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ABSTRACT: A novel inorganic solid-state electrolyte (ISSE) with high ionic
conductivity is a crucial part of all-solid-state lithium-ion (Li-ion) batteries
(ASSLBs). Herein, we first report on Li2ZnXS4 (LZXS, X = Si, Ge, and Sn)
semiconductor-based ISSEs, crystallizing in the corner-sharing tetrahedron
orthorhombic space group, to provide valuable insights into the structure,
defect chemistry, phase stability, electrochemical stability, H2O/CO2
chemical stability, and Li-ion conduction mechanisms. A key feature for
the Li-ion transport and low migration barrier is the interconnected and
corner-shared [LiS4] units along the a-axis, which allows Li-ion transport via
empty or occupied tetrahedron sites. A major finding is the first indication
that Li-ion migration in Li2ZnSiS4 (LZSiS) has lower energy barriers (∼0.24 eV) compared to Li2ZnGeS4 (LZGS) and Li2ZnSnS4
(LZSnS), whether through vacancy migration or interstitial migration. However, LZGS and LZSnS exhibit greater H2O/CO2
stability compared to LZSiS. The novel framework of LZXS with relatively low Li-ion migration barriers and moderate
electrochemical stability could benefit the ASSLB communities.
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1. INTRODUCTION

Lithium-ion (Li-ion) batteries are being investigated to help
convert a conventional vehicle into an electric vehicle. High
capacity and high safety to ensure the safety of Li-ion batteries
are the utmost requirements for an electric car.1−5 The all-
solid-state Li-ion batteries (ASSLBs) require solid-state
electrolytes (SSEs) that exhibit good Li-ion conductivity and
electrochemical stability.6−10 In the last decade, major efforts
have been reported toward the exploration of new fast Li-ion
conductors, leading to several typical inorganic SSEs (ISSEs),
such as Li10GeP2S12 (LGPS),11,12 Li6PS5Cl (LPSCl),13,14

Li1.3Al0.3Ti1.7(PO4)3,
15−17 and Li7La3Zr2O12 (LLZO).18,19

Although compared to organic liquids or polymer electrolytes,
the Li-ion transport of ISSEs in ASSLB setups is not
satisfactory because of the following reasons: the ionic
conductivity of ISSEs is less than that of organic liquids or
polymer electrolytes at room temperature, poor interfacial
incompatibility between cathodes/anodes and ISSEs, and the
poor electrochemical stability of ISSEs.20−23 Hence, it is
necessary to find new ISSE materials with the following
characteristics: low electron conduction, high ion conduction,
and good electrochemical/chemical stability.24

Recently, a class of quaternary diamond-like semiconductors,
Li2ZnXS4 (LZXS, X = Si, Ge, and Sn), crystallizing in the
polar, noncentrosymmetric orthorhombic space group Pna21,
are used as nonlinear optical materials in the optical frequency
conversion field.25−27 The connectivity of point-shared LiS4
tetrahedrons, the wide band gap, and the polarizability of host

atoms in LZXS may well make them ideal for use in SSE
materials. However, to date, they have not been studied in the
context of Li-ion migration and electrochemical stability. Many
basic issues, such as the Li-ion diffusion structure, defect
chemistry, chemical/electrochemical stability, H2O/CO2

stability, the Li-ion migration mechanism, and the Li-ion
migration barrier, need to be checked if LZXS are acceptable as
ISSEs.
In this work, we first use the first-principle calculations

combined with density functional theory (DFT) to compute
the bulk formation energies of crystal structures as available in
the material project as “computer experiments” to evaluate the
crystal structure, stability (against phase decomposition, H2O/
CO2 corrosivity, voltage, and cathode materials), and, most
importantly, Li-ion conductivity in this system. The technique
has shown great success and has many advantages, such as
rapid evaluation and prediction of fast ionic conductors before
their experimental realization and high accuracy of physical
properties.
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2. COMPUTATIONAL DETAILS
DFT with a general gradient approximation applying the
Perdew−Burke−Ernzerhof (PBE) functional,28,29 as imple-
mented in the program of Vienna Ab initio Simulation
Package, is used for all the total energy calculations.30 The
electronic wave functions of valence electrons are expanded via
the projector-augmented wave basis set.31 The Monkhorst−
Pack k-point sampling method is carried out for all calculations
(for the (1 × 2 × 2) LZXS supercell, 3 × 2 × 2 k-point
samplings are used). The cutoff energy of 500 eV, residual
force less than 0.01 eV/Å, and total energy less than 2.0 × 10−5

