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High-throughput computational screening has become a powerful tool in materials science for identifying
promising candidates for specific applications. However, the effectiveness of these methods relies heavily
on the accuracy and appropriateness of the underlying models and assumptions. In this study, we use the
popular argyrodite solid-state electrolyte family LigPSsX (X = Cl, Br, 1) as a case study to critically examine key
steps in high-throughput workflows and highlight potential pitfalls. We demonstrate some of these pitfalls
by highlighting the importance of careful structural considerations, including symmetry breaking and site
disorder, and examine the difference between 0 K thermodynamic stability and finite-temperature
stability based on temperature-dependent Gibbs free energy calculations. Furthermore, we explore the
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need for balanced trade-offs between computational efficiency and accuracy in high-throughput

DOI: 10.1039/d4ta06603k screenings, and offers guidance for designing more robust workflows that can better bridge the gap
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1 Introduction

Computationally screening extensive material spaces using
computational tools to identify new materials with optimal
properties for specific technological applications has become
a standard practice in materials science.'”® This method, known
as high-throughput screening, holds great promise; however,
like any tool, it must be applied critically. In this paper, we
address several lesser-known issues that need to be considered
when planning, executing, or evaluating a high-throughput
study. Our aim is to contribute to the improved design of
high-throughput studies and to foster more realistic expecta-
tions regarding the outcomes such studies can deliver.

To illustrate our points, we will use a toy case to conduct
a “mini-throughput study”. Our starting point is LigPSsCl,
a crystal extensively studied in recent years as a candidate for
solid-state electrolytes in Li-ion batteries (see Section 2).
Following the common assumption that similar materials may
exhibit equally favorable properties, we construct a material
space derived from LigPSsCl and investigate whether other
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between computational predictions and experimental realities.

materials in this space exhibit similar or superior properties for
use as solid-state electrolytes. In this example, we focus on
a single property: thermodynamic stability. Our pretended goal
is to identify all members in the space that are at least as
thermodynamically stable as LigPS;Cl with respect to decom-
position into other crystals.

The objective of this paper is not to actually identify new
electrolytes. Instead, we use this toy case to highlight the
following critical, yet common, issues that do not always receive
the attention they deserve when planning, performing, or
analyzing high-throughput studies: (1) the importance of
starting from the correct crystal structure, (2) the relevance (or
lack thereof) of 0 K results for room temperature properties, and
(3) the modification of property rankings with increasing levels
of theoretical complexity.

2 Battery context

In the pursuit of ever better batteries, the development of Li-ion
batteries with a solid electrolyte rather than a liquid electrolyte
is a major goal. They combine a higher energy density with
increased stability, high ionic conductivity and improved
safety.”'* One family of candidate solid-state electrolytes that has
received considerable attention is the LigPS;X family, with X being
a halogen element. The most studied member of this family is
LigPS5Cl,”* whose properties (ionic conductivity and chemical
stability) can be altered by substituting the halogen."* They are
stable at room temperature, and their Li ion conductivity

This journal is © The Royal Society of Chemistry 2025
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approaches the values found in liquid electrolytes.”*™* There is
often a trade-off: while X = Cl offers higher conductivity, there are
concerns about its stability. Conversely, X = I improves chemical
stability at the cost of lower ionic conductivity.'***>

Chemical stability is a property that can be studied using
first-principles methods, and such studies have been conducted
for LigPSsX.**?* Making meaningful rankings of candidate
materials, however, requires understanding the uncertainty on
the predicted properties, several of which are independent of
the first-principles method used. We will examine two sources
of uncertainty: crystal structure and temperature. While the
crystal structure of LigPSsCl has been experimentally deter-
mined, it cannot be considered fully resolved due to the effect of
disorder. At the same time, chemical stability is a temperature-
dependent property. We will examine how chemical stability
evolves if the temperature is explicitly included in the simula-
tions. Finally, we will illustrate how the rankings in our search
space are affected by dealing with these two sources of uncer-
tainty at various levels of sophistication. By quantifying these
effects we hope to inspire the synthesis of new materials which
have been previously discarded in high-throughput studies.

3 Computational methodology

For structural relaxation and total energy calculations, we used
Density Functional Theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP) code.” The electron core
energy was approximated with plane wave-based projector-
augmented wave (PAW) pseudopotentials.®® After extensive
convergence tests, the energy cutoff was set to 650 eV. The
common Perdew-Burke-Ernzerhof (PBE) generalized-gradient
approximation was used for the exchange-correlation func-
tional.*® As PAW potentials, we used the so-called GW-ready set,
known for its high overall precision.**** Specifically, we chose
the following potentials: Li_sv_GW, Cl_GW, P_GW, V_sv_GW,
As_GW, S_GW, and Bi_d_GW. Brillouin zone integration was
performed using a I'-centered k-point grid scheme generated via
the Monkhorst-Pack method,** and the first-order Methfessel—-
Paxton method* with 0.03 eV was used for smearing. In all
calculations, we used the van der Waals Grimme DFT-D3
corrections as implemented in the VASP code* to model the
long-range interactions. This choice was based on test calcula-
tions for a series of argyrodite crystals, which showed that
without van der Waals (VDW) corrections, volumes and ion
channel sizes were overestimated. All calculations were carried
out as non-spin-polarized, except for VsSg, which is known to be
ferrimagnetic.>**® For geometry optimizations, the initial
structure was relaxed until the forces on each atom were below
0.01 meV A",

For dynamic stability analysis, we performed first-principles
phonon calculations on geometry-optimized unit cells with 52
atoms using the finite displacement method as implemented in
the VASP code.** Thermodynamic properties were computed
with the phonopy code.* All phonon band structures were
plotted with the sumo code.”*

To compute the distance to the convex hull for LigPS;X and
the different x-LizPS, phases, we used the Pymatgen code.*>*

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

Pymatgen determines this energy distance AEy,; based on the
total energies of the relevant decomposition products it identifies
from the Materials Project database.** We modified the Pymatgen
code to consistently add the VDW corrections as an additional
correction to the final energy of each composition in the phase
diagram, without further altering the crystal structure.

