: Li19512P4523C1 = 2P255 + 9L125 + 25182 + LiCl. The coeffi-
cients for all the decomposition compounds are positive. The calculated
formation energies are listed in Table 1. The large negative values in
Table 1 mean the LSPS (—69.08 meV/atom) and LSPSCI (—50.38 meV/
atom) are thermodynamically stable with respect to the equilibrium
phase decomposition to binary P5Ss, Li,S, SiS,, and LiCl. The favorable
decomposition case for LSPS is decomposition into the ternary com-
pound (Li3PS4) and binary compounds (Li,S and SiS,) with a decom-
position energy of 1.21 meV/atom, as shown in Fig. 2a constructed by
open quantum materials database [33] in Materials Project [34]. Si-
milar to LSPS, LSPSCI could easily decompose into LizPS, and binary
compounds (Li»S, LiCl and SiS,), with a decomposition energy of 19.22
meV/atom. Although this is positive, but it is extremely small, probably
within the limitation of the DFT accuracy. On the other hand, recent
experimental endeavor demonstrates the synthesis and ionic con-
ductivity of LSPSCI [16]. Thus, thermodynamic meta-stability leading
to the solid-solid phase decomposition is less problematic in practice
due to the associated kinetic barrier.

To verify their practical application, we evaluate the interfacial and
compatibility against to Li-metal anode and several cathodes. First, we
evaluate the electrochemical stability of LSPS/LSPSCI against Li re-
duction (from 0 to 5V) by the Li grand potential phase diagrams, as
shown in Fig. 2b and c. The stable phases at different voltage are also
listed in Fig. 2b and c. The stability window is determined after con-
sideration of the energy of the lithium extraction or insertion without
any mixing reaction between LSPS/LSPSCI and Li. We note the narrow
stability window of LSPS and LSPSCI is similar from 1.7 to 2.2V, in-
dicating Cl-dopant does not significantly alter the stability of LSPS
against Li reduction.

To understand the interfacial electrochemistry between LSPS/
LSPSCI with cathodes, we consider all possible reactions of the form x
(LSPS/LSPSCI) + (1-x)(Cathode) — Cequilibrium, Where Cequilibrium iS the
low energy phase equilibrium determined from the phase diagram, and
x is the mixing parameter varying from O to 1. Thermodynamically
feasible chemical reaction between the LSPS/LSPSCl and cathodes
(LiXO,, X = Ni, Co, and Mn, LiFePO,, LiMn,0,) are detailed in Figs. S3
and S4 of SI. We find that compared to the LSPS, LSPSCI shows lower
reaction energies with oxide cathodes. LSPS undergoes the
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c-axis path

ab-plane path

Fig. 1. (a) Schematic of LSPS and the diffusion paths. (b) Illustration of Li-ions occupying the spaces of LiS, tetrahedrons and the connection between tetrahedrons.
Dual-Li-sites are labelled as Li; and Li;> due to their short distance. (c) Typical LiS4 configurations along c-axis and ab-plane.

transformation to phosphates (with PO, units) and transition metal
sulfides (M,Sy, M = Ni, Co, Mn and Fe). The predominance of LisPO, as
the interfacial composition can facilitate the Li-passivation in LSPS and
LSPSCL. The results in Figs. S3 and S4 also suggest the favorable com-
bination is LiFePO, combined with LSPS or LSPSCl, which exhibits
minimal reaction energy.

In summary, the LSPS and LSPSCl is thermodynamically stable
against the decomposition to binary sulfide and LiCl. The cathodic and
anodic limit for LSPS/LSPSCI is about 1.7 and 2.2V, respectively. The
LSPS/LSPSCI can undergo chemical reaction with high voltage of oxide
cathodes (LiXO,) and the possible combination is LiFePO,~LSPS/
LSPSCI.

3.2. Li-ion diffusion in LSPS by AIMD calculations

In order to study the detailed migration pathway in LSPS, we first
carried out AIMD NVT calculations under different temperatures. As
temperature increases, Li-ions become delocalized from their initial
sites, leading to Li-ions diffusion. Such techniques are well suited to
probe Li-ions transport mechanism directly since ionic conductivity is
temperature dependence.

