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Li;oMP,S1, (LMPS, M = Ge, Sn, or Si) share an underlying body-centered cubic (bcc) anion framework
enabling their high Li-ion conductivity. To take full use of the high conductivity of the bcc anion
framework and boost the electrochemical stability, we have theoretically developed the chemistry of
local structural motifs of LMPS to build the oxygen frameworks LiygSiP,O1, (LSPO) and LiygSioP4O23ClL
(LSPOCI), which combine good electrochemical stability and high Li conductivity. They exhibit a wider
electrochemical stability window compared to their sulfur analogue. At the anode side, they form ionic
conductive but electronic insulating phases that prevent further reduction. The bcc oxygen framework

allows Li cooperative migration with a low migration barrier (~0.30 eV) in adjacent tetrahedral sites,
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migration because of the increased hybridization between the Si/P and Cl atoms. The LSPO and LSPOCI
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1. Introduction

In electric vehicle batteries, safety concerns have been an
obstacle for conventional rechargeable lithium batteries (LIBs)
owing to their potential risks such as volatilization, flamma-
bility, and explosion.' Currently, solid-state lithium-ion elec-
trolytes are being considered as potential replacements for
liquid electrolytes due to the large electrochemical stability
voltage window, high chemical stability, and diminished flam-
mability.*® Currently, the highest-conductivity inorganic solid-
state electrolytes (ISEs) are in lithium thiophosphate systems,
with Li,P3S;; and materials isostructural to LMPS (with a space
group P4,/nmc), having room-temperature conductivities of up
to 17 mS cm™ ' and 25 mS cm ™, respectively, even higher than
those of organic liquid electrolyte counterparts (~10
mS cm™").”° The reason behind the high Li-ion conductive ISEs
is attributed to a body-centered cubic (bcc) sulfur anion
framework that allows Li-ions to migrate within a network of
energetically equivalent LiS, tetrahedral sites.*'®'* However,
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electrochemical stability and ionic conductivity.

currently, there are three main obstacles for LMPS: (1) strong
interfacial reactions at the cathode-electrolyte interface, (2)
narrow electrochemical stability window, and (3) very poor
moisture stability."

In contrast, the oxygen-based analogues can avoid the above-
mentioned interfacial stability (the interface between the high-
voltage transition metal oxide cathode and ISEs) and moisture
stability problems.”*™* Recently, there have been few efforts
toward the understanding of Li-ion diffusion of oxygen partially
substituted Li;oMP,S;,_,O,, and it has been found that the
presence of PO, units helps in structural stability without
reducing Li-ion conductivity.'**” Tuning the two different local
structural motifs ((M/P)S, and LiS, units) by oxygenation within
the rare bce surface framework may well combine the stability
with high Li conductivity. However, there are a few studies
about the full substitution of sulfur by oxygen, that is,
Li;oMP,0,, (LMPO), especially about structural properties,
electrochemical stability, and Li-ion diffusion in LMPO.
Whether this lack of good LMPO conductors is intrinsic or
a result of the fact that they may be more difficult to synthesize
is not yet clear. To date, just one experimental study demon-
strated the feasibility of the synthesis of Li;(SiP,0;,."®

Here, using density functional theory (DFT) and molecular
dynamics simulations coupled with the Pymatgen code, we have
investigated the crystal structures of Li;,SiP,0;, (LSPO) and its
chlorine (Cl)-doped one Li;Si,P,0,3Cl; (LSPOCI), and focused
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on three issues: (i) the structural and electrochemical stability,
(ii) the Li-ion diffusivity and the Li-ion transport mechanism,
and (iii) the O-Cl mixed effects on the stability and ionic
conductivity.