3.1 Predicting thermodynamic phase stability

In order to predict the stability of a crystal at different
temperatures, we calculate its Gibbs free energy with respect to
its decomposition into a set of simpler crystals chosen to
minimize this energy difference. A general example of a crystal
A,,B, formed by the elements A and B could be:

A,B, = ¢,,AB, + ¢, ;,ABs + ¢,A, + ¢,B, (1)

Here, the number of atoms A on the left and right sides of the
equation should be identical (m = cpgp + ¢ + ¢,), as well as the
number of atoms B (n = ¢,4q + ¢S + ¢, w). The Gibbs free energy
difference between the left and right sides includes an approx-
imation for the vibrational and configurational entropy contri-
butions and can be written as:

AG(T) = AH + AFp, — TASpix (2)

On the right-hand side of eqn (2), the first term is the formation
enthalpy, AH, which is calculated as the total energy difference
between the crystals in the reaction in eqn (1), with each crystal
at its zero pressure crystal structure:

AH = Eiety — Y _Cright,iEright.i (3)

Ej.f: is the total energy of the crystal A,,B,, in the example of eqn
(1), at 0 K and zero pressure. The Eyjgh; are the total energies of
the simpler crystals on the right-hand side in the example of
eqn (1), at 0 K and zero pressure.

The second term in eqn (2) is the vibrational free energy
difference, given by AF,;, = AEP® — TAS,;p,, with E“PF the zero-
point energy of each of the crystals and AS,;, the vibrational
contribution to their entropy. In the harmonic approximation,*
F,ip is given by

hwgy

1 _
Fop = z;hww +kgT |1 —exp kT (4)

where w,, is the phonon frequency at wave vector g with
phonon band index ».

As for the last term in eqn (2), the mixing entropy difference
is important for crystals that are not completely ordered. When
two elements compete for the same lattice site, this can be
approximated by the mixing entropy difference of two ideal
gases. The expression for this is given by

ASmix = —nR[fi In(f}) + (1 — f)ln(l = 11)] (5)

Here, f; is the fraction of one ideal gas, (1 — f3) is the fraction of
the other ideal gas, and n is the number of moles of the two

J. Mater. Chem. A, 2025, 13, 526-539 | 527


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta06603k

Open Access Article. Published on 14 November 2024. Downloaded on 8/3/2025 3:26:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

ideal gases together. The gas constant R is related to the
Boltzmann constant by R = Nk, where N, is Avogadro's
number. Additionally, the number of particles N in the total
volume of the two gases is related to the number of moles n by N
= nN,. This allows eqn (5) to be rewritten in a form more natural
for crystals:

ASmix = —Nkg[fi In(f}) + (1 — f)ln(l — f1)] (6)

This can be interpreted as the mixing entropy difference for
a unit cell of a crystal in which N atoms of two elements
compete for the same lattice site, with fiN atoms of the first
element and (1 — f;)N atoms of the second element (f; and (1 —
fi) are the site occupancies for each element). Generalizing eqn
(6) to t elements, we have

ASmix = _kB Zflln(fl) (7)

Here, f; represents the site occupancy of element 7, and ¢ denotes
the number of elements that compete for the same site.

Under the constraints and approximations listed above, the
AG(T) of eqn (2) is entirely computable, which can be exploited
to predict temperature-dependent phase stability (as done, for
instance, in ref. 26 and 45 for crystals similar to the ones
studied in the present paper). At T = 0, AG(T = 0) simplifies to
the total energy difference between the left and right-hand sides
of eqn (1), plus the (small) zero-point energy difference.
Therefore, the total energy difference AE is a good approxima-
tion for AG(T = 0). We will use the notation AE when referring to
a total energy difference at 0 K without considering zero-point
corrections. With zero-point corrections, this will be noted as
AG. For T > 0 K, there is no ambiguity, and we write it as AG(T).
When the simpler crystals on the right-hand side of eqn (1) are
selected to be those that provide the smallest possible energy
difference with the crystal on the left-hand side, those simpler
crystals must be on the convex hull of the corresponding crystal
space. In that case, we will write the energy differences with
a ‘hull’ SlleCI'ipt: AEhulIy AGhuIly and AGhuH(T).

4 Results and discussion
4.1 Ambiguities in the argyrodite crystal structure

In order to perform meaningful first principles calculations for
LigPSsCl, partial information about its crystal structure needs to
be known as input: which space group, which Wyckoff sites are
occupied by which elements, .... Such information is usually
provided by experiments, e.g. by X-ray diffraction. While
experimental information on the positions occupied by
elements can be highly accurate, it often represents global
averages, that can be affected by defects or disorder. As will
become clear from the following overview, the experimental
information available about the crystal structure of LigPS5Cl
does not suggest in a straightforward way which structure to use
as input for the first-principles calculations (Fig. 1 and Table 1).
On the other hand, quantitative aspects of the crystal structure,
such as the lattice parameters, unit cell angles or the position
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coordinates that are not fixed by symmetry, can be obtained as
output from the first principles calculations.

There is no ambiguity about the space group, which is
universally accepted to be the face-centered cubic group F43m
(ITA 216). The P atoms occupy Wyckoff position 4b, and 4 out of
the 5 S atoms occupy Wyckoff position 16e ((x,x,x), x = 0.625
(ref. 49)). These P and S atoms form tetrahedral cages, with P in
the center of the cage and S on its vertices. Similarly, the Li
atoms form cages around the 4c positions. These cages are
either regular octahedra, with a Li atom at each of its 6 vertices
(Wyckoff site 24g, ref. 48), or they are pyritohedra with 12
vertices, of which roughly 50% are occupied by Li atoms
(Wyckoff site 48h, ref. 13, 14, 46 and 47).

