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Non-oxide chalcogenides are among the fastest Li—ion conductors currently available. Here, a new crys-
talline lithium selenido-phosphate, Li4P,Seg, is reported. Its structure was solved using a combined
approach of quantum-chemical structure prediction, powder X-ray diffraction, and solid-state NMR.
Li4P>Seg crystallizes in an orthorhombic unit cell in the space group Pnma and the lattice parameters a =
13.8707(1) A, b = 11.2115(1) A, and ¢ = 6.45445(7) A, representing a novel structure type. **P and "’Se
magic—angle-spinning NMR spectra are reported and were analyzed for chemical shift and J-couplings.
The material's ionic conductivity, characterized by impedance spectroscopy, slightly exceeds that of the
non-isostructural crystalline compound Li4P,Se, which contains the homologous complex anion. A com-
puted phase diagram shows that several compounds can be prepared experimentally, which from the
computed energy at a temperature of O K, feature a positive energy above the convex hull and thus

Received 28th January 2025,
Accepted 8th July 2025

DOI: 10.1039/d5dt00227¢c

should not exist. This research highlights the influence of configurational and vibrational entropy in stabi-
lizing ionic chalcogenides, emphasizes the complexity of predicting phase stability in related systems by
quantum-chemical calculations and contributes to the understanding of non-oxide chalcogenides,
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1. Introduction

Non-oxide chalcogenides are promising candidates for fast
solid ionic conductors.” While the Li-P-S system has recently
attracted significant attention, its related system Li-P-Se
remained relatively unexplored, most likely due to the rarity of
Se as comparison to S. An advantageous feature of Se is that
its NMR-active isotope, ’’Se, has a higher natural abundance
(7.6%) than *3S (0.8%). Additionally, ””Se has a nuclear spin of
I = 1/2, resulting in spectra that are easier to interpret than
those of the **S quadrupolar spin of I = 3/2. Because the struc-
tural characteristics of selenium- and sulfur-containing com-
pounds tend to be similar, meaningful comparisons can be
drawn from structural studies, which can probe mobility on
the chalcogenide position.

Only a single ternary crystalline phase in the system Li-P-
Se is currently known, corresponding to the high-temperature
modification of Li,PSes.> This compound crystallizes in
the well-known cubic argyrodite structure and exhibits fast
Li-ion conductivity, similar to its sulfur-based analogue.’®
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including potential fast ionic conductors.

Efforts to enhance the ionic conductivity of this phase through
aliovalent substitution with different elements have been
reported.”® Additionally, a previous study provided strong evi-
dence for another crystalline phase, “Li,P,Ses”, based on solid-
state NMR and powder X-ray diffraction data, including a
suggested unit cell; however, its structure remained unsolved.®
A key question to be addressed is whether the crystalline
“LiyP,Ses” adopts the same structure as its sulfur analogue
Li,P,Se.”®

A previous study® on aliovalent doping of Li4P,Se with mag-
nesium demonstrated that several energetic minima can be
accessed by only minor compositional changes, suggesting
that the structure of Li,P,Seq could well differ from the sulfur
variant. Furthermore, it has been theoretically proposed that
“LizPSe,” may exist in the system, but this has yet to be con-
firmed experimentally.'®

The energetic hypersurface of existing structures can be
explored through a combination of quantum chemical energy
calculations and search algorithms like Monte Carlo or genetic
algorithm.” ™™ Such structure prediction techniques provide
insights into the stability of different crystalline phases by
probing the convex hull of all known and hypothesized crystal-
line structures. Moreover, they allow identification of compet-
ing structures for a given composition and estimation of their
relative formation energies.

The purpose of this study is to determine the structure and
properties of Li,P,Ses and to relate them to other crystalline
phases within the Li-P-Se system.