eV are utilized for all the calculations. The vacancy and
interstitial migration are carried out using the climbing image
nudged elastic band (Cl-NEB) method.32 X-ray absorption
spectroscopy (XAS) of a compound is determined using the
supercell core−hole method. The details of the defect
formation energy refer to the Computation Section of the
Supporting Information.
The phase diagram, electrochemical stability window,

interfacial stability of LZXS with various cathodes, and H2O/
CO2 stability of LZXS are determined using grand canonical
linear programming (GCLP) and the open quantum materials
database (OQMD).33,34 More information about GCLP and
the OQMD is detailed in previous studies.35−39 The GCLP
makes out the decomposition or reaction equations from the
reactants into all the possible products and seeks the minimum
energy solution under the constraint that the stoichiometric
coefficient of chemical reaction must be positive. The
decomposition energy of LZXS, Edecomp, is defined as

= [ − ]E E E n(products) (LZXS) /decomp atoms (1)

For the interfacial stability of LZXS in contact with the
cathode, the ΔEmixing‑energy of the reaction of (1 − x)cathode +
xLZXS → Cequilibrium is calculated and defined as

Δ = [ − −

− ]

−E E C x E

xE n

( ) (1 ) (LZXS)

(cathode) /

mixing energy equilibrium

atoms (2)

where Cequilibrium is the thermodynamic stable phase equili-
brium specified from a compositional phase diagram, x is the
mixing parameter, which can vary between 0 and 1, and natoms
represents the equal number of atoms for each reactant in the
reaction. To study the H2O/CO2 chemical stability of LZXS,
the ΔEmixing‑energy of the following two reactions are calculated,
xLZXS + (1 − x)H2O/CO2 → Cequilibrium, and are defined as

Δ = [ − −

− ]

−E E C x E

xE n

( ) (1 ) (H O/CO )

(LZXS) /

mixing energy equilibrium 2 2

atoms (3)

where the meanings of Cequilibrium, x, and natoms have been stated
in eq 1. A negative value of ΔEmixing‑energy or Edecomp indicates
that the mixing or decomposition reactions are thermodynami-
cally favorable ones.

3. RESULTS AND DISCUSSION
3.1. Structure Modeling, Defect Chemistry, and

Phase Stability. The starting point of the work is to
reproduce the experimentally observed Li2ZnGeS4 (LZGS)
crystal structure. Then, the optimized LZGS compound is used
as the parent structure for modeling Li2ZnSiS4 (LZSiS) and
Li2ZnSnS4 (LZSnS) ones (Figure 1a). The LZXS crystallizes in
the Pna21 space group of orthorhombic systems with lattice

Figure 1. (a) Side view of the LZXS crystal structure in different structural unit views. (b) Li diffusion channel is determined by the yellow BV
isosurfaces, which are regarded as the continuous network for Li-ion diffusion. (c) Calculated TDOS of LZXS. The Fermi level (dashed line) is set
to be zero. The green spheres, gray, green, and blue tetrahedrons represent the Li atoms, [LiS4], [ZnS4], and [SiS4] units, respectively.
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constants. The volume of the [LiS4], [ZnS4], and [XS4] units
in three LZXS compounds is listed in Table 1. The calculated