2. Results and discussion

2.1. Structural properties, phase stability, and
electrochemical stability

We employ the well-studied Li;(SiP,S;, (LSPS) framework to
provide an insight into the influence of full oxygenation that is
Li;oSiP,04,. As shown in Fig. 1a, the LSPO structure has the
following properties: (i) Octahedrally coordinated lithium (4d
sites) is edge-shared with 4d (P/Si)O, tetrahedra along the c-axis
and corner-shared with 2b PO, tetrahedra along the a- and b-
axes, forming the backbone of the structure. (ii) The two tetra-
hedrally coordinated sites (the 8f and 16h sites) form one-
dimensional chains of edge-sharing tetrahedra. Upon
substituting S with O in LSPS, the increased hybridization
(covalency) between the Si/P and O elements can shorten the
bond length between the cation and anion, and thus reduces
the lattice parameters. As expected, after the optimization, the
lattice parameters of LSPO (Fig. 1a) are a = b = 7.08 A, and ¢ =
10.41 A (a = 87.56°, § = 91.12°, and y = 90.06°). The lattice
parameters calculated for LSPO are much smaller than those of
LSPS (@ = b = 8.75 A, and ¢ = 12.89 A (a = 88.56°, § = 91.07°,
and vy = 89.33°)). Therefore, the volume of the Li-ion diffusion
channel in LSPO is also smaller than that in LSPS. As suggested
by previous studies, the contractible diffusion channel within
a given crystal structure may increase the Li-ion migration
activation energy and weaken ionic conductivity.'**' But the
Coulomb interactions among Li-ions may increase Li-ion
mobility because of the shortened Li-Li distances in the c-axis
and ab-plane, making the overall effect on the migration barrier
unclear. In addition, using the GCLP and DFT-computed bulk
energy of LSPO, the compositions that appeared in the Li,O-
P,05-Si0, phase space are shown in Fig. 1b. There is only one
combination for LSPO decomposition or synthesis that is the
decomposition of LSPO into ternary Li;PO, and Li,SiO,4, with
a decomposition energy of 91.23 meV per atom. Based on the
definition of phase decomposition energy (Epq = E(LSPO) —
E(Li3PO,) — E(LisSi0,)), a positive value means the decompo-
sition is thermodynamically unfavorable. Thus, LSPO shows
very good phase stability.

(a) "Y"
_ PO, J @ O‘

b (b | 8
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Fig.1 (a) Top (left inset) and side (right inset) views of the LSPO crystal
structure. (b) Compositions that appeared in the Li,O—P,O5-SiO,
phase space along with LSPO. The purple, red, and yellow spheres
represent Li, O, and S atoms, respectively.
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Except for the smaller lattice parameters, the electronic
structures (Fig. 2a) as reflected by the total density of states
(TDOS) for LSPS, LSPO, and LSPOCI show that the oxygenation
greatly enlarges the bandgap (4, = 5.54 eV (5.21 V) vs. 2.44 eV
for the LSPO (LSPOCI) vs. the LSPS, respectively) because the
strong hybridization of Si/P with O in (Si/P)O, units lowers the
oxygen electron states. LSPO and LSPOCI are wide-bandgap
insulators with limited electrical conductivity. While the large
bandgaps of LSPO and LSPOCI suggest high electrochemical
stability, the actual stability also depends on the alignment of
the bands relative to the Li metal anode Fermi level and the
cathode conduction band. The energy band of the Fermi level or
conduction band can be directly converted to lithium chemical
potential using the above equation (ur; = u;® — eV) detailed in
the computational section. After examining the phase diagram
of up; ranging from Li metal potential (0 V) to the cathodic
voltage regime (5 V), we have determined the “stability window”
versus bulk Li for LSPO, LSPOCI, and the reference ISEs such as
LSPS, as shown in Fig. 2b, c and d, respectively. The Li uptake
processes of per formula unit (f.u.) of LSPO and LSPOCI against
voltage vs. Li/Li* are shown in Fig. S1 of the ESL{ For LSPO
(Fig. 2b), at the Li-metal anode (from 0 to 0.22 V) LSPO
decomposes into Li,;Sis, Li;3Si4, LiySiz, Li,O, and LizP. The
formation of electrically conductive Li-metal alloy makes the
interphase an MCI (mixed ionic-electronic conducting inter-
phase) leading to the continued decomposition of LSPO. From
0.22 to 0.68 V, LSPO begins to decompose into Li,O, Li,SiO,,
and LizP which likely functions as an SEI (solid electrolyte
interphase) due to the poor electronic conductivity. At the
anode side 0.68 V to the cathode side 3.46 V, LSPO theoretically
decomposes into Li,SiO, and Li;PO, whose bandgaps are large
enough (4, = 5.09 and 5.84 eV) to block electrons but allow Li-
ion transport. At the cathode side 3.46 V, LSPO will decompose
into LiOg (4y = 0 V), LizPOy, Li,Si0;, and Li (4, = 0 eV) as it
makes the interphase an MCI. Thus, although the absolute
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Fig. 2 (a) Total density of states of LSPS, LSPO, and LSPOCL, respec-
tively. (b and ¢) The voltage profile and phase equilibria of LSPO and
LSPOCI solid electrolytes upon lithiation and delithiation that deter-
mine the anodic and cathodic reactions, respectively. (d) Electro-
chemical stability windows (cyan bar). The yellow region reflects the
possible extension of the electrochemical stability window.
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electrochemical stability window of LSPO does not exist,
decomposition products are electronically insulating and Li-
conducting at 0.22 to 3.46 V and can inhibit further decompo-
sition, so the electrochemical stability window is suggested in
the range of 0.68 to 3.46 V (in the cyan region of Fig. 2b) and the
extended range of 0.22 to 0.68 V (in the yellow region of Fig. 2b)
where the interphases are SEI-like compounds.