This journal is © The Royal Society of Chemistry 2025
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2. Experimental part
Synthesis

All starting materials were stored and prepared inside a glove
box (MBraun, Garching, Germany) under an argon atmo-
sphere. Li,Se was prepared by reacting selenium vapor and
molten lithium metal. Lithium metal was placed on a graphite
boat and transferred into a quartz vessel containing selenium
powder. The evacuated quartz tube was heated to 600 °C for
three days.

Li,P,Ses was synthesized according to eqn (1). Red phos-
phorus (4 mmol, 123.9 mg, Alfa Aesar, 99.999%), selenium
powder (10 mmol, 790.0 mg, ChemPur, 99.999%) and lithium
selenide (4 mmol, 371.0 mg) were thoroughly ground and
mixed in an agate mortar and afterwards filled into a graphi-
tized quartz ampule (8 mm outer diameter). The ampule was
sealed under vacuum (p = 1.8 x 1072 mbar) and heated to
650 °C in a tube furnace for seven days.

4Li,Se + 4P + 8Se — 2Li,P,Se, (1)

NMR spectroscopy

Solid-state NMR spectra were recorded on a Bruker Neo
spectrometer, operating at a magnetic flux density B, = 14.17,
corresponding to resonance frequencies of 242.96 MHz and
114.47 MHz for *'P and ”’Se, respectively.

Chemical shift values are reported on a deshielding scale.
The "H resonance of 1% Si(CH;), in CDCl; served as an exter-
nal secondary reference using the = values for *'P and ”’Se as
reported by the TUPAC."

Magic angle spinning (MAS) was performed using a commer-
cial 3.2 mm triple resonance Bruker probehead within zirconia
rotors (3.2 mm, ZrO,). Rotors were packed under an argon atmo-
sphere in a glove box. All spectra were recorded at a sample spin-
ning frequency of vy = 20 kHz, except for the ”’Se and *'P MAS
spectra used for the determination of chemical shift tensors,
which were recorded at v, = 15 and 5 kHz, respectively.

For the *'P and ""Se MAS NMR measurements, repetition
delays of 600 s and 820 s were used respectively.

For the homonuclear *'P-*'P 2D zero-quantum (ZQ)
exchange spectroscopy measurement, the super-cycled R6s>
sequence’® was used with a repetition delay of 32 s, 72
R-elements, an increment of 50 ps and rotor-synchronized
data sampling of the indirect dimension accumulating 8 tran-
sients per FID. The R-element consisted of a 90° pulse and a
270° pulse.

X-ray powder diffraction

X-ray powder diffraction (XRD) patterns were recorded using a
STOE STADI P powder diffractometer (Stoe, Darmstadt,
Germany) with Ge(111)-monochromated CuK,; radiation (4 =
1.54056 A) in the Debye-Scherrer geometry (capillary inner dia-
meter: 0.28 mm). A 260 range between 5° and 90° with a step
size of 0.01° was measured, using a counting time of 90 s per
step.

This journal is © The Royal Society of Chemistry 2025
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Rietveld refinements were carried out using TOPAS aca-
demic V7.'® The structure model with the space group Pnma
(no. 62) was used as the starting model. In the given order, the
following parameters were refined: scale factor and back-
ground coefficients using a Chebyshev function with 12 free
parameters, the peak shape using the fundamental parameter
approach, the zero-shift error, the lattice constants, the atom
positions and the isotropic atomic displacement parameters.
Fit indicators of Ryp, Rexp, and GOF were used to assess the
quality of the refined structural models."”

