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ABSTRACT: Lithium-based oxysulfide solid electrolytes are
currently being researched for all-solid-state batteries, as they
offer a combination of high electrochemical stabilities and elevated
Li-ion conductivities, thus combining the best characteristics of
sulfide and oxide solid electrolytes. In this work, we investigated
the miscibility of Li3PS4 and Li4GeO4 polyanions. Building upon a
robust multiscale first-principles methodology, we explore the
configurational disorder arising from the mixing of GeO4

4− and
PS43− in the (1 − x)Li3PS4−xLi4GeO4 tie line. The computed phase
diagram reveals a stable ordered phase with the composition
Li7PO4GeS4. In Li7PO4GeS4, the sulfur atoms initially bound to
pentavalent phosphorus as PS43− are fully exchanged with oxygen
atoms (from GeO4

4−), giving rise to GeS44− moieties. Ab initio
molecular dynamics simulations predicted a high Li-ion conductivity of ∼13.31 mS cm−1 for Li7PO4GeS4 at 573 K. These results
reveal the structural complexity and flexibility of these polyanion systems.

■ INTRODUCTION
Storing and distributing energy produced by renewable
sources, such as solar, wind, and tides, presents a critical
challenge in our era. Rechargeable lithium-ion (Li-ion)
batteries appear to be the most promising solution to this
issue.1−3 Nevertheless, using flammable, nonaqueous liquid
electrolytes in commercial Li-ion cells introduces significant
safety concerns. Considerable efforts have been made to
advance solid electrolyte (SE) materials for all-solid-state Li-
ion batteries. Among inorganic SEs, sulfide, oxide, and halide
ceramics4−6 have received significant scrutiny.
Sulfide SEs are primarily sought after for their high Li ion

conductivity (≥10 mS·cm−1) at ambient temperatures,7,8 along
with their compatibility with Li(Na)-S battery architectures.9,10

However, the susceptibility to moisture and interface instability
of sulfide SEs significantly hinder their practical applica-
tions.11−13 Oxide-based SEs generally exhibit a lower Li(Na)
ionic conductivity than sulfides. They are recognized for their
superior mechanical properties and improved stability at the
interface with negative electrode materials.14 Given these
challenges and advantages, oxysulfide SEs have emerged as a
potential solution, combining the desirable functional proper-
ties of both oxide and sulfide SEs. This statement is supported
by various oxysulfide SEs designed by mixing LISICON (an
oxide) and thio-LISICON (a sulfide) electrolytes. For example,
Takada et al.15 found that the addition of Li3PO4 to Li3PS4
results in a new metastable phase (0.25Li3PO4−0.75Li3PS4),
which exhibits a conductivity about hundreds of times greater
than Li3PS4. Enhanced ionic conductivities have also been

achieved in the oxysulfide glassy systems by leveraging
mixtures of polyanion frameworks, such as Li2S−SiS2−
Li3MO3 (with M = B, Al, Ga, and In),16 Li2S−SiS2−LixMOy
(M = Si, P, Ge),17 xLi2O−(1 − x)(0.6Li2S−0.4P2S5),

18 and
70Li2S·(30 − x)P2S5·xP2O5.

19 Furthermore, oxygen doping in
Li10GeP2S12 (LGPS)20 has been explored to improve both
ionic conductivity and electrochemical stability, as exemplified
by Li9.42Si1.02P2.1S9.96O2.04,

21 Li3+5xP1−xS4−zOz (x = 0.03−0.08, z
= 0.4−0.8),22 Li10SiP2S12−xOx (0 ≤ x ≤ 1.75),23

Li10Sn0.95P2S11.9−xOx,
24 and Li10MP2S4O8 (M = Si, Ge, Sn).25

This trend extends to Na-based solid electrolytes, including
N a 3 P S 4 − x O x ,

2 6 , 2 7 N a 4 P 2 S 7 − x O x ,
2 8 a n d

Na2.88Sb0.88W0.12S4−xOx,
29 further highlighting the importance

of oxysulfide materials for all-solid-state batteries.
Using advanced computational techniques, this paper

explores the pseudobinary oxysulfide system (1 − x)Li3PS4−
xLi4GeO4. To our knowledge, this specific oxysulfide system
remains unexplored experimentally.15,30−36 Among the parent
materials, β-Li3PS4, a representative member of the thio-
LISICON family, has been extensively studied because of its
“simple” crystal structure and high ionic conductivity, reaching
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up to 10−1 mS·cm−1 at room temperature.37 Meanwhile,
Li4GeO4, a LISICON-type material, demonstrates versatility in
forming diverse solid solution systems with Li3PO4

34 and
Li4SiO4,

38 and has been examined as an additive to enhance
the oxidative stability of LLZTO electrolytes to as high as 5.5
V vs Li/Li+.39

By mixing different types of polyanions consisting of Ge/P
cations and O/S anions, we investigate the existence of
potential stable phases within the Lix+3P1−xGexS4−4xO4x tie line.
It is anticipated that compounds of this family can provide an
optimal balance of electrochemical stability while retaining the
elevated ionic conductivity of β-Li3PS4. The occurrence of new
oxysulfide compounds in the Lix+3P1−xGexS4−4xO4x system is
studied by using a multiscale approach, relying on first-
principles calculations, cluster expansion, and Monte Carlo
simulations. We identified a single stable phase at x = 0.5, with
the formula Li7PO4GeS4.