lattice parameters underestimate experimental lattice parame-
ters by 2−4% on average.25−27 The detailed structural
parameters with atom positions are shown in Table S1 of
the Supporting Information. In the asymmetric unit, there are
two unique Li sites because of the distribution of their in-layer
tetrahedral neighbors: ZnS4 and XS4, one Zn atom, one Si
atom, and four S atoms. All the Li, Zn, and Si atoms have four
coordination with S atoms to form tetrahedrons, and all of the
tetrahedrons connect with each other by the way of corner
sharing. LZXS shows two sequences along the a-axis: (i)
Li(1)S4−Li(2)S4−Li(1)S4−Li(2)S4 and (ii) ZnS4−XS4−
ZnS4−XS4. The orientation of both sequences is almost
parallel, and the two sequences are arranged in an alternating
way along the b-axis. To further determine the Li-ion diffusion
pathway, the crystal-chemical bond-valence (BV) theory of
ionic and covalent bonding is introduced, in which the
accessible sites for Li-ions are determined by the valence
mismatch of Li-ions (Figure 1b).40 Figure 1b shows possible
three-dimensional (3D) Li-ion migration pathways in this
structure. Therefore, LZXS compounds possess diamond-like
structures and visible 3D diffusion channels for lithium
diffusion. The comparison of calculated structural parameters
in Table 1 shows lattice constants, XS4, and LiS4 volumes
increase with larger X-site atoms (Si < Ge < Sn) in LZXS,
which may be correlated with Li-ion conductivity and the Li-
ion migration barrier.11,41 The total electronic densities of
states (TDOS) presented in Figure 1c shows that LZXS
compounds have a wide band gap with the values of 3.45 eV
(LZSiS), 2.68 eV (LZGS), and 2.29 eV (LZSnS). Therefore,
LZXS has an insulating nature, indicating that the dense LZXS
compounds are unfavorable for electronic conduction. We
should, however, note that the ionic and electronic conduction
of LZXS is also dependent on the type and amount of the
defects (the TDOS of defected LZSiS are shown in Figure S1
in Supporting Information).
To identify the dominant defects or diffusion carriers in

LZXS, calculations on intrinsic defects in LZXS compounds
are done on the optimized structures. The three types of
defects, namely a Li vacancy (VLi), a Li interstitial (Lii), and a
Li Frenkel pair (vacancy-interstitial) (LiFP), are introduced; the
corresponding neutral defect formation energies at 0 V (see eq
S1 in the Supporting Information) are given in Table 2. From
the formation energies in the table, Li interstitial formation

processes are more favorable than the formation of the vacancy
and Frenkel defect. The large positive value of Li vacancy, that
is, 3.72−3.83 eV, suggests that the Li vacancy in LZXS is hard
to achieve and there are limited concentrations of Li vacancy in
this system. The formation energies of the three defects are
also calculated considering neutral, negative, and positive
charge states as shown in Figure 2a−c, within the voltage range
of typical Li-ion batteries of 0−4.5 V. It is seen from Figure 2
that on the anode side, the neutral (Lii) and positive Li
interstitial (Lii

+) defects have the lower formation energies. On
the cathode side, the neutral Li vacancy (VLi), positive Frenkel
pair (FPLi

+), and positive Li interstitial (Lii
+) have lower

formation energies (eV). Figure 2d indicates the domain
defects of LZXS with the change of applied voltage. It is
important to note that the concentrations of defects in LZXS
can be introduced into this system by obtaining off-
stoichiometric compositions Li2+2xZn1−xXS4 with x > 0 or
doping (Al/Ga)3+, (P/As)5+ at X4+ sites to obtain Li interstitial
or Li vacancy defects, respectively.