Quantum-chemical calculations

Density functional theory (DFT) calculations and the compu-
tation of NMR parameters have been performed using the
Quantum ESPRESSO'® package and GBRV pseudopotentials®®
with the Perdew-Burke-Ernzerhof (PBE) functional as the
exchange-correlation functional. A 7 x 7 x 7 Monkhorst-Pack
grid of k points was used. The force convergence threshold was
set to 10"° Ry per a.u., the convergence threshold for self-con-
sistency was set to 10~"* Ry and the total energy convergence
threshold was set to 107** Ry. The kinetic energy cutoff for
wavefunctions was set to 100 Ry. The calculated results were
converted via XCrysDen *° and VESTA 3 *! into a SHELX file in
order to analyze the symmetry of the calculated structure with
KPLOT.*

Structure prediction was done with USPEX version 9.4.4,
including predefined molecular building elements.**>® The
formula Li,P,Ses was decomposed into Li and P,Ses units.
Calculations with different numbers of formula units Z € {1, 2,
3, 4} and different population sizes N € {20, 30, 50, 100} were
started individually assuming a temperature of 0 K. For each
individual structure suggestion, three consecutive calculations
were carried out with increasingly stricter energy convergence
criteria (0.001, 0.0001 and 0.00001 a.u.) and a finer k-point
density (0.14, 0.10 and 0.04 2x per A), respectively. Quantum
chemical calculations within USPEX were carried out with the
plane-wave self-consistent field package from Quantum
ESPRESSO (version 6.7)'® using Gaussian smearing and a
degauss parameter of 0.02 Ry. Calculations used PBE-pseudo-
potentials from the GBRV library."®

Electrochemical impedance spectroscopy

The LisP,Ses powder sample was thoroughly ground in an
agate mortar and pressed into a cylindrical pellet (diameter d
=13 mm) applying a load of 4 tons (equivalent to p = 295 MPa)
for 20 minutes. The thickness of the pellet was measured with
an electronic micrometer screw gauge. Afterwards, the pellet
was brought into contact with silver foil (thickness: 0.1 mm, R.
Gotze GmbH & Co. KG, silver content 935) by pressing silver
sheets (diameter d = 13 mm) onto both sides of the pellet
(load of 4 tons, equivalent to p = 295 MPa for 20 minutes). All
preparatory steps were carried out inside a glove box (MBraun,
Garching, Germany) under an argon atmosphere.
Electrochemical impedance spectroscopy (EIS) measure-
ments were recorded using a NEISYS electrochemical impe-

dance analyzer (Novocontrol Technologies, Montabaur,
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Germany) in a home-built cell, which was calibrated before
actual measurements based on short/load calibration stan-
dards with a 100 Q resistor as the load. The impedance
measurements were recorded in potentiostatic mode, with an
amplitude of 7.1 mV,y,;, in a frequency range from 50 mHz to
1 MHz. The temperature was controlled using a variable temp-
erature and flow controller (NMR Service GmbH) with a con-
stant nitrogen gas flow. Each temperature point was held for
20 min to ensure thermal equilibrium with an accuracy of
0.1 K throughout the EIS measurement. The data analysis
was performed using a home-written Python script.>”

3. Results and discussion

In the initial phase of the study, Li,P,Ses was characterized by
solid-state NMR, which provided key information about the
molecular fragments. These fragments were subsequently used
as constraints for the structure solution. The structure was
solved by comparison with theoretically predicted structures.
Finally the refined structure of Li,P,Ses is related to other
structures within the Li-P-Se phase triangle. Finally, the ionic
conductivity of Li,P,Ses was investigated through variable
temperature impedance spectroscopy.

Synthesis and NMR of Li,P,Se,

The synthesis of Li,P,Ses was straightforward, using P, Se and
Li,Se as starting agents, and resulted in a fine brown-red
powder. Li P,Ses was analyzed by solid-state *'P and "’Se MAS
NMR in order to obtain information on its structural compo-
sition and confirm the suggested building units.® The *'P MAS
NMR spectrum of LisP,Seq (Fig. 1) displays two sharp signals
at diso = 46.6 ppm and 55.1 ppm with a peak area ratio of
exactly 1: 1. Additionally, both signals exhibit splittings due to
homonuclear J-coupling. The isotropic chemical shift values
are consistent with the previously reported values of 46.5 ppm
and 55.1 ppm.® A slower spinning spectrum was recorded to
determine the *'P chemical shift tensors and the homonuclear
J-coupling constants (Fig. 2). The simulation was performed
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using a *'P-*'P direct dipole-dipole coupling constant D =
—2038 Hz, corresponding to a P-P distance of 2.13 A deter-
mined from the crystal structure.