In that spirit, we suggest that LSPOCI can be electrochemi-
cally stable in the window of 1.14 to 3.17 V (in the cyan region of
Fig. 2¢) where the decomposition phases Li,SiOs, Li,SiO,, LiCl,
and LizPO, are also good ionic conductors and electronic
insulators. The SEI-like interphases in the range of 0.22 to
1.14 V (in the yellow region of Fig. 2c) may further widen its
electrochemical window. The addition of Cl may contribute to
the formation of a passivating SEI containing LiCl that prevents
further reduction. In addition, for the phase equilibria of LSPO
at 0 V or against Li metal such as Li;PO,, Li,SiOy, Li,O, and Li3P,
the electrochemical stability calculations (Fig. 2d) show that
they exhibit a wider stability window, especially for Li;PO, and
Li,SiO4, which further protects LSPO and LSPOCI from
decomposition. Indeed, many experimental results prove that
the formation of passivating SEI leads to a wider electro-
chemical stability window in principle than in reality.>** Lastly,
such DFT estimated stability windows indicate the better
inherent stability and performance of LSPO and LSPOCI than
that of LSPS.

2.2. Li-ion migration mechanism in LSPO and LSPOCI

The Li diffusion properties of ISEs will change with anion
substitution, so it is important to evaluate the Li-ion mobility
(Li-ion migration activation energy) and transport mechanism
in the bec oxygen sublattice. Previous studies suggest that the
substitution of sulfur by oxygen in the thio-LISICON leads to an
increase of Li-ion migration activation energy, such as Li;PS,
and Li;PO, as well as Li,P,S, and Li,P,0,.>* The reason for the
high migration barrier may come from the smaller volume and
reduced polarizability of oxides, which increases the electro-
static interactions between the Li-ion and the host structure. On
the other hand, the bec oxygen framework also reduces the c-
axis lattice constant and thus reduces the Li-Li distance (up to
0.6 A decrease). This effect may increase the Coulomb interac-
tions among Li-ions, and thus decreases the activation energy of
cooperative migration. Therefore, it is necessary to study the Li-
ion migration barrier and the transport mechanism. Fig. 3a
shows the possible diffusion network consisting of c-axis
diffusion (Li;-Li,-Li;) and interchannel diffusion in the ab-
plane (Li;-Liz-Liy). The distinct Li sites are labeled as 1, 2, and
3. By applying the AIMD simulation, Fig. 3b shows the Li-ion
diffusion trajectory represented as dots including Li;/Li,
(purple dots) and Li; (pink dots). The diffusion in the ab-plane
becomes apparent over 750 K (Liz-ions (pink dots) are involved
in the whole diffusion). The AIMD results suggest that Li-ion
diffusion in the c-axis direction is much more favorable than
that in the ab-plane, and the Li-ion diffusion pattern changes
from one-dimensional (1D) to three-dimensional (3D) with
increasing temperature.
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Fig. 3 (a) Schematic diagram of the (110) plane of LSPO. (b) Li-ion
trajectory dots in LSPO obtained from ab initio molecular dynamics
(AIMD) simulations at 300 K (left) and 800 K (right). The purple dots
represent the original Li; and Li, ions and the pink dots represent
original Liz ions. (c and d) Energy diagrams of Li-ion migration in LSPO
(c) via the one Li-ion direct-hopping mechanism, (d) via two Li-ion
cooperative migration mechanisms along the ab-plane and c-axis. The
vacancy of Liy is labeled as Li,V. The purple, red, blue, and pink spheres
represent Li, O, Si, and P atoms, respectively.