■ STRUCTURAL CHARACTERISTICS OF Li3PS4 AND
Li4GeO4

In our pursuit to discover new crystalline compounds with the
general formula Lix+3P1−xGexS4−4xO4x, it is crucial to examine
the structural characteristics of the end members of the
oxysulfides, namely, Li3PS4 and Li4GeO4.
The starting material Li3PS4 is known to exist in three phases

α, β, and γ, with the γ phase transitioning to the β phase at 573
K, and then to the α phase at 746 K, as detailed by Homma et
al.40 This work focuses on the high-conductivity β form of
Li3PS4, which crystallizes in an orthorhombic structure with
the Pnma (No. 62) space group. The experimental structure of
β-Li3PS4 is shown in Figure S1a. Its conventional unit cell
contains four formula units, with three distinct Li sites.
Specifically, the Li(1) ions fully occupy the site with Wyckoff
multiplicity and label 8d, while Li(2) and Li(3) ions partially
occupy the 4b and 4c sites with 70% and 30% occupancy,
respectively. The structural optimization using density func-
tional theory (DFT) together with the meta-GGA SCAN
functional found the ground state structure of Li3PS4 (shown
in Figure 1) having 100% occupancy of d and b type Li sites.
Additional exploration of interstitial defects in Li3PS4 revealed
that the c-type site displays the lowest defect energy, which can
accommodate extra Li ions. Table S1 summarizes the
quantitative comparison between the idealized and exper-
imental structures of Li3PS4. Generally, the computed lattice
constants of Li3PS4 agree well with the experimental
measurements within a relative discrepancy of 3%. It is also
found that the Li3PS4 structure determined using the meta-
GGA SCAN functional aligns closely with the local-density
approximation results of Lepley et al.41 In the neutron
diffraction structure of β-Li3PS4 reported by Kaup et al.42 the
Li1 ions at 8d sites split into Li1A and Li1B sites, with partial
occupancies of 2/3 and 1/3, respectively. While we used
Homma’s structure, our model implicitly accounts for this Li-
site splitting as our calculations are performed without
symmetry constraints. As for the lithium germanate Li4GeO4,
two structural variations have been reported.43−45 The high-
temperature phase stabilized between 700 and 750 °C is
characterized by a monoclinic structure, but details of this
structure remain scarce. At ambient temperature, Li4GeO4
crystallizes into an orthorhombic structure with space group
Cmcm (No. 63), as illustrated in Figure S2 and quantified by
lattice parameters and atomic positions in Table S2.

To assess the structural stability of all possible polymorphs
of Li3PS4 and Li4GeO4, we modeled the Cmcm and Pnma
phases for each material. These predicted polymorphs exhibit
mild metastability, with the Cmcm Li3PS4 structure being
∼19.98 meV/atom more unstable than its ground-state Pnma
phase. Likewise, the Pnma Li4GeO4 was ∼15.32 meV/atom
above the Cmcm structure. Details of these predicted phases
are summarized in Table S4. While there are no reports of
Li3PS4 with the Cmcm structure, experimental data suggest a
hypothetical Pnma structure for Li4GeO4. This is supported by
the work of Rodger et al.46 on the solid solution system
combining Li4GeO4 and the Pnma phase of γ-Li3PO4, which
indicates that the extrapolated lattice constants for the pure Ge
phase must correspond to a structure isostructural with γ-
Li3PO4. It is also interesting to mention that a Pnma model for
Li4GeO4 can be theoretically constructed either by substituting
O for S in the isostructural Li4GeS4 or by replacing PS43− units
with GeO4

4− and introducing four additional Li ions at the
interstitial 4c site in Li3PS4. Our calculations show that both
approaches yield identical optimized structures for Li4GeO4,
indicating similar crystalline geometry to the Pnma (Thio)-
LISICON compounds. The optimized Pnma structure of
Li4GeO4 is illustrated in Figures 1 and S3, with details
provided in Table S3. Despite Li4GeO4 containing more Li
ions and larger Ge ions in comparison to Li3PS4, the presence
of smaller O ions, relative to S ions, leads to a substantial
reduction in its lattice volume�approximately 47% smaller
than that of Li3PS4.
We selected the Pnma phase as the host model to investigate

the thermodynamic behavior of the Lix+3P1−xGexS4−4xO4x
system. The critical difference between Li3PS4 and Li4GeO4
lies in the atom distribution on the 4c-type sites: these sites are
unoccupied, acting as the most energetically favorable
interstitial sites in Li3PS4, but they are filled in Li4GeO4.

Figure 1. Structural models and predicted phase diagram at 0 K for
the Lix+3P1−xGexS4−4xO4x system. The top panel shows in sequence
from left to right: structures of Pnma Li3PS4 at x = 0, computationally
identified ground state Pc Li7PO4GeS4 at x = 0.5, and Pnma Li4GeO4
at x = 1. Li, P, Ge, S, and O atoms are represented by cyan, black,
purple, yellow, and red spheres, respectively. The bottom panel shows
the computed formation energy, Ef (defined in eq 1), as a function of
composition x. Cyan crosses are DFT simulations, while brown
crosses are obtained from cluster expansion (CE) fitting. The phase
diagrams at 0 K (illustrated through the convex hull construction)
from DFT (cyan line) and CE (brown line) indicate the
thermodynamic stability of compositions within the system.
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■ Lix+3P1−xGexS4−4xO4x PHASE BEHAVIOR
A quantitative measure of the thermodynamic mixing of Li3PS4
into the Li4GeO4 system is obtained by analyzing the
enthalpies of mixing, which are approximated by DFT total
energies (at 0 K), and thus disregarding the pV term and the
zero-point vibrational energy. The formation energy of
Lix+3P1−xGexS4−4xO4x at composition x can then be defined
as in eq 1:

E x E

x E xE

( ) (Li P Ge S O )

(1 ) (Li PS ) (Li GeO )

f x x x x x3 1 4 4 4

3 4 4 4

=

+ [ + ]
+

(1)

where E(Li3PS4) and E(Li4GeO4) represent the DFT total
energies of the end members Li3PS4 and Li4GeO4 in the
orthorhombic Pnma host structure, respectively. The term
E(Lix+3P1−xGexS4−4xO4x) denotes the DFT-calculated total
energy of a specific arrangement (ordering) of Li/Va, P/Ge,
and S/O set by composition x.
To exp lo r e the compos i t i ona l l andscape o f