The 4c positions at the center of these Li-cages are either
fully occupied by the fifth S atom (ref. 14, although the authors
note they could not distinguish between S and Cl), or by
a mixture of S (38%) and Cl (62%) (ref. 13 and 46-48). The 4a
site, which lies outside the Li cages, is the mirror image of this,
with either 100% CI (ref. 14) or a mixture of S (62%) and Cl
(38%) (ref. 13 and 46-48). The 4a site forms an fcc-pattern at the
corners and face centers of the unit cell.

Several experimental papers mention a 4d Wyckoff site for S
or Cl. As pointed out in ref. 50, this is due to a different origin
choice and a possible inversion. This 4d site is identical to what
we call 4c. In the present work, we strictly adhere to the ITA
standard setting, called ‘setting 2, not inverted’ in ref. 50. With

. . S 111 .
this choice, the 4c position is at (1 e Z) and is surrounded by

a Li octahedron formed by the 24g sites. These octahedra
themselves form a tetrahedral arrangement, with one octahedron
in the first octant. The 4d position (unoccupied) is at the center of
each of the four octants where no Li octahedron is located and is
tetrahedrally surrounded by four S atoms at 16e. When other
choices are made, the names of 4c and 4d can be reversed.*® In
this work, all literature data have been converted to the ITA
standard setting, ensuring that 4c is always a site at the center of
the octahedron. As an additional verification that the 4d site is
not occupied, some test calculations were performed with 4d
occupied by S or Cl (see Table 2 and its discussion).

Given the experimentally observed site disorder for both Li
and S/CI (see Table 1), the question arises of which ordered
model crystal structure should be used as the input structure for
first-principles calculations. The requirement is to capture the
essential features of LigPS5Cl without entering the combinato-
rial explosion of possibilities by explicitly considering the site
disorder. Table 2 shows two choices made in the literature, as
well as a comparison between four extreme cases tested in this
paper. This table demonstrates that swapping S and Cl between
the 4c and 4a sites involves almost no energy change, consistent
with the observed experimental disorder over these two sites.
Variant 4, with S on 4c and Cl on 4a, has the lowest energy and is
taken as our model system. This is the same choice as in
Materials Project (mp-985592, ref. 44) and in ref. 26.

Unless explicitly mentioned, we will always use ‘variant 4/
from Table 2 throughout this paper. This model is visualized in
Fig. 1b, assuming 4a is occupied by Cl, 4c by S, and 4d is empty.

This journal is © The Royal Society of Chemistry 2025
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@® 48h or 24g (Li)
| 4b (P)
; 16e (S)
4a (Clor S)
4c (SorCl)
® 4d (ClorS)

Fig. 1 Two possible structures of LigPSsCl with space group 216. (a) Li (black) occupies half of the 48h Wyckoff positions, and (b) Li (black)
occupies all 24g Wyckoff positions. The coloured spheres represent the Wyckoff positions mentioned in the legend, occupied by the atoms listed

in the legend.

As discussed in ref. 24, 26 and 51, the cubic version of Lig-
PS;Cl is metastable: its phonon band structure shows soft
modes (see Fig. 5a). When a geometry optimization is per-
formed starting from the cubic cell but with a small random
displacement of all atoms, a non-cubic phase with a lower
energy is found. Its cell parameters and formation energy are
documented in Table 3 for the lowest energy case (‘variant 4').
Although this structure is not far from the original cubic cell, it
has less symmetry (space group 7) and can only be documented
by its explicit cif file (see ESI, Section 1.4,7 once in space group 7
and once in space group 1 (P1)). It corresponds to the ‘LT’ phase
discussed in ref. 15, whereas the cubic structure corresponds to
the ‘HT’ phase. This is a result of each Li atom at 24g choosing
one of the 48h positions it can access. A phonon band structure
calculation for this non-cubic cell does not show any soft modes
(see Fig. 5d), in contrast to the cubic cell. This confirms that the
distorted cell not only has a more negative formation energy but
is also dynamically stable, meaning there is no further way to
lower its energy without crossing a barrier. Table 3 documents
two intermediate cases as well, where the unit cell was con-
strained to be cubic and only the atom positions were randomly
displaced and subsequently allowed to relax. Once the volume

was constrained to the one of the initial cubic structure, once to
the one of the distorted structure. The energies in the last
column demonstrate that the distortion of the cell shape has
a minor effect. The energy reduction is due to the repositioning
of the atoms, which leads to a volume reduction.

For the isovalent crystals LigPSsBr and LigPS;sl, there are
fewer experimental data. Kraft et al.*®* showed that in LigPSsBr,
Li is distributed over the 48h (44.1%) and 24g (11.9%) sites,
while Br occupies 77.9% of the 4a sites and 22.1% of the 4c
sites. In LigPSs], Li occupies 39.1% of the 48h site and 21.9% of
the 24g site, while iodine only occupies the 4a site, and the 4c
sites are entirely occupied by S. This is very similar to the
‘variant 4’ model from Table 2. Therefore, we can state that
LigPSsBr and LigPSsI have qualitatively the same crystal
structure as LigPS;Cl, with a different mixture of Br/I and S on
the 4a and 4c sublattices. Over the series CI-Br-1, the S content
of the 4a site takes the values 62%, 22%, and 0% (with
a complementary behavior for the S content of the 4c site).
This is attributed to the similarity in ionic radii for S, Cl, and
Br, whereas the ionic radii for S and I are more different.*® For
the Li position, various interpretations range from full occu-
pation of 24g, partial occupation of 48h, to a mixture of both.