3.2. Electrochemical/Interfacial Stability and H2O/
CO2 Chemical Stability. We first evaluate the phase stability
and electrochemical stability with respect to all the possible
decomposed crystalline materials at 0 K computed from the
DFT-based database combined with the GCLP method.42−45

In the phase diagram of Li2S−XS2−ZnS compounds (see
Figure 3a−c), there is only one decomposition combination
for both LZSiS and LZGS compounds (Li2ZnSiS4 → ZnS +
Li2SiS3 and 2Li2ZnGeS4 → 2ZnS + GeS2 + Li4GeS4), and two
decomposition combinations for the LZSnS compound
(Li2ZnSnS4 → ZnS + SnS2 + Li2S and 2Li2ZnSnS4 → 2ZnS
+ SnS2 + Li4SnS4). In the two combinations for LZSnS, the
latter one is the more favorable case. Also, the decomposition
energies (see eq 1 in the Computational Details) for LZGS and
LZSnS with respect to decomposition products are negative
with values of −0.06 and −0.05 eV/atom, respectively,
suggesting they are in their low energy state against
decomposition into smaller compounds. However, the
decomposition of LZSiS with respect to decomposition
products has a positive decomposition energy of 0.08 eV/
atom. Phase stability for phases on the hull is quantified by the
difference in the formation energy between the compound and
its lowest energy state using the phase stability analysis tools
contained in Pymatgen. The formation energy above the
convex hull (Ehull) is a measure of the driving force for the
compound decomposition. The calculated Ehull values for
LZSiS, LZGS, and LZSnS are 0.27, 0.29, and 0.30 eV/atom,
respectively. The predicted instability greater than 0.20 eV/
atom above the convex hull needs to be evaluated using an
experimental setup over a long operating time. In addition, for
the decomposition reaction of Li10GeP2O12 (LGPO) →
Li3PO4 + Li4GeO4, the decomposition energy is 0.10 eV/
atom, which is larger than that of LZSiS (0.08 eV/atom).
However, this point does not hinder its assemblage in a battery
setup, where the kinetic barriers of decomposition reaction
might matter.46 Therefore, the solid−solid decomposition
reaction for metastable LZXS compounds would be less
problematic in practice.
The electrochemical stability of ISSE materials is very

important while in contact with negative or positive electrodes.
Figure 3d−f shows the electrochemical stability window of
LZXS and the phase equilibria within the voltage range of 0−5
V. We note that LZSiS would decompose into Li2SiS3 and ZnS
in the range of 1.42−2.30 V (the yellow-shaded region);

Table 1. Calculated Structural Parameters in the LZXS
System25−27

X a (Å) b (Å) c (Å)
XS4
(Å3)

ZnS4
(Å3)

Li(1)S4 and Li(2)S4
(Å3)

Si 6.50 7.85 6.22 5.07 6.77 7.22, 7.79
Ge 6.60 7.94 6.30 5.86 6.76 7.25, 7.81
Sn 6.79 8.05 6.44 7.34 6.81 7.45, 7.75

Table 2. Calculated Formation Energies of a Neutral Defect
in the (1 × 2 × 2) LZXS Supercell at 0 V

LZXS Li vacancy (eV) Li interstitial (eV) Li Frenkel (eV)

Si 3.72 1.18 1.38
Ge 3.78 0.28 1.77
Sn 3.83 0.04 1.80
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although LZGS and LZSnS compounds can maintain phase
stability in the range of 1.70−2.40 and 1.66−2.38 V (the

green-shaded regions), respectively. Although LZSiS would
decompose into Li2SiS3 and ZnS, it does not mean it has poor

Figure 2. (a−c) Formation energies, Ef(i,q) for all the six point defects in LZSiS, LZGS, and LZSnS, respectively. (d) Schematic figure shows the
dominant defects within LZXS with the change of voltage.