Lix+3P1−xGexS4−4xO4x, we examined 1,472 unique orderings at
a resolution step of x = 0.125. This included the conventional
cell (4 formula units with 36 atoms for Li4GeO4) and 1 × 1 ×
2 supercells of the conventional cell. The DFT formation
energies for these structures are shown as cyan crosses in
Figure 1. The results reveal that the phase-diagram at 0 K�the
convex hull�is formed by three stable structures depicted in
the top panel of Figure 1: the two end-members, Li3PS4 at x =
0 and Li4GeO4 at x = 1.0, and a newly discovered phase,
Li7PO4GeS4, at the midpoint x = 0.5. Therefore, at 0 K, the
intermediate compositions between Li3PS4 (Li4GeO4) and
Li7PO4GeS4 will phase separate into a proportional mixture of
these stable phases.
Notably, all atoms occupy 2a-type sites within the

Li7PO4GeS4 monoclinic Pc (No. 7) structure with two formula
units per cell. The computed atomic coordinates of
Li7PO4GeS4 are shown in Table S5. The lattice constants of
Li7PO4GeS4 (a = 11.756 Å, b = 7.463 Å, and c = 5.791 Å) lie
between those of Li3PS4 (a = 12.979 Å, b = 7.994 Å, and c =
6.166 Å) in Table S1 and those of Li4GeO4 (a = 11.254 Å, b =
6.184 Å, and c = 4.918 Å) in Table S3.
Upon visual inspection of the Li7PO4GeS4 structure (see

Figure 1), four key observations can be extracted: (i) In the
course of the Li3PS4 and Li4GeO4 mixing, S and O atoms swap
their associated cations P and Ge, giving rise to PO4

3− and
GeS44− tetrahedral moieties. This situation electrostatically
stabilizes the structural ordering of Li/Va, P/Ge, and S/O. (ii)
These tetrahedral moieties do not display anion mixing on P5+

or Ge4+, but pristine PO4
3− and GeS44− motifs are preferred. (iii)

The PO4
3− and GeS44− units form ordered layers parallel to the

(0 1 0) plane, with each GeS44− unit attracting an average of
four Li ions and each PO4

3− drawing an average of three Li ions
in their vicinity. (iv) The tetrahedral apexes of both PO4

3− and
GeS44− in Li7PO4GeS4 show alternative upward (T+) and
downward (T−) orientations, which closely resembles the
arrangement observed in PS43− tetrahedra of Pnma Li3PS4.
In this work, we denote structural orderings at composition

x = 0.5 with unique PO4
3− and GeS44− motifs as Li7PO4GeS4,

but compounds of the same compositions are generally
represented as Li7PGeS4O4. Intuitively, one would expect
tetrahedra polyanion units with a mixture of sulfur and oxygen
in the form of GeSzO4−z

4− and/or PSzO4−z
3− , where z = 0, 1, 2, 3,

and 4. Intrigued by the question of how the arrangement of

tetrahedral moieties influences the structural stabilities of
oxysulfides, we categorized the computed Li7PGeS4O4 order-
ings based on the presence of tetrahedra carrying exclusively O
or S anions at vertices, here named as “pure” tetrahedra (z = 0,
4), or “mixed” ones (z = 0, 1, 2) wherein S and O atoms are
simultaneously bonded to the same P or Ge. These categories
are depicted in Figure 2a. Figure 2b shows the formation

energies of 358 unique Li7PGeS4O4 orderings (indicated by
the configuration index along the x axis), which have been
grouped into the pure or mixed tetrahedra. It is apparent from
Figure 2b that configurations characterized by pure tetrahedra
exhibit more negative formation energies than do most of their
mixed counterparts.
Another intriguing aspect concerns whether the chemical

character of the tetrahedra affects the accommodation of Li
ions in the crystal lattice. This can be preliminarily assessed
through a structure indicator τ = ∑Vtetra/Vlattice, where ∑Vtetra
represents the volume of the tetrahedra and Vlattice is the
volume of the model supercell (see Figure 2c). Smaller values
of τ suggest a larger free volume for Li ions, and vice versa.
While monitoring τ in Figure 2c reveals subtle differences
between pure and mixed tetrahedral structures, the minimal
variation in values may indicate that this descriptor is not
effective in reflecting the chemical character of polyanion units.
We now analyze the role of phonons in the stability of these

oxysulfides by investigating the contribution of the vibrational
free energy, Fvib, to the mixing enthalpy. This analysis also
elucidates the dynamical stability of the stable phases within
the Lix+3P1−xGexS4−4xO4x system. Phonon calculations at Γ-
point were performed using the finite difference approach as
implemented in Phonopy.47

Changes in vibrational free energy, denoted as ΔFvib(x, T),
are measured relative to the two end members Li3PS4 and
Li4GeO4, using a definition analogous to eq 1. The direct
results of ΔFvib were calculated for the lowest-energy
Lix+3P1−xGexS4−4xO4x compounds at compositions x = 0,
0.25, 0.5, 0.75, and 1 as a function of temperature T from 0
to 1200 K, using 1 × 2 × 2 simulation cells containing 128−
144 atoms. Extending to a wider range of compositions, the

Figure 2. Comparative analysis of tetrahedral moieties in Li7PGeS4O4
configurations. (a) Depiction of pure (with all oxygen or sulfur
atoms) and mixed tetrahedra. (b) Formation energies and (c)
structure indicator τ for configurations featuring either pure (orange
markers) or mixed (blue markers) tetrahedra, plotted against an
arbitrary configuration index.
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computed ΔFvib values were subsequently splined over a
concentration x and temperature T grid, with increments of Δx
= 0.01 and ΔT = 10 K, respectively.
Figure 3 shows the changes in ΔFvib as a function of x and T.