The *'P chemical shift tensors were assumed to be collinear
with the internuclear vector of the dipolar interaction. This
assumption is based on the idealized D;4 molecular geometry
of [P,Seq]*”, in which the principal C; axis is aligned along the
P-P bond. According to pseudosymmetry arguments, the pres-
ence of a C,, axis (with n > 3) suggests that the principal axis of
the chemical shift tensor should be parallel to the rotation
axis. Although the molecular symmetry in the crystal structure
deviates from the idealized case, a significant misalignment
between the principal axis of the chemical shift tensor and the
dipolar vector is not expected.

-
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Fig. 2 Experimental and simulated *'P magic angle spinning NMR spec-
trum of LisP,Ses, simulated spectrum and difference. The simulated
spectrum is based on a model including chemical shift tensors and
homonuclear direct and indirect dipolar P3P interactions using a
two-spin model. The spectrum was recorded at a spinning frequency of
5 kHz. Isotropic spinning side-bands are marked with asterisks. The peak
corresponding to a minor impurity of LisPO,4 is marked with a cross.
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Fig. 1 Experimental *'P MAS NMR spectrum of Li,P,Ses recorded at a spinning frequency o = 20 kHz. Isotropic chemical shifts s, are marked
with asterisks. The peak corresponding to a minor impurity of LisPO4 is marked with a cross.

11998 | Dalton Trans., 2025, 54, 11996-12005

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00227c

Open Access Article. Published on 10 julho 2025. Downloaded on 02/04/2026 21:30:01.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

The results are sensitive to the sign of the J-coupling, as
seen in the lineshape and relative intensities of the spinning
sidebands. Simulations suggest that a negative J(*'P,*'P)
coupling provides a slightly better match to the experimental
spectrum, consistent with the literature values for similar
systems.”® A comparison of simulations using positive and
negative J-coupling values is provided in Fig. S1.f The fitted
parameters are summarized in Table 1.

The homonuclear *'P-*"P 2D ZQ exchange MAS NMR spec-
trum of Li,P,Se, (Fig. 3) exhibits two cross peaks for the *'P
doublets, consistent with a J-coupled two-spin system originat-
ing from the same crystalline phase. This indicates that the
crystal structure of Li,P,Ses must contain at least two crystallo-
graphic orbits for P with equal multiplicities. The presence of
homonuclear J-coupling indicates a P-P bond, suggesting the
presence of a [P,Seq]'” unit featuring two different P sites.
These findings confirm the results of the previous study.®

The 7’Se MAS NMR spectrum reveals four "’Se resonances
at 8i5, = 83.8, 103.8, 105.8 and 166.0 ppm, with intensity ratios
of 1:1.1:1.9:1.8 (Fig. 4). These observations provide valuable
constraints for the minimum number and multiplicities of the
Se sites in the crystal structure of Li,P,Ses. The chemical shift
parameters for all signals of the experimental "’Se MAS NMR
spectrum are listed in Table 1.

Structure solution

NMR data indicate the presence of two distinct P-sites within
the [P,Seq]*” unit, suggesting a relatively small unit cell. This
made the compound an ideal candidate for structure determi-
nation using structure prediction employing a genetic algor-
ithm in combination with quantum-chemical calculations.

The algorithm was provided with the composition Li,P,Ses
and the number of formula units Z € {1, 2, 3, 4} as the input.
During the search, the candidate structures proposed by the
algorithm were optimized using density functional theory
(DFT) under periodic boundary conditions. The search space
was drastically reduced by using the fragment [P,Se¢] and Li as
the basic building elements.