Table 1 An overview of the Wyckoff position assignments for the LigPSsCl crystal structure as found in the literature. The site occupation
(between 0 and 1) is given in parentheses. The experimental techniques used to obtain information about the structure are mentioned: X-ray
diffraction (XRD), neutron powder diffraction (NPD) or Nuclear Magnetic Resonance (NMR). A question mark indicates that the experiment could

not distinguish between certain elements

Wyckoff position

Deiseroth et al.,"* Rayavarapu et al.*® Kraft/Gautam et al.">*” Hanghofer et al.*® Yu et al.*’
Elements ICSD 418490, 2008 2012 2017/2021 2019 2016
Li 48h (0.56) 48h (0.44) 48h (0.50) 24g (1.00) 48h (0.47)
P 4b (1.00) 4b (1.00) 4b (1.00) 4b (1.00) 4b (1.00)
s 16e (1.00) 16e (1.00) 16€ (1.00) 16€ (1.00) 16€ (1.00)

4c¢ (1.00)(?) 4c (0.37) 4¢ (0.38) 4c (0.39) 4¢ (0.29)

— 4a (0.63) 4a (0.61) 4a (0.62) 4a (0.71)
cl 4a (1.00)(?) 4a (0.37) 4a (0.38) 4a (0.39) 4a (0.29)

— 4c (0.63) 4c¢ (0.61) 4c¢ (0.62) 4c¢ (0.71)
Exp XRD XRD/NPD NPD XRD/NMR NPD

This journal is © The Royal Society of Chemistry 2025
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Table 2 The Wyckoff positions considered for LigPSsCl calculations in the literature and in this work. Every site mentioned is fully occupied. The
formation energy AE [eV per atom] is the energy difference w.r.t. the most stable unary phase of each element present in LigPSsCl (bcc Li, triclinic

P (P1), orthorhombic S (Fddd), and orthorhombic Cl, (Cmce))

Materials project

Variant 4

mp-985592 D'Amore et al. ‘Model 2, ref. 26 Variant 1 Variant 2 Variant 3 [chosen model]
Cubic Distorted Distorted Distorted Distorted Distorted
Elements Wyckoff position
Li 24g 24g 24g 24g 24g 24g
P 4b 4b 4b 4b 4b 4b
S 16e 16e 16e 16e 16e 16e
4c 4c 4d 4a 4a 4c
Cl 4a 4a 4a 4d 4c 4a
AE [eV per atom] —1.129 —~1.160 —-1.193 —~1.206

This variety likely reflects the inherently mobile nature of Li
atoms in this crystal, which is, after all, the reason these
crystals are being studied. We will always place Li at 24g,
representing an average position.

The discussion above illustrates that determining the most
meaningful input structure for a first-principles calculation can
be more involved than ‘simply adopting the experimental
structure’. Nomenclature issues must be identified and resolved
(4c/4d), average high symmetry features may need to be broken
to find the actual lowest energy structure (we will see in Fig. 4
how this can affect computational predictions), and if site
disorder appears, the most meaningful ordered model must be
chosen (the entropy term that accounts for site disorder will be
considered in Fig. 4). This is even more relevant if the chosen
structure model will be used as a template for a high-
throughput study: every mistake at this stage will proliferate
through the entire high-throughput workflow.

Having decided on the most realistic model for the crystal
structure, we can proceed to compute ground state and
temperature-dependent properties for this model.

4.2 Thermodynamic stability of LigPS;X at T = 0 K

Having verified the dynamical stability of (non-cubic) LigPSsCl in
the previous section, we now focus on its thermodynamic
stability. A crystal is thermodynamically stable if, at a given
temperature, there is no other combination of crystals with
a lower Gibbs free energy. Importantly, the number and type of
atoms on both sides of the equation must be identical. Proving
thermodynamic stability is challenging, as it requires knowledge

not only of the crystal under consideration but also of any other
possible crystal that can be formed with the given elements.
There is an infinite number of such crystals, necessitating a large
(and ideally infinite) database of known structures and energies.
Databases such as Materials Project** or the Open Quantum
Materials Database (OQMD)* are invaluable in this respect. They
can document the thermodynamic stability of a given crystal with
respect to all other crystals present in the database. If a crystal is
found to be thermodynamically unstable, it will also be unstable
with respect to an ideal infinite database. However, if a crystal is
found to be thermodynamically stable with respect to a given
database, this remains a conditional conclusion: a very stable
crystal missing from the database could potentially alter the
results. The lowest-energy combination of crystals from a given
database consists of a set of crystals that are themselves ther-
modynamically stable with respect to that database. These crys-
tals are on the so-called convex hull of the phase diagram for the
considered elements. The energy difference between the studied
crystal and this particular decomposition is called the (convex)
hull energy (AEnu or AGhun(7))-

For argyrodite-type crystals, there is a general decomposition
reaction that typically points to the relevant crystals:*®

Lilzf_;;,mMm+S6,xXx == Lig,,nM’n+S4 + (2 — x)L12$ + xLiX (8)

For LigPSsX, we have x = 1, m = 5 and M = P. The suggested
decomposition reaction is therefore:

LigPSsX = LisPS, + Li,S + LiX (9)

Table 3 Unit cell information for the cubic (top line) and distorted (bottom line) of LigPSsCl in the ‘variant 4 geometry. The two intermediate
cases are constrained to be cubic, once with the higher volume and once with the lower volume, and only the atom positions are allowed to
optimize, following a random displacement. The formation energy AE [eV per atom] is given w.r.t. the elemental unary phases

Volume a b c « I % AE
Cubic 1022.15 10.073 10.073 10.073 90 90 90 —1.122
Cubic (high volume) 1022.15 10.073 10.073 10.073 90 90 90 —1.186
Cubic (low volume) 907.43 9.681 9.681 9.681 90 90 90 —1.205
Distorted 907.43 9.832 9.609 9.609 89.1 88.8 88.8 —1.206
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If eqn (9) is used to compare the energies of the crystals
involved, the energies should be expressed per formula unit (see
eqn (10) for a different formulation). LizPS, can adopt different
structures (see Section 4.3), with y-LizPS, being the ground state
structure. y-LizPS, is thermodynamically stable (though it is not
currently listed in the Materials Project database). Li,S, LiCl,
LiBr, and LilI each have only one possible structure, with space
group Fm3m, and are all thermodynamically stable. It can be
verified that for every element, the number of atoms on the left
and right sides of eqn (9) is identical, as required.