To investigate the Li-ion transport mechanism in more
detail, the climbing image-nudged elastic band (CI-NEB)
calculations are carried out as shown in Fig. 3c and d. Two
migration models with the assistance of Li-ion vacancies are
considered: (i) one Li-ion direct-hopping migration (Fig. 3c) and
(ii) two Li-ion cooperative migration (Fig. 3d). The cooperative
migration model is that two adjacent Li ions migrate in pairs
and displace the Li-ions into their neighboring sites.”**® The
detailed results for the energy path of Li-ion cooperative
migration in structures along the ab-plane and c-axis are shown
in Fig. S2 and S3 of the ESI,{ respectively. Such a mechanism
has long been believed to dominate cation migration in LMPS,*
Li; 3Aly 5Ti; 7(PO4)3 (LATP),* and Li;LasZr,0;, (LLZO),* but has
not been elucidated in LSPO. For one Li direct-hoping migra-
tion (Fig. 3c), the calculated energy profile along the ab-plane
with the Li; and Li; sites has a barrier of 0.76 eV and that along
the c-axis with the Li; and Li, sites has a barrier of 0.46 eV. For
the two Li-ion cooperative migration (Fig. 3d), Li; & Li, and Li; &
Liz cooperate to transport along the ab-plane and c-axis,
respectively. Not surprisingly, the energy profile shows that
cooperative migration has much lower activation energy
(0.30 eV and 0.26 eV along the ab-plane and c-axis, respectively)
than one Li-ion direct migration. The calculated activation
energy of 0.26-0.30 eV for LSPO is comparable to the value of
~0.30 eV calculated for the LLZO composition.**** Therefore, in
bee-type lattices formed by oxygen, the Li migration barrier
arising from cooperative migration is close to that of other ISEs,
suggesting an affordable Li superionic conductor.

Based on the above discussion, LSPO has a wider electro-
chemical stability window (Fig. 2b), but the use of oxygen comes
at the cost of a migration barrier at least 0.90 eV higher than
that of sulfide LSPS. Substituting partial oxygen with halogen
Cl, that is LSPOCI, also maintains a wider electrochemical

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Li-ion trajectory dots in LSPOCLI obtained from AIMD
simulations at 800 K. The purple dots represent the original Li; and Liy
ions and the pink dots represent original Liz ions. (b) Mean square
displacements (MSDs) of Li-ions along the c-axis and a-axis crystal-
lographic directions are obtained from the AIMD trajectory at 800 K
within LSPO and LSPOCL. (c and d) Partial density of states (PDOS) for
the p-orbitals of O, Cl, P, and Si before and after Cl-doping in (c) SiO4
and SiO=Cl and (d) PO4 and POsCl, respectively. Insets show the (Si/P)
O4 and (Si/P)OsCl structural units. The green, red, blue, and pink
spheres represent Cl, O, Si, and P atoms, respectively.

stability window (Fig. 2c), but the effect on the ion mobility is
unclear. To study the effect of Cl-doping on Li-ion mobility, we
have done the AIMD simulation in LSPOCI, as shown in Fig. 4a.
The Li-ion trajectory dots overlap significantly at the upper Li;
site with the Cl-dopant, but less overlapping occurs at the lower
Li; site. This suggests that Cl-doping facilitates the diffusion of
Li; ions from one c-axis channel to the adjacent one. The mean
square displacement (MSD) of Li ions along the ¢- and a-axis
directions determined from the AIMD trajectory of 400 ps
reveals a nearly isotropic 3D Li-diffusion pattern (Fig. 4b). Such
3D diffusion behaviour (blue line in Fig. 4b) within the O-Cl
mixed framework is in slight contrast to the anisotropic 3D
diffusion in pure LSPO (black line in Fig. 4b), also suggesting
that the Cl-doping increases the Li-ion diffusion along the ab-
plane. The results are consistent with previous studies that have
found that Li-ion conductivity in Cl-doped LSPS is improved
compared to pure LSPS.*®

To further explain the effects of the Cl-dopant on conduc-
tivity, Fig. 4c and d show the partial density of states (PDOS) of
LSPO and LSPOCI for the O-, Si-, P-, and Cl- p-orbitals, respec-
tively. The hybridization between Si/P and O atoms leads to
redox stability and also the positive charges of Si/P atoms. But
compared with the (Si/P)O, units, (Si/P)O;Cl units show the
following two differences. The first one is that the orbitals of Si
or P shift downward and lower the electron states due to the
charge transfer from Cl atoms to Si atoms in the SiO;Cl anions.
The second one is that the shallow levels located near the
bottom of the lowest unoccupied molecular orbital (LUMO) at
approximately 3.0 eV in the SiO, anions turn into deep levels
(appeared clear peak value increases) in the (Si/P)Os;Cl units.
These levels are related to charge/electron trapping processes in
materials. In the (Si/P)O;Cl units, the deep levels near the

This journal is © The Royal Society of Chemistry 2021
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LUMO are expected to weaken the positive charge of the Si/P
ions, which reduces the electrostatic interaction between Li
ions and the host structure, leading to a lower Li-ion migration
barrier. In other words, the increasing hybridization between
the Si/P and CI atoms pulls the electron density away from the
Li-ion diffusion channel along the c-axis direction. This effect
helps to liberate adjacent Li-ions and leads to a levelling off of
energy potential of Li-ions that permits high ionic conductivity,
which has been proven by experimental studies.** Therefore, we
suggest that hybridizing the anion states is a viable way to
increase ionic conductivity.