The X-ray diffraction patterns for the 20 best structures gener-
ated for each value of Z were obtained and visually compared to
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Fig. 3 Homonuclear 3!P—*'P 2D zero-quantum exchange MAS NMR
spectrum of LisP,Seg at v,or = 20 kHz. The 1D projection from the one-
pulse experiment is shown on top of the 2D spectrum. The diagonal line
(autocorrelation diagonal) refers to the hypothetical peak positions of
two isochronous spins.

the experimental powder X-ray diffraction pattern. Among these,
only the orthorhombic structure described below provided a
good match with the experimental pattern. The structure that
matches the experimental data is among the three structures,
which are lowest in energy (Table 4). It is less than 2 meV per
atom higher in energy than the most stable structure.

Additionally, the structural model was required to reflect
the number of sites observed by solid-state NMR; at least two
and four sites should be present for P and Se, respectively. The
proposed structural model satisfied this condition, with two
P-sites both with Wyckoff labels 4c¢ and four Se-sites with
Wyckoff labels 8d, 8d, 4c and 4c, consistent with the experi-
mental NMR data.

Table 1 Fitted chemical shift tensor parameters and eigenvalues for >'P and 7’Se in Li,P»Ses, determined according to the Haeberlen—Mehring—
Spiess convention as implemented in SIMPSON.?°*° The parameters Sio, Saniso and 7 were determined from simulations as shown in Fig. 2 (*'P) and
Fig. 4 ("’Se). Additional simulation details are provided in the ESLt Errors of the parameters 5iso(>*P), Sanisol>*P), 7(31P), 8113*P), 525(31P), 533(31P),
isol3*P), Banisol”7S€), n(77Se), 611(77Se), 522(77Se), 53377 Se), 1iso>*P.77Se) and ;o (**P,3*P) are estimated to be 0.1, 4, 0.1, 4, 4, 4, 1, 10, 0.1, 10, 10, 10, 10,

and 15, respectively

*'p NMR 77Se NMR

Spin 1 Spin 2 Spin 1 Spin 2 Spin 3 Spin 4
Siso/PPm 46.4 55.2 83 103 166 105
Oaniso/PPM -109 -109 —436 —446 557 478
n 0.3 0 0.7 1.0 0.7 1.0
8,1/ppm 115 110 455 550 724 585
322/ppm 85 110 149 104 80 100
333/ppm —-62 -54 -352 -342 -305 -367
Yiso*'P,””Se) coupling/Hz — — 488 532 531 496
Yiso*'P,*'P) coupling/Hz —-227 —227 — — — —

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Experimental and fitted 7’Se MAS NMR spectrum of Li;P,Ses. The simulated spectrum accounts for ”/Se chemical shift tensors, heteronuc-

lear *'P-"7Se direct dipolar interactions, and “J;.o(*'P,”’Se) couplings using

a two-spin model. The spectra of the individual spins are shown separ-

ately for clarity. Isotropic chemical shifts are marked with asterisks. A small unidentified impurity at approximately 800 ppm is marked with a cross.

Recorded at a spinning frequency v,or = 15 kHz.

The main reflections from the powder XRD pattern and the
*'P NMR peaks reported in a previous study are in agreement
with the proposed structure in this work.® This indicates that
the presented structure corresponds to the same phase,
although the previously suggested unit cell was different.

The structural parameters were refined using the Rietveld
method (Fig. 5). The refined parameters are listed in Table 2.
The refined structure is novel and has not been classified pre-
viously in the ICSD database. It consists of hexaselenidohypo-

diphosphate units, with Li atoms occupying octahedrally co-
ordinated positions (Fig. 6). The bond lengths and angles are
within typical ranges (Table 3).