The overall Li-ions trajectory density during the AIMD simulation
enables the diffusion pathways to be visualized. Under the temperature
of 400K, the shape and size of the density in Fig. 3a shows Li-ions

Table 1

diffusion paths within this system which is anisotropic, restricted ex-
clusively to the channels along c-axis with no obvious evidence of Li-ion
diffusion in the ab-plane. In comparison, the trajectory density of Li-
ions under the temperature of 600 K in Fig. 3b shows ab-plane diffusion
through the Lij sites. These results suggest that Li-ion migration occurs
preferentially along c-axis, especially at lower temperature.

For detailed analysis, in Fig. 4 we have focused, as selected ex-
amples, on trajectory density of different Li-ions along c-axis, dis-
tinguished by their color. First, at low temperature (300K), the dis-
tribution of trajectories in Fig. 4a suggests the motion of Li-ions are
constrained with only a local oscillation of Li-ions. However, the tra-
jectory size of dual-Li-sites (Li; and Li;») is greater than that of Lio,
suggesting a high mobility of Li; ;.. To examine this point further, we
compared the site displacement function (SDF) of Li; and Liy as a
function of simulation time. The SDF equation is defined d(t) = |r(t) - r
(0)], i. e, the distance between the position of the Li-ion at time ¢ (r(t))
and the initial position of the Li-ion atom at time 0)). The SDF results
(Fig. 4b) of Li; have higher divergence than that of Li,,, which is con-
sistent with the trajectory density plots.

It is useful to understand why dual-Li-sites have higher mobility. For
this, we analyzed the structures of c-axis channel connected by edge-
sharing LiS, tetrahedrons. These edges are relevant to bottleneck of Li-
ions diffusion. Fig. S5 in SI shows the sharing-edges length distribution
probability over 30 ps NVT AIMD simulation (T = 300 K). The results

Phase stability (Egecomposition) Of LSPS and LSPSCI with respect to equilibrium.

Compound Decomposition equation Decomposition energy (meV/atom)
LSPS Li SiP,S12 = 2Li3PS, + LisSiS, —57.36

Li;10SiP2S12 = PoSs + 5LixS + SiS, —69.08

Li;0SiP2S12 = 2Li3PS; + 2LixS + SiS, 1.21
LSPSCl Li;9SioP4S23Cl = 2P,Ss + 9Li>S + 2SiS, + LiCl —50.38

Liz0SisP4S23Cl = 4LisPS; + 3LinS + 2SiS, + LiCl 19.92
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Fig. 2. (a) The Li,S-P,Ss-SiS, phase space with Li;¢SiP»S;» appeared. (b) and (c) Electrochemical stability windows of LSPS and LSPSCI. The voltage profile and
phase equilibria of LSPS and LSPSCI upon lithiation and de-lithiation that determine the anodic and cathodic reactions are shown.

suggest that the sharing-edge between Li; and Li;. sites is larger than
others, which explains the easier Li-ion transfer from one site to an-
other.

At 400K, the shape of trajectory density distribution in Fig. 4c
suggests all Li-ions undergo a jump motion from initial to neighboring
sites in one direction. In upper inset of Fig. 4d, the intensity of Li;-ion
displacement around 10 ps increases suddenly with the simulation time
and stays around this intensity for 5 ps at least. This increase shows that
Li, is displaced for distance larger than 1.0 A. This appearance of this
transition is the signal for Li-ion jumping into its neighboring site and
staying on that site for 5 ps at least. A similar phenomenon is observed
for Li, and Li;> (below insets of Fig. 4d): a sudden increase of Li-ion
displacement around 10 ps, staying on that site for some time (around 5
ps) then jumping to achieve a displaced distance larger than 2.0 A
around 15 ps, suggesting that Li-ions jump into new sites other than the
ones at t = 0. Furthermore, the three Li-ions’ jumping occurs at almost
the same time (e.g., at 10 ps in Fig. 4d), suggesting correlated motion.

Considering the high mobility of dual-Li-sites, Li-ions diffusion is
likely to be initiated by the motion of Li;, followed by the Li, — Li; and
Li;» — Liy shown in Fig. 4c. We also give the trajectory density dis-
tribution and SDF of Li-ions along ab-plane in Fig. 4e and f. An im-
portant feature is that the diffuse distribution and overlapping of Li;-
and Liz positions indicates that Li-ions are moving along ab-plane. The
SDF in Fig. 4f suggests that Li;- ion resides at an interstitial site (Li;) for
~2 ps and then displaces a Liz ion into a neighboring a Li; site.