3. Conclusions

In summary, we have explored the chemistry of local structural
motifs within the LMPS framework to overcome the trade-off
between electrochemical stability and ionic conductivity.
LSPO and LSPOCI exhibit a wider electrochemical stability
window compared to their sulfur analogue LSPS. When in
contact with Li metal, thermodynamic DFT analysis predicts
LSPO and LSPOCI to be fully reduced to products including
Li,O, Li,SiO,, LiCl, etc. These decomposition products prevent
further reduction of LSPO and LSPOCI as they are electronic
insulators and ionic conductors. Furthermore, the lattice
formed by O*>" anions offers strong Li-Li interactions, and the
Li migration barrier in bee-type anion frameworks is also lower
than that of other close-packed types (for example, y-LizPO,).
Cooperative migration both in the ab-plane and c-axis lowers
the migration barriers. Cl-doping leads to the variation in the
electronic structures and enables further enhancement of the
mobility of Li-ions. The Cl-doping effect also suggests that
hybridizing the anion states is a viable way to overcome the
trade-off between oxidation stability and ionic conductivity.
Therefore, compared with traditional individual Li-ion diffu-
sion behavior, Li-ion cooperative migration takes advantage of
creating a novel 3D Li-ion diffusion path with lower energy
barriers for LISICON-like LSPO solid-state electrolyte to enable
fast Li-ion diffusion for advanced all-solid Li-ion batteries.

4. Methods

All DFT calculations are carried out using the Vienna ab initio
simulation package (VASP)* within the projector augmented
wave (PAW) approach.’® The generalized gradient approxima-
tion (GGA) is adopted in the parameterization of Perdew, Burke,
and Ernzerhof (PBE) to describe the exchange-correlation
functional.®”*® A supercell containing 4 formula units (f.u.) of
Li;(SiP,0;, as a model is used for structural optimization and
Li-ion migration calculations. A k-mesh (2 x 2 x 2) is generated
using the Monkhorst-Pack method to sample the Brillouin
zone. The evaluation of the migration barrier of Li-ions is
carried out using the supercell with 4 fu. by the CI-NEB
method* as implemented in the VASP. The Li-ion diffusivity
in LSPO and LSPOCI is studied using AIMD simulations with
the GGA-PBE functional as implemented in VASP software. The
gamma-only k-point and a supercell containing 4 f.u. of Li;,-
SiP,0,, are considered. The time step and the total period cover
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for AIMD are 1 fs and 400 ps, respectively. MSD is the average of
the total number of Li-ions over the total period. The NVE
ensemble at elevated temperature, 800 K, is used during AIMD.
To study the electrochemical stability of the oxides with
respect to a range of possible electrochemical redox products,
we have evaluated the stability of LSPO and LSPOCI in the range
of applied voltage, V. Here, to check the effect of the Cl-dopant
on ionic conductivity, one Cl atom is doped with the oxygen of
PO, or SiO, units in four 4 f.u. LSPO, that is (P/Si)0, — (P/Si)
O;Cl. To maintain the charge compensation, one Li atom along
the c-axis is deleted from the bulk structure since Li atoms in
the c-axis channel are energetically equivalent in LSPO. The
applied voltage can be directly converted to Li chemical
potential (ur;) using equation (uy; = i’ — €V) neglecting
overpotential effects, where u;;° is the lithium chemical
potential in Li metal and e is the elementary charge. The elec-
trochemical stability window of the material corresponds to the
range of voltage over which it is stable (exactly on the grand
potential convex hull). The grand potential convex hull at
a given V is formed by the grand potentials of a set of phases
and their linear combinations that minimize the grand poten-
tial of LSPO and LSPOCI. Phase diagrams are constructed using
the grand canonical linear programming (GCLP) method and
the database consisting of DFT-computed bulk energies of
crystals, as available in the Open Quantum Materials Database
(OQMD).*** The above approaches are implemented within
Pymatgen (Python materials genomics), which is a robust, open-
source Python library for materials analysis. Details of the
methodology employed are shown in the usage website: https://
www.pymatgen.org/usage.html.
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