Comparison and phase diagram

The three most likely candidate structures suggested by the
genetic algorithm for LisP,Ses differed by less than 200 J per
formula unit or 2 meV per atom. Interestingly, the energetically
most favorable structure is isotypic to that of Li P,Se,”® but it

60000

50000

: 40000

30000

ity /a.u

Intens

20000

10000

20/°

Fig. 5 Rietveld refinement of LisP,Sees: experimental powder pattern (black points), fitted curve (red line), difference (blue line), and Bragg reflec-
tions of LisP,Seg (green lines) and of a small impurity of Li,Se (dark green lines).
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Table 2 Comparison of the crystallographic unit cell information (cell dimensions, crystal system, and space group) of the predicted structural
model and the structural model of Li4P,Ses at room temperature obtained from Rietveld refinement of X-ray powder data (1 = 1.54056 A), as well as
the crystallographic data (atomic coordinates, Beq, and occupancy) of the refined model. Fit residuals (Rup, Rexp, and GOF): 4.21, 2.20, and 1.92

Predicted structural model

Refined structural model

alA 14.081 13.8707(1)

b/A 11.256 11.2115(1)

c/A 6.494 6.45445(7)

Crystal system Orthorhombic Orthorhombic

Space group Pnma (No. 62) Pnma (No. 62)

zZ 4 4

Atom Wyckoff site x y z Occ. Beq/;&2
Li1 8d 0.625(2) 0.397(2) 0.0932(49) 1 1

Li2 8d 0.127(2) 0.893(2) 0.945(4) 1 1

P1 4ac 0.7867(4) 3/4 0.0912(12) 1 0.72(9)
P2 ac 0.9401(4) 3/4 0.1101(10) 1 0.72(9)
Sel 8d 0.9829(1) 0.9137(2) 0.2716(3) 1 0.29(2)
Se2 8d 0.7490(1) 0.5862(4) 0.9243(4) 1 0.29(2)
Se3 4ac 0.9957(2) 3/4 0.7882(4) 1 0.29(2)
Se4 ac 0.7387(2) 3/4 0.4197(7) 1 0.29(2)

Fig. 6 The structure of Li4P,Seq. Lithium (gray), phosphorus (black) and selenium (red) positions are shown. The octahedral Li polyhedra are shown

in purple shades.

does not correspond to the experimentally determined structure
for Li,P,Ses. Such small differences in energy are challenging to
accurately resolve using quantum chemical calculations at the
density-functional theory level. Nevertheless, it is promising that
the experimentally favored structure was included among the top
candidates suggested by the genetic algorithm.

The new structure enables the construction of a preliminary
phase diagram (Fig. 7), which considers only ordered struc-
tures, whether experimentally confirmed or theoretically pre-
dicted in the absence of experimental data (Table 4). The set of
thermodynamically stable structures, those that form the
convex hull based on their quantum-chemical formation
energy at 0 K, are separated from metastable phases. Phases

This journal is © The Royal Society of Chemistry 2025

above the convex hull decompose into adjacent phases on the
diagram and are thus not stable.

At a first glance, it is surprising that certain compounds,
such as LiPs, which can be synthesized at high temperatures,
are not predicted to be stable according to the calculated ener-
gies. This is unexpected, as it would be assumed that thermo-
dynamic minima are easily achieved for such phases. Upon
closer inspection, the small excess energies above the convex
hull energy stand out (Table 4). These energy differences are
minor when compared to the energy contributions from
vibrational or configurational entropy.

For instance, at the synthesis temperature of 600 °C, the
contribution from configurational entropy for Li,PSeg

Dalton Trans., 2025, 54, 11996-12005 | 12001
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Table 3 Bond-lengths and angles found in the refined structural model
of LisP,Seg

Atom 1 Atom 2 Atom3 Bond length/A Bond angle/°
Sel P2 — 2.193(4) —

Se2 P1 — 2.192(6) —

Se3 P2 — 2.216(7) —

Se4 P1 — 2.222(9) —

P1 P2 — 2.131(8) —

Se4 P1 P2 — 104.2(4)
P2 P1 Se2 — 105.4(2)
Sel P2 P1 — 107.3(2)
P1 P2 Se3 — 107.1(3)
Se4 P1 Se2 — 113.4(2)
P2 P1 Se2 — 105.4(2)
Sel P2 Se3 — 110.6(2)
P1 P2 Sel — 107.3(2)
Se2 P1 Se2 — 113.8(3)
Sel P2 Sel — 113.7(3)