Within 0 ≤ x ≤ 1 and T ≤ 350 K, it is found that the Fvib(x, T)

values of Lix+3P1−xGexS4−4xO4x are equivalent to the weighted
average of the values of Li3PS4 and Li4GeO4, with ΔFvib
vanishing in this region, as demarked by the dashed line in
the plot. This implies that the low-temperature (≤350 K)
mixing enthalpies of Lix+3P1−xGexS4−4xO4x are predominantly
determined by the formation energies rather than the
vibrational entropy. Above 350 K, Figure 3 illustrates a nearly
symmetric distribution of ΔFvib across the composition range
of 0.3 ≤ x ≤ 0.9, with minima at specific values of (x, T)
marked by red dots. In particular, the location of the ΔFvib
minima shifts from x = 0.76 at 350 K to x ∼ 0.55 for
temperatures exceeding 440 K.
It is worth noting that the plot of ΔFvib(x, T) is qualitatively

similar to the convex hull of Figure 1. For example, the range
of Ef extends from −170.77 meV/atom (at x = 0.5) to higher
values. In contrast, the minimal ΔFvib(x, T) is approximately
5% of the lowest Ef in absolute terms, indicating that
vibrational contributions have a relatively minor impact on
the overall stability of the Lix+3P1−xGexS4−4xO4x compounds. As
ant ic ipated , the f ree energy of mix ing of the
Lix+3P1−xGexS4−4xO4x system is mostly driven by the formation
of stable chemical bonds and electrostatically stable ordering,
with an insignificant contribution from vibrational entropy.
Analysis of the phonon-band structure of the ground state
Li7PO4GeS4 (Figure S6) confirms the absence of imaginary
phonon frequencies, suggesting that the Li7PO4GeS4 structure
is dynamically stable.
So far, our analysis suggests an appreciable enthalpic

stabilization in the Lix+3P1−xGexS4−4xO4x system from mixing
Li4GeO4 into Li3PS4. This exercise uncovered a stable Li/Va
ordering at composition x = 0.5, i.e., Li7PO4GeS4. We also
demonstrated that within the composition range 0.3 ≤ x ≤ 0.9,
the vibrational entropy contributions could only mildly affect
the miscibility of Li4GeO4 and Li3PS4. We advance our
understanding of the stability of Lix+3P1−xGexS4−4xO4x
materials by incorporating configurational entropy effects
into the model.
Starting from the formation energies (Ef) of Figure 1, we

developed a cluster expansion (CE) model48,49 trained on

1,021 DFT energies of Lix+3P1−xGexS4−4xO4x. The CE model is
formulated in terms of effective cluster interactions (ECIs) of
pairs, triplets, quadruplets, and higher-order terms, as detailed
in the following equation:

E V V V V

V V V

, ,f i i i j i j i a i a

a b a b u u u v u v

0 , ,

, ,

[ ] = + + +

+ + + + ··· (2)

Here, Ef[τ,⃗ ζ,⃗ κ]⃗ represents the formation energy of a
configuration, characterized by the occupation vectors [τ,⃗ ζ,⃗
and κ]⃗ for Li/Va, Ge/P, and O/S, respectively, at a given
composition x. Each ECI includes a polynomial function�τi,
ζa, and κu�that maps the occupations of lattice sites with
values of ±1 for Li (or its Vacancy), P (or Ge), and S (or O),
respectively. The CE in eq 2 is typically truncated, with
maximum interaction lengths of 10 Å for pairs, 6 Å for triplets,
and 5 Å for quadruplets.
As the L i compos i t i on inc rea se s a long the

Lix+3P1−xGexS4−4xO4x tie-line, P5+ ions are progressively
substituted by Ge4+ ions to maintain the stoichiometry and
charge neutrality of the system. To accommodate this, we
employed the coupled CE formalism developed in ref 50,
which, in our system, constrains the concentration ratio of
Ge4+/P5+ to Li+/Va by utilizing a common point term, Viϕi, in
eq 2. Note, the problem does not persist upon the exchange of
O2− for S2−, which is described by a separate point term, Vuκu.
The formation energies predicted by the CE model are

represented by brown crosses in Figure 1 and agree with the
DFT data. The optimized CE incorporates 75 ECI terms,
comprising 1 point term, 43 pairs, 27 triplets, and 4
quadruplets (see Table S9 and Figure S8 in Supporting
Information), respectively. Quantitatively, the CE model yields
a root-mean-square error of ∼±4.14 meV/atom and a cross-
validation score of ∼±3.91 meV/atom. Figure S7 in the
Supporting Information displays the energy above the convex
hull against the CE model error, defined as the discrepancy
between the CE and DFT formation energies.
The fitted CE model was used in semigrand canonical

Monte Carlo (SG-CMC) simulations to map the temper-
ature−composition phase diagram of the Lix+3P1−xGexS4−4xO4x
system, as in Figure 4. To enforce charge neutrality, the
exchange table method was implemented.50,51 In order to
achieve the desired Lix+3P1−xGexS4−4xO4x stoichiometry, one
requires that NS = 4·NP and NO = 4·N Ge, with Ni representing
the atom count of species i. This necessitates the selection of
four S/O atoms (per formula unit) during each SG-CMC
sampling event. We adapted the SG-CMC code to meet this
requirement, following the flowchart shown in Figure S9 of the
Supporting Information. Details regarding simulation cell size,
chemical potential μ, and phase boundary analysis are in the SI.
In Figure 4, four distinct single-phase regions are identified

and labeled as β, ϵ, θ, and λ. The β phase corresponds to
Li3PS4, and the λ phase corresponds to Li4GeO4. Figure 4
reveals the ϵ phase located at x = 0.375, which appears stable at
a low temperature ∼100 K. The θ phase at x = 0.5 is associated
with Pc Li7PO4GeS4. Biphasic regions and domes are
represented by colored shapes separating the single-phase
regions. The two-phase regions identified are (i) β + ϵ (violet
dome), existing in the composition range of 0 < x < 0.375 and
below 825 K; (ii) ϵ + θ (orange dome), spanning the
composition range of 0.375 < x < 0.5 and temperature lower
than ∼624 K; and (iii) a biphasic region θ + λ (aqua shape)