The 0 K property AEy,; has been computed for LigPS;Cl.
Deng et al. found it to be unstable by 21 meV per atom (ref. 25)
with respect to decomposition into Li3PS,, Li,S, and LiCl
Schwieter et al. reported a similar value of about 30 meV per
atom (Fig. 2a in ref. 54), while the Materials Project reports 80
meV per atom. We find AEy to be 90.0 meV per atom (Table
4). The corresponding values for LigPSsBr (AEp,; = 60.3 meV
per atom) and LigPSsI (AEn,; = 17.7 meV per atom) also
predict these two crystals to be unstable. This contrasts with
the fact that they are experimentally known to exist, and Lie-
PS5Cl can even be commercially bought. This contradiction
may be due to limitations of the theoretical level (particularly
the exchange-correlation functional used in DFT), it may
indicate a metastable crystal structure that will decompose
over a long time, or it may be a temperature-induced stability
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(unstable at 0 K but stable at higher temperatures). To better
distinguish between these possibilities, we will calculate the
temperature-dependent Gibbs free hull energy AG.u(7) in
Sections 4.3 and 4.4.

4.3 LizPS, as a test case for the temperature dependence
formalism

We now leave LigPS;X for a while and focus on one of its
decomposition products: LizPS,. Three known experimental
structures of LizPS, as a function of temperature have been
described in the literature.'?>*>*>%! From the lowest temper-
atures up to 573 K, the y-LizPS, phase has been reported.>***%
This is an orthorhombic structure with space group Pmn2a (ITA
31). For T > 573 K, a transformation to B-LizPS, occurs. This
structure is also orthorhombic, with space group Pnma (ITA 62).
The high-temperature o structure appears above 773 K.*>*®¢
Homma et al. reported the latter phase as Li,PS,, i.e., with an
incorrect stoichiometry, and with the space group ‘Pbcn’.®
Later, Kaup et al. showed by neutron powder diffraction that
« has space group symmetry ‘Cmcm’ (ITA 63)*° and maintains
the Li;PS, stoichiometry. At high pressures, there is a 3-Li;PS,
phase that is not relevant to this study.®® We will apply a phase
transition prediction formalism to Li;PS, and compare the
results with the aforementioned transition sequence and
temperatures. If this approach works well for LizPS,, it will
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Fig. 2 Calculated phonon band structures of the three x-LisPS, phases, without symmetry breaking (top, (a—c)) and with further symmetry
breaking (bottom, (e and f)) (symmetry breaking had no effect for the y phase). The dashed horizontal line shows the zero frequency. Soft modes
(‘negative frequencies’) are clearly visible for the B and o phases without symmetry breaking. With symmetry breaking, the soft modes for g’ and
o’ vanish. The very small negative frequencies near the T point in the y phase are within an acceptable numerical error range of —0.3 THz, as
previously reported in a study by Brivio et al.>® They are due to small residual stresses in the relaxed structure.
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Table 4 Calculated formation energies, AE, with respect to the
elemental unary phases, and convex hull energies, AEy,. with respect
to the lowest-energy decomposition reaction. Lattice parameters are
given for the different phases of x-LisPS4, LigPSsX, and for their
decomposition products. The experimental values are from ref. 22, 55,
56 and 57-59. #Atoms indicates the number of atoms in a unit cell.
The prime symbol, ’, refers to a distorted structure after symmetry
breaking. MP refers to values obtained from the Materials Project
database*

AE AEnun . . .

Phases #Atoms (eV per atom) (meV per atom) a (A) b (A) ¢ (A)
o-LPS 32 —0.982 9.0 8.602 9.048 7.817
a-LPS’ 32 —0.978 5.3 8.481 9.135 7.985
Exp 8.643 9.046 8.477
B-LPS 32 —0.984 2.4 12.945 7.821 6.013
B-LPS' 32 —0.986 1.2 12.874 7.875 6.045
Exp 12.819 8.219 6.123
Y-LPS 16 —0.997 0.0 7.587 6.495 6.111
v-LPS' 16 —0.997 0.0 7.587 6.495 6.111
Exp 7.708 6.535 6.136
LPSCl 52 —1.130 90.0 10.052 10.052 10.052
LPSCl' 52 —-1.215 12.6 9.832 9.609 9.609
Exp 9.857 9.857 9.857
LPSBr 52 —1.124 60.3 10.083 10.083 10.083
LPSBr’ 52 —-1.179 5.24 9.818 9.884 9.727
Exp 9.986 9.986 9.986
LPSI 52 -1.111 17.7 10.115 10.115 10.115
LPSI' 52 —1.139 0.0 9.953 10.002 9.923
Exp 10.145 10.145 10.145
Li,S 12 —1.44 0.0 5.587 5.587 5.587
Exp 0.0 5.708 5.708 5.708
LiCl 8 —1.89 0.0 5.046 5.046 5.046
Exp 0.0 5.129 5.129 5.129
LiBr 8 —1.60 0.0 5.385 5.385 5.385
Exp 0.0 5.489 5.489 5.489
Lil 8 —1.24 0.0 5.968 5.968 5.968
Exp 29.0 6.00 6.00 6.00

increase confidence in its application to the temperature-
dependent phase transformations in LigPSsX.

Starting from the experimental structures for the three
different x-Li;PS, phases, we perform DFT calculations at 0 K,
optimize their geometry, and determine their formation ener-
gies. We subsequently check their dynamic stability by calcu-
lating the phonon spectra of the geometry-optimized structures
at 0 K. We find that the low-temperature y-LizPS, phase has no
soft modes (Fig. 2a). However, the B-Li;PS, and a-Li;PS, phases
do show soft modes when the cubic symmetry is maintained
(Fig. 2b and c). This indicates that there are collective motions
of atoms that will disintegrate the crystal rather than settle into
a vibration mode with a finite amplitude. These soft modes
disappear when the symmetry of the § and o phases is broken
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by applying a small random displacement to all atoms, followed
by a new geometry optimization (Fig. 2e and f). The cif files for
these structures, before and after breaking the symmetry, are
provided in Section 1.3 of the ESL.{

In Table 4, the calculated lattice parameters for, among
others, the three x-Li;PS, phases are shown. The lattice
parameters after symmetry breaking vary at the 0.1 A level. For
v-LizPS,, the structural change is at the noise level, as evidenced
by its values for AEy;, AE, and the lattice parameters.