3.3. Li-ion migration by cNEB calculations

After we analyzed the AIMD path, we now calculate the energy
profile by ¢cNEB method, thus provide an energetic picture for different
diffusion path. The merit of cNEB calculation is that it models local
lattice relaxation around the migrating Li-ions and, therefore, other
atoms such as S atoms are not treated simply as hard-sphere lattice of
fixed ions. In the cNEB calculations the configurations for single Li-ion

400 K

c-axis ab-plane

migration and multi-Li-ions cooperative migration can be investigated
separately, thus their perspective barrier heights can be compare.

Fig. 5 shows the energy profile of single Li-ion migration. We find
that the migration between Li; ;- sites (step 1) is very easy with low
energy barrier (~0.09 eV) but the migrations of Li; to Li, sites (step 2)
and Li, to Li ; sites (step 3) are difficult with high energy barrier
(~0.31 eV). Therefore, step 1, Li; — Li;> migration, is a low-barrier
step. This finding is consistent with the high Li mobility between dual-
Li-sites (Li; to Li;-) observed using AIMD techniques.

Fig. 6a shows the energy profile of multi-Li-ions cooperative mi-
gration with the important states along the pathway, namely, IS1 (in-
itial state), MS1 (meta-stable intermediate), FS1 (final state), IS2 (same
configuration as FS1), MS2, and FS2 (same configuration as IS1). The
diffusion steps become IS1 — MS1 — FS1 (IS2) — MS2 — FS2 (IS1) as
shown in Fig. 6b. The detailed intermediate (IM) configurations are
shown in Figs. S6 and S7 in SI. The whole migration can be divided into
two steps. 1) Li; moves to Li; site while Li,» moves to edge position
between Liy and Li;- sites (step 4). From MS1, Li; migrates into the Li;»
site and Li, migrates into an edge site. 2) Li, and Li;- approach to
lattice sites at the same time (step 5). In step 5, one Li moves in the
dual-Li-sites and the other Li jumps out the dual-Li-sites. We recall that
section 2.1 shows that double occupancy of the dual-Li-sites is highly
unfavourable. Therefore, the dual-Li-sites configuration serves to
highlight the cooperative migration by electrostatic repulsion. This
energy profile indicates that meta-stable intermediate (MS1, which is at
edge positions between Li,- and Liy- sites) is actually a local energy
minimum. The calculated energy barrier of complete migration is about
0.22eV.

Next, we studied Li-ion migration along ab-plane in LSPS as shown
in Fig. 7. In the configuration structure, the large space between Li;- and
Liz creates a Li-ion interstitial site, namely Li;. For single Li-ion direct-
hopping (Fig. 7a), the calculated barriers for step 8 to 10 are ~0.35 eV
(Li3 — Li;), ~0.12eV (Li;» — Li;), and ~0.21 eV (Li; — Li3), respec-
tively. Therefore, step 9, Li;» — Li; migration, is a low-barrier step,

600 K

ab-plane

Fig. 3. (a) and (b), the trajectory density (1 X 10~3 A3 isosurface level) of Li-ions in LSPS taken from 30 ps NVT AIMD simulations at 400 K and 600 K.
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Fig. 4. The trajectory density of Li-ions (3 X 103 A3 isosurface level), and SDF plots for Li-ion trajectories in the AIMD simulation. (a) and (b) are plotted at 300 K
along c-axis. (c) and (d) are plotted at 400 K along c-axis. (e) and (f) are plotted at 600 K along ab-plane. The right insets of (a) and (c) are the schematic of the Li-ions
diffusion. The black dashed line in (d) suggests the time nodes for Li-ions hopping. The black dashed line in (f) suggests an interstitial position. The yellow balls are S
atoms. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

which is also suggested by the trajectory density and SDF of Li;- as
shown in Fig. 3f. For cooperative migration (Fig. 7b), the energy profile
along with sketches of key configurations suggests the whole migration
also includes two steps: 1) Li;> — Li; migration (step 11); 2) Li; and Lis
migrate to the neighboring lattice sites at the same time (step 12). Here,
the metastable intermediate, MS3, is again a local energy minimum.
The calculated energy barrier is ~0.29 eV, suggesting cooperative mi-
gration is more favorable than single Li-ion direct-hopping. However,
the energy barrier is slightly higher than that along c-axis. Using

848

microkinetics and assuming the same pre-exponential factor in the
Arrhenius relationship (300K), it can be estimated that the diffusion
coefficient of Li-ions along c-axis is about fifteen times of that along ab-
plane.