Figure 3. Contour plot of the vibrational free energy difference, ΔFvib,
as a function of temperature T and composition x for the
Lix+3P1−xGexS4−4xO4x system, interpolated from phonon calculations
at specific compositions (see the main text).
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dominating a substantial range of compositions 0.5 < x < 1.0
and temperatures.
The single-phase Li-rich region�the λ phase�extends over

a narrow composition range and is observed at temperatures >
480 K. Below that temperature and at x = 1, the λ phase retains
the characteristics of Li4GeO4. In contrast, the Li, Ge, and O
solubilities into the β phase (Li3PS4) appear much more
pronounced. The θ phase, corresponding to the Pc
Li7PO4GeS4 compound at x = 0.5, exhibits remarkable stability
over a substantial temperature range. As the temperature
increases, Li, Ge, and O solubility increases in the θ phase,
eventually leading to a fully mixed phase region of θ + λ at high
temperatures. Above 825 K, the β, ϵ, and θ phases merge into a
disordered single-phase region with significant Li, Ge, and O
solubility.
Figure 5b plots the variation of configurational entropy Sconfig

with composition x at temperatures T = 300, 500, and 800 K,
respectively. Results are compared with the vibrational entropy

Svib, which has a milder contribution compared to Sconfig,
particularly at high temperatures >600 K. At T = 300 K, Sconfig
shows minima at x = 0, 0.375, 0.5, 1.0, consistent with the
single-phase regions observed in the phase diagram of Figure 4.
With an increase in temperature, Sconfig increases especially at x
= ∼0.5, suggesting a higher degree of configurational disorder
or enhanced mixing in that region.

■ ELECTROCHEMICAL STABILITY OF
Lix+3P1−xGexS4−4xO4x

Understanding the oxygen solubility in Li3PS4 is primarily
aimed at expanding the electrochemical stability windows of
these solid electrolyte (SE) materials. To predict the stability
windows, we constructed a grand-potential phase diagram in
the Li−P−Ge−S−O composition space, following previous
studies.52−55 Polymorphs for all known elements and binary,
ternary, quaternary, and quintenary compounds within this
space were computed using starting structures from the
Inorganic Crystal Structure Database.56 The Li−P−Ge−S−O
phase diagram was further enriched by incorporating the
Lix+3P1−xGexS4−4xO4x structures of Figure 1.
From the perspective of thermodynamic equilibrium, the

electrochemical stability window of an SE is determined by the
range of the Li chemical potential μLi within which the SE
material remains stable against electrochemical transformations
at electrode interfaces during cycling. Given a compound of
interest, e.g., Lix+3P1−xGexS4−4xO4x, open to a Li reservoir, the
relevant energy descriptor is the grand potential thermody-
namic function, Φ(compound, μLi) = G(compound) −
nLi[compound] μLi. Here, G(compound) is the Gibbs free
energy of the compound approximated by the DFT total
energy E(compound), and nLi[compound] is the number of Li
atoms within the compound. By adjustment of μLi in a suitable
range, the stable compounds can be identified by computing
the lower envelope of the grand-potential Φ (compound, μLi)
function. At a given μLi, it is convenient to define the grand-
potential energy difference, ΔEd, between the compound
investigated and its phase equilibria, resulting in
ΔEd(compound, μLi) = [Φ(equilibria, μLi) − Φ(compound,
μLi)]/Nnon−Li, where Nnon−Li is the number of nonlithium
atoms in the compound.
Considering Li/Li+ as the reference electrode, μLi directly

correlates with the voltage according to
zF

Li= in Volts (V),
where z is the number of electrons transferred, F is the Faraday
constant, and μLi is referenced to the chemical potential of Li
metal. By definition, a stable SE resists both Li extraction
(oxidation at high voltage/low potential) and Li insertion
(reduction at low voltage/high potential) within its stability
window. Ideally, good electrolytes should demonstrate a
cathodic stability limit as close as possible to ϕCL = 0.0 V vs
Li/Li+ when in contact with a negative electrode material, and
an anodic stability limit ϕAL > 4.5 V vs Li/Li+ against the
positive electrode material. The voltage range between the
cathodic and anodic limits sets the stability window of the SEs.
The electrochemical stability windows for several com-

pounds are shown in Figure 6. Detailed reaction equations at
critical voltages can be found in Table S10 of the Supporting
Information. As expected, the oxide-based materials, Li4GeO4
and Li3PO4, have significantly wider electrochemical stability
windows (2.28 and 3.57 V vs Li/Li+) in comparison to their
sulfide counterparts, Li4GeS4 (∼0.59 V) and Li3PS4 (∼0.43 V).
The Li7PO4GeS4 identified at composition x = 0.5 exhibits a

Figure 4. Predicted temperature−composition phase diagram for the
Lix+3P1−xGexS4−4xO4x system, derived from SG-CMC simulations
based on the CE model.