The coordinates and simulated XRD spectra for these cases
are provided in the ESI (Sections 1.2 and 1.3).} As shown in
Table 4, the symmetry breaking lowers the formation energies,
confirming that these are indeed more stable configurations.
Moreover, the formation energies become less negative along
the series y — B — o, consistent with the experimentally
observed phases when increasing the temperature.

According to the Materials Project database, B-Li;PS, (mp-
985583, ref. 44) cannot lower its energy by a phase trans-
formation or by decomposition into other crystals. In other
words, it lies on the convex hull of the Li-P-S phase diagram.
However, based on our calculations and literature,** we know
that y-Li;PS; (not yet documented in the Materials Project
database) has an even lower energy. Therefore, y-Li;PS, lies on
the convex hull. We can thus assign it a reference energy of zero
and express the energy of the other crystals relative to this
reference. These values are given in Table 4 in the column with
the header AEy; - indicating the energy distance to the convex
hull.

With the ground state energies and phonon information
known, we can now use eqn (2) to obtain the temperature-
dependent Gibbs free energy for all three Li;PS, phases (the
mixing entropy term in eqn (2) is zero here, as these are ordered
crystals). Fig. 3 shows these Gibbs free energies as a function of

0.020
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0.0151 :_Eil'(h — ﬂfLi:;PS;
5711- — 7—Li3PS,
= 0.0101 gfl,r
Q
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e
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U @] 7 o
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—0.010 e .
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Fig. 3 Temperature dependent Gibbs free energy difference AGy(T)
with respect to the convex hull (i.e. w.r.t. y-LizPS,4) using eqn (2). The
upper inset shows the individual Gibbs free energy curves G(T), which
is for the y-phase multiplied by a factor of 2 to match the number of
formula units of the other polymorphs. The box diagram in the lower
inset shows (a) the experimental temperature range for each phase,
and (b) the temperature ranges deduced from taking the phase with
the lowest calculated G at any T.
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and with (+AS) the entropy term. In (c), only the plot without the
entropy term is shown (see text). The thick vertical line shows the
stabilization temperature with entropy contribution, whereas the thin
vertical line shows this temperature without entropy contribution. The
horizontal arrow is a visual representation of the lowering of the
stabilization temperature due to the 4a/4c disorder.

temperature, plotted with respect to the Gibbs free energy of the
y-phase, which is taken to be zero at every temperature (hori-
zontal blue line). It can be concluded from this figure that at the
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lowest temperatures, the y-phase has the lowest Gibbs free
energy and is therefore the most stable phase in this tempera-
ture range. This aligns with the experimental findings.*® As the
temperature increases to approximately 330 K, the B-phase
becomes stable, followed by the a-phase around 800 K. These
results are summarized in the lower inset of Fig. 3 and
compared with the experimentally observed phase transition
temperatures. We conclude that the phase sequence is correctly
predicted. The predicted transition temperatures quantitatively
deviate notably from the experimental values, but on a scale of
1000 K, they are at least in the right range. This is the level of
accuracy that can be expected for such properties, and devia-
tions from the experiment are due to imperfections in the
exchange-correlation functional used in the DFT calculations.
If the (unknown) exact exchange-correlation functional would
give energy differences that are only 0.005 eV per atom different
from the PBE values, the transition temperatures can easily
change by several hundred Kelvin. This example for Li;PS,
suggests that by this procedure, qualitatively correct phase
stability predictions can be made for LisPSsX - something we
will do in Section 4.4.

4.4 Thermodynamic stability of LisPS;X at 7> 0 K

We will now use the same approach as in Section 4.3 to predict
temperature-dependent phase transformations or decomposi-
tions for LigPSsX (X = Cl, Br, I). We start by performing
a geometry optimization and phonon calculation in the cubic
state and find soft modes not only for LigPS5Cl (Section 4.1) but
for all three crystals (Fig. 5a—c). Breaking the symmetry and
optimizing the geometry again, as was done for Li;PS,, results
in structures with lower energy and no soft modes (Fig. 5d-f and
Table 4).

The relaxed coordinate files (cif) are given in the ESI, Section
1.4.1 Looking at Table 4, we see that the symmetry breaking
lowers the lattice parameters by about 0.2 A for all three crystals.

Using the structures with broken symmetry, which are now
demonstrated to be dynamically stable, the next step is to apply
eqn (2). In contrast to the LizPS,; example in Section 4.3, the
entropy term does play a role here.

The mixing entropy term is approximated via eqn (6). It
represents the entropy contribution due to X/S anion site
disorder at the 4a and 4c sites, while the rest of the atoms have
defined Wyckoff positions (see Table 1 and references therein).
Rather than using the actual S fractions (e.g. f = 0.62 for Lie-
PS;Cl), we used f = 0.5 instead. This maximizes the entropy
contribution. As we will see, the entropy contribution is a small
effect after all, and the results would not be significantly
different if the actual fractions were used. For LigPS;sI, the T and
S atoms are fully ordered at the 4a and 4c sites. Therefore, the
entropy term was not included for LigPSsI. Fig. 4a and c illus-
trate the effect of the entropy term for LigPSsCl and LigPSsBr.