The difference between the single ion paths shown in Fig. 5 and
cooperative path of Fig. 6 is that, for single ion, only one ion moved and
the local minima are the configurations where all Li atoms are in the
LiS, tetrahedral centers, while for cooperative migration, two Li atoms
move, and the higher energy metastable states are for Li atoms at the
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Fig. 5. The sketch and energy profile of single Li-ion direct-hopping migration via three migration steps along c-axis.

edges between two tetrahedral, which can change the transition state
(TS) structure and smooth the transition path of Li-ion migration. Fig.
S8 in SI provides an illustration of TS-1 (single ion path) and TS-2 (two
ions cooperative path) to help understand this point. In TS-2, Li; moves
to the edge site of dual-Li-sites, the distance between S, and Sg, i.e. the
length of sharing-edge in Li(1,)S4—Li(2nS4, is 4.52 /0\, whilst it is 4.23 A in
TS-1. As a result, the distance between the Liy- and the S, and Sg at is
2.57 and 2.58 Aat TS-2, which is ~0.12A longer than that inTS-1.
Therefore, the Li,- can get away from Li»»S,4 tetrahedron with the aid of
the Li; migration, in which the TS has better contact with both the Li,
(bonding with Sg and S;p) and Li; (bonding with S, and Sg) and reduces

(@)

the barrier of the Li»))-S; and Li(»))-Sg bond breaking. Therefore, the
migration of dual-Li-site can better stabilize the TS by means of mu-
tually beneficial S atom relaxation, which reduces the barrier of Li-ions
migration.

From energy point of view, the calculated results support the pre-
vious opinion that cooperative migration is due to the energy difference
of adjacent Li-sites [23]. In short, during the cooperative migration of
two Li-ions, the Li-ions located at the high-energy sites migrate down-
hill, which cancels out the energy barriers for other uphill-climbing Li-
ions, which lowers the overall barrier. In our cases of cooperative

‘f—‘" f! A A T;M:""N
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__ : ! : \
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Lin B E
Lir g 1
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Fig. 6. (a) The energy profiles and sketches of Li-ion cooperative migration along c-axis via two stages. (b) The geometric configurations of IS, MS and FS along
migration pathway.
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Fig. 7. (a) and (b) The energy profiles and sketches of single Li-ion direct-hopping migration and Li-ions cooperative migration along ab-plane. (c) The geometries of

IM3, MS3 and FS3 for Li-ions cooperative migration.

migration, a common feature is found that one Li-ion is at a metastable
edge site while the other Li-ion is at tetrahedral center site. In contrast,
Fig. 5 shows that for single Li-ion diffusion along c-axis, the energy
valley always resides at the central tetrahedral site with low energy,
and energy peak is at the sharing-edge between tetrahedrons with high
energy.

In summary, the motion of LBS helps neighboring Li-ion to over-
come a high-barrier step via mutually beneficial S atom relaxation,
thereby forming a metastable structure at which allows electrostatic
repulsion to give extra-force to push lattice Li-ions and smooths the
energy profile of Li-ions.

3.4. Effects of Cl-dopant on Li-ion migration

Cl-doping can greatly enhance the conductivity of LSPS [16], it is
thus necessary to understand the Cl-mediated mechanism and the ef-
fects of Cl-dopant on cooperative migration. Two Cl-doping config-
urations are optimized based on the experimental conclusion that Cl-
dopants replace S-atoms in LSPS, as shown in right insets of Fig. 8a and
b. In case I, Cl-dopant resides at sharing-edge of dual-Li-sites, which
enlarges the volume of dual-Li-sites because of long bonds: Li-Cl
(2.74 f\) and CI-S (4.71 [o\). In case II, Cl-dopant resides at the sharing-
edge in LiS4-Li(1)S4, which again enlarges the volume of the two
tetrahedrons because of long bonds, Li-Cl (2.72 1°\) and CI-S (4.59 f\).