Figure 5. (a) Vibrational entropy Svib and (b) configurational entropy
Sconfig at selected temperatures of 300, 600, and 800 K.
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stability window of ∼0.84 V vs Li/Li+, which is more than ∼0.4
V higher than Li3PS4.
As illustrated in Figure 6, the cathodic limits ϕCL(Li3PS4) ∼

2.105 > ϕCL(Li7GePS4O4) ∼ 1.765 > ϕCL(Li4GeO4) ∼ 1.231 V
vs Li/Li+, whereas a reverse trend is observed for the anodic
limit ϕAL, which is 2.538 < 2.603 < 3.516 V vs Li/Li+, for
Li3PS4, Li7PO4GeS4, and Li4GeO4, respectively. Given that half
of the tetrahedra in the Li7PO4GeS4 structure are PO4

3− ions,
the robust P−O bonds coupled with the higher electro-
negativity of oxygen likely impart stability of this SE at lower
voltages or higher voltages compared to Li3PS4. However, Ge
is more readily reduced than P under similar conditions. This
fact is supported by the low standard reduction potentials for
Ge E° (Ge4+ + 4e− → Ge) ≈ 0.124 V vs SHE.57 The wider
stability window of ∼3.57 V vs Li/Li+ for Li3PO4 compared to
2.28 V for Li4GeO4 supports this observation. Therefore,
substituting P5+ with Ge4+ will reduce the stability window of
compounds along the Lix+3P1−xGexS4−4xO4x tie-line. This could
explain why the window width of Li7PO4GeS4 (0.84 V vs Li/
Li+) does not show a pronounced enhancement, falling in
between Li3PS4 (0.43 V) and Li4GeO4 (2.28 V).

■ LI+ MOBILITY IN Lix+3P1−xGexS4−4xO4x

To assess Li-ion diffusion in Li7PO4GeS4 and understand its
connection to its parent phases, Li3PS4 and Li4GeO4, we
conducted ab initio molecular dynamics (AIMD) simulations.
Computed Arrhenius plots of Li-ion conductivities vs inverse
of temperature are shown in Figure 7.
Across the temperature explored, the computed Li-ion

conductivities follow the order Li4GeO4 ≪ Li7PO4GeS4 <
Li3PS4. With a substantial ionic conductivity of ∼30.76 mS
cm−1 at 573 K (∼300 °C), the extrapolated activation energy
of ∼0.31 eV of β-Li3PS4 appears in agreement with previous
reports as 0.20−0.50 eV.41,58,59 In the absence of experimental
data for comparison to the Pnma Li4GeO4 phase, we computed
an activation energy of ∼0.26 eV and conductivity of 1.33 mS
cm−1 at 573 K. Although Li7PO4GeS4 displays a modest
activation energy (0.35 eV), its ionic conductivity at 573 K is
approximately 1 order of magnitude higher (13.31 mS cm−1)
compared to that of Li4GeO4.

Li-ion trajectories of Figure S10, shown as a superposition of
MD snapshots, reveal appreciable Li-ion mobility in all three
materials. While the precise sequence of individual ion
displacement is not reported, it is evident that Li-ion diffusion
in the Pnma structure primarily occurs along migration
pathways formed by the 8d, 4c, and 4d sites. Notably, for all
materials, the most frequent Li-ion conduction pathways reside
within the ac plane (bottom panel of Figure S10), consistent
with prior findings of low migration barriers along the a and c
axes in β-Li3PS4.41 Comparing the Li-ion trajectories along the
c axis (top panel in Figure S10) in Li3PS4 and Li7PO4GeS4
demonstrates qualitatively similar spatial distributions. How-
ever, as highlighted in Figure S10, Li-ion trajectories in Li3PS4
predominantly follow “straight” paths between the homoge-
neous PS43− layers, whereas Li-diffusion channels in
Li7PO4GeS4 appear more tortuous because of the alternating
environment set by ordered arrangements of PO4

3− and GeS44−

tetrahedra. Qualitatively, this may explain the reduced Li-ion
conductivity in Li7PO4GeS4 compared to Li3PS4. The analysis
also reveals that Li ions preferentially “agglomerate” closer to
the GeS44− groups compared to PO4

3−, with each S atom
coordinated by ∼1.34 Li ions and each oxygen atom by ∼0.82
Li ions, respectively. In Li4GeO4, Li-ion trajectories are
predominantly confined to localized regions, suggesting
constrained Li diffusion due to narrow migration channels
between GeO4

4− blocks.

■ DISCUSSION
Oxysulfide SEs represent a promising class of materials for all-
solid-state batteries, integrating the merits of oxide and sulfide
SEs to achieve the desired electrolyte performance. The
theoretical design of oxysulfide SEs typically involves partially
substituting oxygen (O) atoms within known sulfide (S)-based
SE frameworks. However, the triple atomic substitutions, as
seen in the Lix+3P1−xGexS4−4xO4x system entailing Li/Va, Ge/
P, and O/S exchanges, undoubtedly present a significant leap
in complexity in material design.
Due to the high configurational degrees of freedom of the

Lix+3P1−xGexS4−4xO4x system, many symmetrically inequivalent
atomic orderings emerge at intermediate compositions. This
study developed an extended Ising Hamiltonian, as imple-

Figure 6. Electrochemical stability windows for Li4GeS4, Li4GeO4,
Li7PO4GeS4, Li4PS4, and Li3PO4. The color bar indicates the
magnitude of the decomposition reactions ΔEd expressed in kJ
mol−1. The left and right vertical dashed lines within each bar denote
the cathodic limit (reduction potential) and anodic limit (oxidation
potential).

Figure 7. Plots of the simulated ionic conductivity of Li3PS4 (purple),
Li7PO4GeS4 (orange), and Li4GeO4 (green). The lines represent the
best linear fit to the calculated data.
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mented in the cluster expansion model, to find possible stable
phases along the Lix+3P1−xGexS4−4xO4x tie-line.
The new stable phase Li7PO4GeS4 identified along the

Lix+3P1−xGexS4−4xO4x tie-line at composition x = 0.5 (see
Figure 1) is characterized by a framework of equimolar PO4