Figure 3. (a−c) Li2S−XS2−ZnS phase diagram at 0 K computed from LZnSiS, LZGS, and LZSnS DFT-computed bulk energies combined with the
crystal database, respectively. The different shades of green represent different formation energy values. The deeper the color, the more negative the
formation energy. (d−f) Voltage profile and phase equilibria of LZnSiS, LZGS, and LZSnS upon lithiation and delithiation are determined using
GCLP and the OQMD. The yellow- or green-shaded regions suggest the electrochemical stability window of LZXS.
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electrochemical stability. It has been proven that most of the
ISSE materials rely on the formed solid−electrolyte interphase
(SEI), which can prevent the further spread of electrochemical
decomposition reactions.47−49 The self-decomposition com-
pound Li2SiS3 (with a band gap of ∼3.2 eV) being an ionic
conductor and electron insulator can facilitate Li-ion diffusion
and block the electron transport.50 Meanwhile, the formed SEI
also includes metallic elements, which can conduct electrons
and thus reduce the stability of the interface. Thus, the exact
electrochemical windows need to be proven by experiments.
Doping Al element into LZXS could tune Li contents and the
host of LZXS, which are correlated to ion conductivity. Thus,
in addition to the stoichiometric structure, we also calculate
the Al-doped LZXS system and LGPS (Figure S2 in the
Supporting Information). We found that LZXS compounds
exhibit a wider electrochemical stability window compared to
Al-doped LZXS and LGPS (Figure 4).

To understand the interfacial electrochemistry of LZXS
compounds with various cathodes, namely, LiMO2 (M = Co,
Ni, and Mn), LiFePO4, LiTiS2, and LiVS2, the electro-
chemical/chemical reaction: xcathode + (1 − x)LZXS →
Cequilibrium (see eq 2 in the method), is considered in the
following part. The thermodynamically feasible chemical
reactions between LZXS and the cathode are detailed in
Tables S2−S7 in the Supporting Information. We found that
mixing chemical reactions at the oxide cathode/LZXS interface
are thermodynamically favorable and form various reaction
products, which could be detrimental to cyclability. However,
there is no mixing reaction of LZXS with phosphate
(LiFePO4) and sulfide cathodes (LiTiS2 and LiVS2) at their
cathodic voltage limit. The poor ionic conduction and good
electron conduction of mixing reaction product compositions
suggest LZSiS exhibits poor interfacial compatibility with oxide
cathodes, which is like that found for LGPS. The air-sensitive
or chemical reactivity of sulfide ISSEs, that is, the H2O/CO2-
induced chemical reaction with the products of H2S/Li2CO3, is
one main obstacle to commercial application. Therefore, to
determine the H2O and CO2 stability of LZXS, we consider
the following reactions: xLZXS + (1 − x)H2O/CO2 →
Cequilibrium (see eq 3 in the method), and tabulate the expected
reaction products while considering typical oxide and sulfide

ISSEs, revealing the difference compared to oxide materials.
According to the definition, a negative value suggests the
thermodynamic equilibrium to Cequilibrium generation. Tables S8
and S9 in the Supporting Information show the chemical
reaction equations with the maximum reaction energies
between the ISSE compounds and H2O/CO2 molecular into
possible products. We found that most ISSEs (all sulfides,
Li3OCl (LOCl), and LLZO) would react with H2O/CO2 with
negative mixing reaction energies, except LiTi2(PO4) and
Li3PO4. We note that the extent of H2O/CO2 chemical
instability for LZSiS (−0.19 and −0.37 eV/atom) is close to
that of LGPS (−0.09 and −0.25 eV/atom). However, there is
no reaction between LZGS and LZSnS with H2O. The
moisture stability of the LZXS follows the rules of the hard and
soft acids and bases theory; that is, hard acid Si prefers to
replace the soft base S with hard base O, but soft acid Ge/Sn
prefers to react with soft base S. We note that LZGS and
LZSnS also exhibit better CO2 stability compared to other
sulfide ISSEs, Li5AlO4 and Li5GaO4. This good stability
characteristic of LZGS and LZSnS against H2O and CO2
would favor a stable performance as soon as they are exposed
to air and moisture. But, the thermodynamic H2O and CO2
instability of LZSiS should be regarded as preventing it from
contacting with air during the process of making powder.