Li LisP LiP LisP; LPsLiP; P

Fig. 7 Phase diagram Li—P-Se based on calculated energies (Table 4).
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amounts to approximately 5 kJ mol™'. This perspective
suggests that using energy above the convex hull as a strict cri-
terion for determining new stable structures needs to be
applied with caution.*’ Thus, structure prediction is not only
limited by the limited search space that can be explored in
practice but also by uncertainties in free energy. Kinetic
control is still another point which may be difficult to consider
in computational chemistry but may be less relevant for syn-
thesis at high temperatures.

Ionic conductivity

Variable temperature impedance spectroscopy measurements
of Li,P,Ses were performed to determine its macroscopic
lithium ion conductivity. A representative Nyquist diagram
(Fig. 8) shows a single half circle assumed as the bulk region
and a double-layer formation at the sample/electrode interface.

The measured impedance spectra were fitted with an equi-
valent circuit (Fig. 8, inset) consisting of a resistor R, and a
constant phase element Qy,, depicting the conductive and non-
ideal capacitive characteristics of the bulk region, respectively.
The Q. depicts the non-ideal double layer formation at the
sample/electrode interface. The impedance of a constant-
phase element is given by Zg = 1/Q(iw)”, with pre-factor Q and
a <1 exponent.

The effective capacitance Cy, of the bulk region is calculated
from the expression Cp, = (QR“ Y)Y 32 which is 55(9) pF at
393 K (Fig. 8).

The conductivity o of the bulk region was determined from
the fitted bulk resistance values R}, at corresponding tempera-

. . d
tures using the expression ¢ = RA’ where d = 0.13 cm and A =
b

1.33 cm” denote the sample thickness and the electrode area,
respectively.

Table 4 Computed energies per formula unit E¢ of ordered crystalline compounds in the composition space Li—P-Se and their energy AE,, above
the convex hull. The structures of the predicted structures are available in the ESIT as cif files

Phase Pearson symbol Source E¢ (K] mol”) AE,n/atom/meV Source Collection code
Phlack 0S8 XRD 0.0 0 ICSD 25253
Seg mP32 XRD 0.0 0 ICSD 2718
Li cl2 XRD 0.0 0 ICSD 44759
Li,Se cF12 XRD —370.9 0 ICSD 60433
LizP hP8 XRD —280.3 0 ICSD 26880
LisP, oP40 XRD —383.8 0 ICSD 60774
LiP mP16 XRD -107.7 0 ICSD 100465
LiP5 obP24 XRD —136.0 10 ICSD 88710
LiP, tI128 Unclear —152.4 0 ICSD 23621
P,Ses mP28 XRD —20.3 23 ICSD 74546
P,Se; oP112 XRD —48.6 7 ICSD 26483
P,Se, mP32 XRD —71.1 0 ICSD 74878
P,Ses oP36 XRD —65.5 6 ICSD 16140
LizPSe, cP8 Predicted —626.7 0 OQMD 7772844
Li,PSeq cP56 Ag;PSeq —1309.8 43 ICSD 54055
LiyP,Seq oP48 XRD, predicted —874.0 0.15 This work

Li,P,Seq hP12 Predicted —866.2 6.92 This work

LiyP,Seq oP24 Predicted —873.8 0.30 This work

Li,P,Seq mP24 Predicted —873.8 0.33 This work

LiyP,Seq hP36 Predicted —874.2 0 This work

Li,P,Seq oP48’ Predicted —874.1 0.06 This work
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Fig. 8 Nyquist (imaginary part of the impedance against real part) plot
of impedance measurements of LisP,Ses. Pellet (diameter = 13 mm,
thickness = 1.3 mm) at a temperature of 393 K. The gray cycles represent
the experimental data while red stars represent the result of a fit using
the shown model. Ry, is the bulk resistance while Q, and Qg represent
the constant phase elements for the bulk and the electrode polarization,
respectively.