3−

and GeS44− tetrahedral moieties forming regular geometric
patterns. Surprisingly, Li7PO4GeS4 encompasses the exchange
of cations; S atoms from Li3PS4 and O atoms from Li4GeO4
are swapped between P and Ge cations. The thermodynamic
stability of the Li7PO4GeS4 phase over a wide range of
temperatures was further confirmed by the predicted phase
diagram of Figure 4. However, if synthesizable, the formation
of mixed tetrahedral polyanions in Li7PGeS4O4 cannot be
definitively ruled out, particularly under high-temperature
synthesis conditions. The phase diagram also indicates that, at
T > 825 K, the three single phases, β, ϵ, and θ, will mix through
an order−disorder phase transition into a disordered single
phase. Beyond 1200 K, it is plausible to expect a progressive
narrowing of the biphasic region until the θ + λ phase
boundary closes, resulting in the confluence of all four single
phases (β, ϵ, θ, and λ) into a single disorder phase. These
findings imply that high-temperature synthesis might facilitate
the incorporation of Li, Ge, and O atoms into Li3PS4.
Furthermore, fast quenching of high-temperature phases may
preserve the materials in a disordered single phase with
potentially higher ionic conductivities than highly ordered
phases.
Progressing from Li3PS4 to Li7PO4GeS4 and to Li4GeO4, the

interplay between sulfur-to-oxygen and phosphorus-to-germa-
nium substitutions reveals intricate effects of the electro-
chemical stability of these SEs. Indeed, the partial substitution
of S with O from Li3PS4 (0.43 V vs Li/Li+) to Li7PO4GeS4
(0.84 V vs Li/Li+) props open the stability window by over 0.4
V. This enhancement can likely be attributed to the higher
electronegativity of O atoms and stronger P−O bonds.
Nonetheless, given the lower reduction potential of Ge
compared to P, the stability window Li7PO4GeS4 is not
significantly enhanced compared to 2.28 V vs Li/Li+ for
Li4GeO4. Therefore, the computed intermediate values for the
stability window of Li7PO4GeS4 reflect the combined effects of
S and O substitutions and Ge substitutions.
To further investigate the arrangement of tetrahedra species,

PO4
3− + GeS44−, in β-Li7PO4GeS4 (obtained from β-Li3PS4), we

extended our investigation to an ordered γ-Li7PGeS4O4
obtained from the Pmn21 γ-Li3PS4 structure. From the analysis
of the 140 distinct configurations, we identified the lowest-
energy γ-Li7PO4GeS4 structure (Figure S4b) that is charac-
terized by a P1 symmetry and lies ∼1.89 meV/atom higher
than its β-Li7PO4GeS4 analogue. Similarly to β-Li7PO4GeS4,
the γ variant also includes pure PO4

3− and GeS44− tetrahedra
moieties. The orientation of all the tetrahedral apexes in γ-
Li3PS4 is uniformly T+ (see Figure S4a), whereas in γ-
Li7PO4GeS4 all GeS44− tetrahedra orient as T+, and all PO4

3− are
T−. This difference can be linked to the substitution of S2−

with O2− in γ-Li3PS4, where oxygen anions form shorter and
stronger bonds with P5+ than sulfur and likely alter the spatial
configuration of the PO4

3− tetrahedra compared to that of
GeS44−. The role of tetrahedral orientation and dynamics on Li
ion diffusion may be inferred from previous studies for the β
and γ polymorphs of Li3PS4.

59,60 However, the impact of these
factors on the β and γ Li7PO4GeS4 structures is currently
elusive.

It is important to compare Li7PGeS4O4, templated on the
LGPS-type Li7GePS8 SE material,20,61 with the β-Li7PO4GeS4
structure identified in this study. The experimental structure of
Li7GePS8 exhibits tetragonal P42/nmc symmetry with atomic
positions similar to those in LGPS. Upon analyzing 150 unique
Li7PGeS4O4 orderings modeled on the Li7GePS8 structure, we
found that the lowest-energy LGPS-Li7PO4GeS4 is ∼7 meV/
atom higher in energy compared to its β-Li7PO4GeS4 analogue.
Pure PO4

3− and GeS44− tetrahedral units are recurrent in the
LGPS-Li7PO4GeS4 structure (Figure S5), with all tetrahedra
apexes uniformly oriented within the structure. While it is not
yet clear whether LGPS-Li7PO4GeS4 retains the high ionic
conductivity of Li7GePS8 (∼10 mS·cm−1),61 so far, results
suggest that controlling the processing conditions that favor
specific tetrahedral orientations may improve the stability or
ionic conductivities of the resulting Li7PO4GeS4 SE.
In the stable structures of Li7PGeS4O4, templated on β and

γ-Li3PS4, and the LGPS-type Li7GePS8 phases, there is a
consistent preference of pure PO4

3− and GeS44− tetrahedra over
the occurrence of mixed O2− and S2− moieties. Indeed,
homogeneous PO4

3− and GeS44− tetrahedra units are highly
symmetric compared with mixed moieties, thereby minimizing
the lattice strain of the system. Speculatively, mixed tetrahedra
that combine fractions of the O and S anions on the same
cations could increase the vibrational entropy of the system,
facilitating the miscibility of Li3PS4 and Li4GeO4 at high
temperatures and potentially lowering the temperatures of
phase transitions. Our calculations also demonstrate the strong
electrostatic stabilization imparted by forming pure tetrahedra
moieties, which results in a remarkable enthalpic stabilization
of lower-energy orderings (see Figure 1).
Furthermore, O atoms tend to favor P5+ centers over Ge4+

cations due to the stronger P−O covalent bonds than P−S.
This hypothesis is supported by the favorable reaction
Li4GeO4 + Li4PS4 → Li4GeS4 + Li4PO4 −20.26 kJ mol−1

(where each structure is in the Pnma symmetry). The interplay
between the distribution of Li ions and polyanion tetrahedra,
not examined here, could also influence the overall stability of
the Li7PGeS4O4 structure. However, the recurrent presence of
pure PO4

3− and GeS44− tetrahedral moieties in those low-energy
Li7PO4GeS4 structures provides electrostatic stabilization of
these mixed P/Ge and O/S phases.
The ionic conductivity of Li7PO4GeS4 shows a consistent

increase compared to Li4GeO4, specifically ∼10 times higher at
573 K. This enhancement is likely attributed to the half
substitution of the more polarizable and larger S2− anions,
which weakens Li−S bonding and expands the Li-ion diffusion
pathways, thus facilitating Li ion mobility within the spaces
formed by the ordered PO4

3− and GeS44− tetrahedra framework.
Furthermore, as shown in Figure 7, the ionic conductivity of
Li7PO4GeS4 converges toward that of Li3PS4 at elevated
temperatures. This possibly suggests that the influence of the
mixed anion (PO4

3− and GeS44−) sublattice on Li-ion mobility
in Li7PO4GeS4 is mitigated at higher temperatures due to
increased thermal energy, which may overcome the differences
in local bonding environments.