According to the Materials Project database, none of these
LigPSsX crystals lies on the convex hull of the Li-P-S-X phase
diagram at 0 K. This means they will decompose into a combi-
nation of simpler crystals, with each of the decomposition
products being on the convex hull. The decomposition products
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are always y-Li3PS,, Li,S, and LiX. If the energies are expressed
per atom, and considering that these four crystals have 52, 32,
12, and 8 atoms per unit cell, respectively, this is the translation
of eqn (9) with the proper coefficients:

. 8 . 3 . 2 .
(10)

This is a realization of the general example in eqn (1). In
order to calculate the 7T-dependent stability, we first geometry-
optimize LiCl, LiBr, Lil, and Li,S, and calculate their phonon
spectrum (y-LizPS, has been done in Section 4.3, and these data
are re-used). There were no soft modes. The Gibbs free energies
for all three crystals (left-hand side of eqn (10)) and for the
weighted sum of the simpler crystals (right-hand side of eqn
(10)) are shown in Fig. 4. At any given temperature, the lowest
among those curves represents the most stable situation at that
temperature.

Fig. 4a shows the results for LigPSsCl. If cubic symmetry is
kept, then the energy of LigPSsCl would be about 0.1 eV per
atom above the energy of the weighted sum of simpler crystals
(at 0 K). Indeed, this is essentially the same as the 0.09 eV per
atom found in Table 4, with the only difference being that now
the small zero-point energy difference is taken into account.
When allowing for the symmetry breaking, the energy of Lis-
PS5Cl is only slightly higher than that of the decomposition
products at low temperature and lower than that of the
decomposition products above 580 K. This means that above

534 | J Mater. Chem. A, 2025, 13, 526-539

580 K, LigPSsCl is predicted to be thermodynamically stable
against decomposition. This prediction is very consistent with
the measured experimental crystallization temperature of 603
K.*>% Note that the minor shift due to the entropy term is
relevant here; without the entropy term, the temperature above
which LigPSsCl is predicted to be stable rises to 750 K. The
disorder on the S/Cl sublattices plays, therefore, a meaningful
role in the stabilization of this crystal.

The situation is quite similar for LigPS;Br, as shown in
Fig. 4b. LigPSsBr becomes thermodynamically stable above 390
K (this would have been 540 K without the entropy term). For
LigPSsI in Fig. 4c, the entropy term does not play a role (S and Cl
are on their own Wyckoff sites, without mixing), but even
without this term the energy of LigPS;I is always lower than the
energy of the decomposition products: LigPSsI is predicted to be
stable over the entire temperature range. Taken together, Fig. 4
indicates an increasing stability of LigPSsX from X =Clto X =1.

In conclusion, we can state that total energy and phonon
calculations at the given level of theory (PBE-DFT with van der
Waals corrections), combined with the proper structural infor-
mation (allowing for symmetry reduction, including site
disorder and the corresponding entropy contribution), provide
an effective method to predict the thermodynamic stability of
argyrodite-type solid-state electrolytes as a function of
temperature.

4.5 Isovalent analog to LigPS5Cl

When searching for materials optimized for a particular tech-
nological application, it has become possible to perform

This journal is © The Royal Society of Chemistry 2025
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computational high-throughput searches: a large space of
candidate materials is computationally screened for a specific
property. Only those materials with the most attractive values
for that property are taken to the next stage, where a computa-
tionally more expensive property is determined. By applying this
procedure multiple times, a vast space can be filtered down to
a handful of candidates that exhibit desirable values for all
considered properties, without having to calculate the most
expensive properties for the entire space.

The underlying assumption in this screening approach is
that the approximations used at different stages do not influ-
ence each other. If the ranking of materials after stage 1 changes
considerably at stage 2, then selecting the subset of best-ranked
materials after stage 1 could discard materials that would have
been better-ranked at stage 2.

In this work, we do not perform a high-throughput study but
rather examine a methodological question using a ‘mini-
throughput’ approach as a model. The reasoning is as follows:

Argyrodite-type LigPSsCl is a known candidate for a solid-
state electrolyte, and we have demonstrated in the previous
sections that we can predict its stability as a function of
temperature with reasonable accuracy. There are 4 P atoms in
the unit cell of this crystal. We could define a family of crystals
where phosphorus is replaced by (a combination of) other
elements, assuming that the crystal structure is qualitatively
maintained. A subset of this family is formed by combinations
of 4 atoms that are collectively isovalent to four phosphorus
atoms (this makes it more likely that there will be no crystal
structure phase transitions). For instance, two W atoms (valence
+5), one Os (+6), and one Te (+4) have an average valence of +5
per atom, which is identical to the valence of P. Such isovalent
substitutions (which we restrict to a maximum of 3 different
elements) are least likely to fundamentally alter the properties
of LigPSsCl, while still offering ways to fine-tune some proper-
ties. By pseudo-randomly replacing the 4 phosphor atoms by up
to 3 other elements (omitting elements that are too expensive,
toxic or radioactive, or just implausible), and by considering
only valence states that are normal for each element, a list of 14
000 candidates was made. After applying the constraint of an
isovalent substitution, 91 of those survived. They form the space
for a “mini-throughput study”. They are listed in Table S1 of the
ESI.T For each of these crystals, we calculated the total energy in
the cubic phase and in the distorted phase, as was done before
with LigPSsX. The former is a relatively fast calculation, while
the latter requires much more involved geometry optimization
and should preferably be avoided in a full-fledged high-
throughput study. The energy distance to the convex hull
(AEnun) was calculated for both series and was plotted with
respect to each other in Fig. 6. The distance to the convex hull is
positive for all 91 cases, regardless of whether symmetry was
broken or not. This means that none of these crystals is ther-
modynamically stable. The values of the energy distance are
spread within the interval [0, 0.5] eV per atom. The energies in
the distorted phase are systematically lower than the energies in
the cubic phase, indicating that the tendency for symmetry
lowering is present in all cases. There is a fair correlation
between both data sets, which would lead at first sight to the
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Fig. 6 Selected crystals that are isovalent to LigPSsCl. The horizontal
axis shows AE, for the crystal that is relaxed with cubic symmetry.
The vertical axis shows AEp, when the system is relaxed without
symmetry constraints.