3.3. Li-Ion Mobility in LZXS. DFT-based Cl-NEB
calculations can determine the migration barrier along the
migration path. Thus, to understand the Li-ion migration
mechanisms in the LZXS system, the Cl-NEB calculations of
the Li direct hopping via vacancy migration and interstitial
migration in LZXS are performed along the pathway consisting
of corner-shared [LiS4] chains shown schematically in Figure
5a,c, respectively. First, Li direct hopping via Li vacancy
migration along the a-axis direction in LZXS is calculated.
Herein, we consider four Li positions as illustrated in Figure
5a, with Li-ions passing through the empty tetrahedral Li sites
in the LiS4 unit layer. These four Li sites are structurally very
similar and have a very small difference in site energy (Si: 0.03
eV, Ge: 0.01 eV, and Sn: 0.01 eV) because of the two Li sites
in LZXS. The migration barrier of Li vacancy in LZSiS, LZGS,
and LZSnS is ∼0.24, ∼0.32, and ∼0.41 eV (Figure 5b),
respectively. The migration barrier of Li vacancy in LZSiS is
comparable to the value of ∼0.21 eV measured for the
LGPS.12,46,51 Second, the Li interstitial migration along the a-
axis in LZXS is calculated (Figure 5c,d). The migration barrier
of interstitial migration in LZSiS, LZGS, and LZSnS is ∼0.20,
∼0.31, and ∼0.51 eV, respectively, indicating that the
migration barrier of interstitial migration is comparable to
that of Li direct hopping via vacancy. We note that the
formation energy of Li interstitials is lower than that of Li
vacancy. Thus, the interstitial migration mechanism is the
energetically favored one in this structure. Compared to
aliovalent substitutions, isovalent ones can have significant
impacts on ion dynamics, which shows that formation energies
and potential energy landscapes differ when going from Si to
Sn. In addition, the finding that small host cations are
correlated with reduced migration in LZXS is consistent with
that in Li10MP2S12

11 but in contrast to that in LiM2(PO4)3
52

(X = Si, Ge, and Sn).
The difference in the interaction between Li and S sublattice

and the hybridization between X and S may explain why LZSiS
has a significantly lower migration barrier compared to LZGS
and LZSnS. The hybridization between transition metals and
oxygen has been reported to play a critical role in lithium

Figure 4. H2O/CO2 stability for LZXS and other ISSEs (for
comparison) are shown. Li3PS4, LPSCl, and LOCl.
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intercalation voltages and the activity of oxygen electro-
catalysts.53 Valuable hybridization information can be gleaned
from crystal orbital Hamilton population (COHP), which
often provide insight into bonding−antibonding interaction
energy regions of the material.54,55 Figure 6a−c exhibits
COHP for the X−S interactions in the bulk LZXS. Figure 6d
shows the integrated COHP (−ICOHP) of X−S interactions
by comparing COHP below the Fermi level. The high-intensity
negative below the Fermi level of the COHP analysis indicates
X−S bonding well. Meanwhile, a small weakness in their
bonding is suggested by a few antibonding interactions at the
highest occupied bands, indicating an electronic instability. By
combining the −ICOHP values of X−S interactions, we
suggest that Si−S has stronger covalent bonding through
orbital interactions with an −ICOHP value of −2.79 eV [Ge−
S (−0.56 eV) and Sn−S bonds (−0.57 eV)]. The increased
hybridization in LZXS means that the electron density of S
atoms is gathered around X−S regions and thus away from the
Li-ion diffusion channel. This effect reduces the electrostatic
interaction of Li-ions with anion sublattice, leading to a lower
Li-ion migration barrier.
The hybridization between transition metals and oxygen has

been reported to play a critical role in lithium intercalation
voltages and the activity of oxygen electrocatalysts.53 The
valuable hybridization information of the X cation and S anion
can be further gleaned from sulfur 1s (S K-edge) XAS (Figure
7a), which can provide insight into the hybridization and
measure the density of unoccupied states of S 2p states (S 2p
holes) (Figure 7b). According to the calculated partial density