The activation energy of the macroscopic ionic
conductivity was obtained using the given expression o-T =
ao-exp(—Ea/(ksT)), where a, is the pre-exponential factor, E, is
the activation energy, kg is Boltzmann’s constant, and T is the
temperature (Fig. 9).

The activation energy and the corresponding pre-exponen-
tial factors are shown in Table 5. The difference of 1% between
the conductivities and activation energies of the repeated
measurements (ESI Fig. S21) confirms the reproducibility of
the results.

10-61
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Fig. 9 Plot of the product of electrical conductivity ¢ and temperature
T versus inverse temperature for Li4P,Seg. The results were obtained
from impedance spectra in the temperature range from 333 K to 393 K.
Linear fits are indicated by dashed lines. The data points are indicated by
grey circles of the bulk conductivities.
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Table 5 The macroscopic conductivity at room temperature o,9s k.

pre-exponential factor ap, and activation energy Ea of LisP,Seg as com-
pared to those of LisP,S¢ °

Li,P,Se Li,P,Seq

1.28(12) x 1072
3.51(2) x 10°¢
0.88(2)*

1.85(44) x 1072
6.98(1) x 10°
0.78(1)

0208 ¥/(S Cm_l)
ao/(SKem™)
EA/eV

“These values have been recalculated from ref. 9 using ¢-T = ay-exp
(=Ea/(ksT)).

The contribution of the grain boundary could not be dis-
tinctly separated from that of the grain itself. Consequently,
the measured activation energy of 0.78(1) eV for the ionic
motion of Li" in Li4P,Se, likely represents an upper limit for
the bulk activation energy. This value remains slightly lower
than the activation energy determined for Li,P,Ss, which is
0.88(2) eV.’ This reduction in activation energy is expected
because Se*>~ has a higher size and polarizability than $*~, and
the larger ionic radii of Se®” weaken the attractive force
between the ligand and the Li-cation, which enhances the ion
mobility.>® Moreover, the lattice softness of the anion sub-
lattice has been shown to decrease the activation energy
barrier of the cation transport in the crystal system.** To
enhance the ion transport mechanism, vacancies and intersti-
tial lattice sites could be created by aliovalent doping in
anionic as well as cationic lattice sites by substituting Se and
Li atoms, but it is rather unlikely that conductivities in the mS
cm™' range can be achieved this way.’

In the context of the paddle-wheel mechanism,?” it is inter-
esting to determine the activation energy for the rotation of a
PSe; fragment around the P-P bond. The calculated activation
energy for the rotational motion in Li,P,Ses (Fig. 6) was esti-
mated by nudged elastic band calculations to be 1.29 eV.
These results imply that the Li-ion motion is decoupled from
the rotational motion of the complex anion. Hence the move-
ment of ions can be treated independently from the rotation of
PSe; fragments.

4. Conclusions

The structure of Li,P,Ses was successfully determined using a
combination of powder X-ray diffraction data, quantum-chemical
structure prediction, and solid-state NMR. This combined
approach proved particularly valuable in addressing challenges
associated with the low scattering contrast between heavy atoms
like Se and light atoms like Li. In addition to structural determi-
nation, the ionic conductivity of LisP,Ses and the *'P and 7’Se
NMR tensors were characterized, which can serve as reference
data for future dynamic studies. Exploration of the Li-P-Se phase
diagram indicates the existence of phases above the calculated
convex hull at a temperature of 0 K, which indicates that config-
urational and vibrational entropies play an important role in the
prediction of phases in similar material systems.
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