conclusion that it is not necessary to calculate the geometry
optimization for the distorted structures for all cases. However,
the correlation is far from perfect, and therefore a considerable
safety margin must be built in. If we want to avoid discarding
cases with an energy below 0.05 eV per atom in the distorted set,
we need to include all crystals with energies up to 0.12 eV per
atom in the cubic set. If we want to avoid discarding cases with
an energy below 0.10 eV per atom, we need to keep all high-
symmetry crystals with an energy below 0.20 eV per atom. It is
a rule of thumb in high-throughput studies that crystals up to
0.05 eV per atom above the convex hull still have a chance to be
thermodynamically stable when experimentally tested.** This
level of disagreement is due to limitations in the level of theory
(e.g. the XC-functional in DFT), the effect of thermal vibrations,
or kinetic effects (stabilization of metastable states by energy
barriers). This rule of thumb is valid for situations where the
crystal structure is unambiguous. It means we need to apply this
rule of thumb to the vertical axis of Fig. 6. If we had only the
cubic data, we would need to keep all cubic crystals with an
energy below 0.12 eV per atom (there are 12 of them, or 13% of
the set) in order to find the 3 distorted crystals (3% of the set)
with an energy below 0.05 eV per atom. The difference may not
seem large, but if this were applied to a real high-throughput
study starting from, say, 50 000 crystals, it would mean that
6600 rather than 1650 crystals survive the first filtering stage.
This implies that significantly more computation time would be
required for the next stage.

The methodological lesson learned from this mini-
throughput model is that in crystal sets where there is uncer-
tainty involved in the structure, rather coarse limits on AEy
must be used to avoid eliminating too many candidates from
the next stage. A more general way to formulate this is as
follows: if a computational shortcut (here: using the cubic
symmetry) changes the properties of interest (here: AEp,y) to
such an extent that the list of promising candidates is signifi-
cantly altered, then this shortcut should probably not be used.
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Fig. 7 AGpnuu(T) for LigPSsCl (a) compared to two selected crystals that
are analogous to LigPSsCl (b and c). The energy for the decomposition
products at T = 0 K is taken as reference (zero).

Having data in Fig. 6 for 91 broken-symmetry isovalent
substitutions for LigPSsCl, it can be interesting to inspect
whether there are crystals among them with stability similar to
or better than that of LigPSsCl. To that end, the data point for
LicPS5Cl has been added to Fig. 6 as well. There are two other
data points with similarly low AEy,; on the vertical axis. One of
them, where the four P atoms had been replaced by P,VAs, had
a low AEyp, in the cubic phase too, and would have been found
with a tight limit on AEy;. The other one, where the four P
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atoms were replaced by As,BiP, has an equally small AEy,; on
the vertical axis but a much larger AEy,,;; on the horizontal axis.
It is an example of an interesting case that would have been
discarded if a too coarse limit on AE},; had been used.

As a sidenote, we applied the same procedure to these two
crystals that was used in the preceding sections to calculate the
temperature-dependent thermodynamical stability of LigPS5Cl.
The decomposition into simpler crystals is more involved due to
the larger number of elements present. It can be found by
applying the phase diagram tool as implemented in the
Pymatgen code* (rather than formula units, all atoms in the unit
cell are counted):

(v — LisPSy) + 22LiS + S Lic

52 52
4. 0.54 3.95
+ ﬁLlASSZ + gVSSg + ﬁVSZ‘

Li24 PzVASSZO Cl4 i E
52
(11)

. . 8 . 25.5 . 8 .
L124A52B1P820C14—) 5 (’Y — L13PS4) + 5—2L12$ + 5 LiCl
1.5

3 . 6
+ ﬁBISZ + 57ASSZ + — S

5 (12)

Among the 9 different decomposition products, 3 crystals are
also present in the LigPSsCl decomposition. The others result
from the presence of the elements V, As, and Bi. For these two
predicted crystals, we performed phonon calculations for each
of the decomposition products and the reactants, as described
in Section 3. No soft modes were found, indicating that all
crystals involved are dynamically stable.

Comparing the results in Fig. 7 to Fig. 4a for LigPS;Cl, we
conclude that neither of these two crystals is competitive with
LigPS5sCl in terms of stability. Note that the energy differences at
T = 0 K in Fig. 7b and c (0.06 and 0.04 eV per atom) differ
slightly from the values in Fig. 6 and Table S1.1 This is because,
in Fig. 7, zero-point corrections are included, and all reaction
products were geometry-optimized with high precision. In
Fig. 6, however, there are no zero-point corrections, and ener-
gies are taken directly from the Materials Project database.

5 Conclusions

This work aims to illustrate, using the example of LigPS5X,
several aspects of high-throughput studies that are not always
explicitly discussed. We highlighted potential issues when
formulating the template crystal structure for first-principles
calculations: the importance of understanding nomenclature
and conventions in the experimental literature (cfr. 4c/4d), the
necessity to recognize that experimental symmetry determina-
tion can represent an averaged higher symmetry that needs to
be broken for more meaningful DFT energies, and the need to
account for site disorder. Inspecting phonon band structures
for soft modes is an effective method for removing artificially
high symmetries.

Moreover, for computational efficiency, high-throughput
screening is often limited to information at 0 K. We demon-
strated that more comprehensive stability information can be

This journal is © The Royal Society of Chemistry 2025
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obtained from temperature-dependent calculations. Relying
solely on 0 K information can be misleading. Finally, imposing
overly strict filters can exclude potentially interesting cases from
the search set, especially if the simplifications in calculations at
one stage significantly alter the ranking of candidate materials.
This was shown here by the fact that the stability ranking based
on the energies of high-symmetry crystals differed substantially
from the ranking based on energies from broken-symmetry
structures.

We hope that this work will contribute to enhancing the
quality of high-throughput studies and to setting appropriate
expectations for interpreting the results they provide, allowing
for a more realistic integration of high-throughput screening
into materials design workflows for battery materials and other
applications.
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