■ CONCLUSION
In summary, this study provided a comprehensive thermody-
namic investigation of the mixing of phosphate and the
thiophosphate polyanion in Lix+3P1−xGexS4−4xO4x solid electro-
lytes. The model builds upon a robust multiscale approach
based on first-principles calculations, a complex coupled-
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cluster expansion framework, and large-size Monte Carlo
simulations, thus capturing the configurational disorder of
GeO4

4− and PS43− mixing. The interplay of vibrational and
configurational entropy terms on the mixing of these polyanion
systems was considered explicitly, demonstrating that phonon
contributions have only a minor effect on the solubility of PS43−

in GeO4
4−. In the Lix+3P1−xGexS4−4xO4x tie-line, we identified a

new thermodynamically and dynamically stable mixed phase
Li7PO4GeS4. Surprisingly, Li7PO4GeS4 displays GeS44− and
PO4

3− tetrahedra formed by an exchange of sulfur atoms�
initially bound to pentavalent phosphorus in PS43− units�with
oxygen atoms from the GeO4

4− groups. In Li7PO4GeS4, PO4
3−

and GeS44− tetrahedral moieties order, forming regular
geometric patterns. The electrochemical stability windows of
Li7PO4GeS4 (0.84 V vs Li/Li+) lie in between Li3PS4 (0.43 V)
and Li4GeO4 (2.28 V). The mild increase in the stability
window of Li7PO4GeS4 compared to Li4GeO4 was associated
with the facile reduction of Ge4+ to metallic Ge. First-principles
molecular dynamics simulations reveal a clear trend in Li-ion
conductivity: Li3PS4 > Li7PO4GeS4 > Li4GeO4. This highlights
the influence of anion composition and structure on Li-ion
transport, with the oxysulfide Li7PO4GeS4 offering a promising
compromise between the sulfide’s high conductivity and the
oxide’s stability. The results of this investigation highlight the
structural complexity of the phase space of polyanion systems
for lithium and sodium solid electrolytes, which deserves more
experimental and theoretical investigations.

■ METHODS
Calculations of this investigation were based on density-functional
theory (DFT),62 as implemented in the Vienna Ab initio Simulation
Package (VASP).63,64 The core electrons were described using the
projector augmented wave (PAW) formalism.65 The “Strongly
Constrained and Appropriately Normed Semilocal Density Func-
tional” (SCAN) meta-GGA semilocal functional was employed to
approximate the exchange and correlation functional in DFT.66 In
contrast to generalized-gradient approximation functionals, the SCAN
functional addresses the issue of overbinding in the O2 and S2
molecules, thereby providing more accurate formation energies for
oxides and sulfides. The PAW potentials used include: Lisv
10Sep2004 1s22s1, P 06Sep2000 3s23p3, Ged03Jul2007
3d104s24p2, S 06Sep2000 3s23p4, and O 08Apr2002 2s22p4.

This investigation starts with the construction of a set of crystalline
compounds with the general formula Lix+3P1−xGexS4−4xO4x, where x =
0 and 1 correspond to the end-member compositions, i.e., Li3PS4 and
Li4GeO4. Intermediate compositions were explored by setting an
interval of Δx = 0.125. As the composition x decreases along the
Lix+3P1−xGexS4−4xO4x tie line, Li vacancies are introduced as GeIV
atoms are progressively replaced by pentavalent PV atoms, leading to
configurations with various arrangements (orderings) of Li/
Vacancies(Va), Ge/P, and S/O. The sheer number of possible
orderings in the Lix+3P1−xGexS4−4xO4x system is managed with the
Python library Pymatgen.67 The classical Ewald energy of unrelaxed
configurations was computed by assigning formal charges to each
atomic species (Li1+; Ge4+ and P5+; and S2− and O2−, respectively).
This approach identified 1,472 representative initial configurations
with relatively “low” classical Ewald energies. The total number of
unique Lix+3P1−xGexS4−4xO4x configurations over the whole compo-
sition range was further reduced to 1,021 after eliminating
symmetrical equivalent structures. The DFT total energies for these
geometrically optimized (atomic positions, cell shape, and volume)
orderings were obtained by using plane-wave expansions up to an
energy cutoff of 520 eV. The first Brillouin zone was integrated by
using a Γ-centered Monkhorst−Pack homogeneous sampling with a
step of 0.5 Å−1 (or smaller) in each lattice direction. The convergence

threshold for changes in the DFT total energy was set to 10−5 eV/cell.
Forces on the atoms were considered converged within 10−2 eV/Å.

To simulate the Li-ion migration, ab initio molecular dynamics
(AIMD) calculations were performed in canonical NVT ensemble
enabled by a Nose−́Hoover thermostat.68,69 1 × 2 × 2 supercells were
constructed by expanding the conventional cells of Li3PS4,
Li7PO4GeS4, and Li4GeO4, containing 128, 136, and 144 atoms,
respectively. To reduce computational costs, the generalized gradient
approximation (GGA) by Perdew, Burke, and Ernzerhof70 was
employed as the exchange-correlation functional, the energy cutoff
was reduced to 420 eV, and the total energy was integrated at the Γ
point. Simulations were conducted at 600, 800, 1000, and 1200 K
temperatures with an integration step of 1 fs and simulations times
longer than 100 ps at each temperature.
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