Next, we estimate the diffusivity of LSPS and LSPSCIl as shown in
Fig. S9. The room temperature Li diffusion coefficient (Dy;) within
LSPSCl (1.6 x 107 cm?/s) is larger than that for LSPS
(8.8 x 10~ 8cm?/s). Consequently, the room temperature (298 K) Li-
ion conductivity for LSPSCI is about 20.0 mS/cm, which is also larger
than that of LSPS (11.0 mS/cm). Therefore, we propose LSPSCI as an
affordable Li-superionic conductor.

To understand this enhancement of Cl-dopant on ionic conductivity,
we obtain their trajectory densities of Li-ions from NVT AIMD
(T = 400K) shown in left insets of Fig. 8a and b. Comparison of the

shape of trajectory density with that of LSPS in Fig. 3, Cl-dopants leads
to a new diffusion channel in case I (Fig. 8a). Radial distribution
functions (RDFs) for Li-S and Li-Cl calculated during simulation time
are shown in Fig. 8c. The sharp peaks centered at about 2.50A and
2.70 A for the Li-S and Li—Cl separations, suggest that the average bond
length of Li-Cl is larger than that of Li-S. Furthermore, the angle tra-
jectories for ~Cl-P-S and £S-P-S during simulation time are shown in
Fig. 8d. The results suggest that the average angle for «S-P-S is always
close to the ideal value whereas that for «Cl-P-S has considerable
fluctuations, indicating the rotation motion of the PCIS; tetrahedral
units and flexibility of the structure. The flexibility of Cl related
structure make it easy for Li to pass through, since during the transition
point it is necessary to deform the tetrahedron. The above result in-
dicate that Cl-dopants liberate adjacent Li-ion and promote Li-ion mi-
gration.

To further examine the influence of Cl-dopant on structures during
Li-ion migration,We also calculated the single Li-ion hopping within
Li(2)S3Cl-Li(1)SsCl of case II. The calculated barrier for above step is
about 0.13 eV, suggesting a low-barrier step in case Il but it is 0.31 eV in
LSPS (step 3 in Fig. 5). To prove this, we compared the SDF of Li>-ions
(within Li)S4 and Li)S3Cl) (Fig. 9). The SDF results show that the
displacement of Li from Li5)S3Cl tetrahedron is much larger than that
from Li»)S4. The above result indicate that Cl-dopants liberate adjacent
Li-ion and promote Li-ion migration. In case II configuration, the co-
operative migration barriers along c-axis and ab-plane are lowered to
0.19 and 0.22 eV, respectively, as shown in Fig. S10. This finding im-
plies that Cl-dopant could further enhance migration by the new low-
barrier step due to Li)S3CL

4. Conclusion

The Li-ion transport mechanism of LSPS and LSPSCI in Li;MP5S;»
family, including atomic structure, Li-ion transport mechanism and ion
diffusion barriers, are investigated using AIMD and ground state barrier
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height calculations. Multi-Li-ions cooperative migration creates fast Li-
ion conduction for LISICON-like Li;oMP5,S; ISEs.

Three discoveries are summarized here. First, Li-ion migration fol-
lows cooperative migration mechanism involving the concerted motion
of shared-edge Li site and tetrahedral center site. While the shared-edge
site is a higher energy site for Li, the tetrahedral site is a low energy site
for Li. It is due to the cooperative transition between the Li-ions at these
two sites which makes the total energy of the transition path smooth,
and results in a lower barrier. Second, cooperative migration comes
from a low-barrier migration step caused by a favorable LiS, config-
uration along the channels of c-axis and ab-plane, i.e. dual-Li-sites. This

leads to a metastable intermediate with a more favorable local bonding
geometry of the Li and S atoms, which makes the TS geometry stable.
An important determining factor of this transport mechanism is the
flexibility of PS, units. As the transition point requires the deformation
of the LiS, tetrahedron, a flexible PS, unit (e.g. being able to rotate) will
lower the barrier height. Third, Cl-doping enhances cooperative mi-
gration by making the corresponding SiClS3 units more flexible, which
leads to new low-barrier step or a new diffusion channel.
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