of states (PDOS) of S and Si in LZSiS (Figure 7b), the first
and second peaks of the S K-edge originate from electronic
transitions from the S 1s shell to the empty X cation ns (Si: n =
3, Ge: n = 4, and Sn: n = 5) orbitals hybridized with S 2sp
orbitals. The following broad features are assigned to S 2sp
orbitals and S 2p states hybridized with the cation np orbitals.
We found that the first and second features of the S K-edge
undergo a pronounced edge downshift of −1.5 eV and a shape
transformation going from Si to Ge/Sn. This observation is
explained as a decrease in hybridization between X (nsp) and S
(2p) states, which could increase the high electron density on
S sites. This result is consistent with that of COHP in Figure
6d. Therefore, this point leads to strong electrostatic
interaction between Li-ions and the host structure, increasing
the Li-ion migration barrier. To further explain the lower
migration barrier of Li diffusion in LZSiS, we calculated the Li
K-edge XAS of LZXS and the PDOS of Li and S in LZSiS
(Figure S3). According to the calculated PDOS of Li and S in
LZSiS, the peaks of the Li K-edge correspond to the transition
of the Li 1s electron to the hybridized state of the empty Li 2sp
and S 2sp orbitals. Compared to LZSiS, the decreasing
hybridization between Li and S orbitals in LZGS/LZSnS may
suggest the strong electrostatic interaction between Li-ions and
the host structure, which is consistent with the Li vacancy
formation energy in Table 2. Therefore, Cl-NEB, COHP, and
XAS calculations demonstrate that the lower Li-ion migration
barrier in LZSiS owes much to a strong hybridization between
Si and S atoms. Moreover, the variation in the Li-ion migration

Figure 5. (a,b) Configuration and energy profile of Li direct hopping via Li vacancy along the a-axis, respectively. (c,d) The configuration and
energy profile of Li interstitial migration via interstitial sites along the a-axis, respectively. The green tetrahedrons represent the [LiS4] units.
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barrier in the LZXS system highlights the importance of host
cations in promoting high ionic conductivity.

4. CONCLUSIONS

In summary, we apply the DFT method together with the
Materials Project data to evaluate new lithium thiosilicate
conductors with a large range of aliovalent ion doping, a low
Li-ion migration energy barrier in the diffusion channel, and a
moderate electrochemical stability window. Interstitial Li-ions
are the dominant defects on the anode side (0 V vs Li/Li+) and

Li vacancy becomes the dominant defect above 4.0 V.
However, in LZXS, Li direct hopping via vacancy is equally
important as interstitial migration by having almost the same
migration barrier, but the high formation energy found for the
Li vacancy suggests limited concentrations in the stoichio-
metric compound. The intrinsic concentrations of defects (the
Li vacancy and interstitial) would need to be tuned by
aliovalent doping. More importantly, we find that the structural
tuning by isovalent X-site substitution within the LZXS
framework has a large effect on the Li-ion migration barrier
and phase stability but has a marginal effect on the

Figure 6. (a−c) Energy states of X−S hybridization bonding interaction against COHP in LZXS. The negative or positive values represent
antibonding or bonding interactions. The horizontal dash lines represent the Fermi level. (d) −ICOHP (eV) of X−S hybridization bonding with
different X4+ ions in LZXS.

Figure 7. (a,b) Calculated S K-edge XAS of LZXS and PDOS of S and Si in LZSiS. The inset in Figure 6a is the schematic representation of an
XAS spectrum for S atom.
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electrochemical stability. Among LZXS, LZSiS has a very low
migration energy barrier (∼0.24 eV). By comparing to LZSnS
or LZGS, the significant shift of the S K-edge in LZSiS signifies
stronger hybridization between Si and S orbitals. The increased
hybridization of the Si and S orbitals implies high covalency of
the Si−S bond, rendering a lower Li-ion migration barrier. This
point suggests that structural tuning in sulfide materials by
cation substitution within a given lattice structure to control
hybridization between the cation and anion would enhance
ionic conductivity. This work for the first time suggests that
thiosilicates LZSiS with a low migration barrier and LZGS and
LZSnS with acceptable migration barriers and good stability
have a high potential for SSEs. We hope this work stimulates
further experimental exploration within the crystal framework
for fast Li-ion conductors.
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