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Influence of oxygen distribution on the Li-ion conductivity in
oxy-sulfide glasses - taking a closer look

Our work focuses on identifying structure-property
relationships in oxygen-substituted Li-thiophosphate
glasses. The analysis of LisPOxS4.x glasses, synthesised using
two different sets of starting materials, revealed that the
distribution of oxygen within the material largely affects the
ionic conductivity. At the same total oxygen concentration,
structural units containing a high amount of oxygen

(PQO4, POsS) are more detrimental to the ion conductivity
than those with less oxygen (POSzs). Molecular dynamics
simulations could confirm the experimental findings.
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Lithium thiophosphates are a promising class of solid electrolyte (SE) materials for all-solid-state batteries
(ASSBs) due to their high Li-ion conductivity. Yet, the practical application of lithium thiophosphates is
hindered by their chemical instability, which remains a prevalent challenge in the field. Oxygen substi-
tution has been discussed in the literature as a promising strategy to enhance stability. Nevertheless, the
lack of understanding of the role of synthesis strategy on the resulting structure—property relationship
makes it difficult to predict and control the material's behaviour, limiting our ability to fully utilize oxygen
substitution as a viable solution. Here, we show that not only the total oxygen content but also the
oxygen distribution within the material affects the ion conductivity. By carefully analysing the local struc-
ture of oxy-sulfide glasses, we find that few highly oxygenated structural units like [PO4]%~ and [POsS]®~
are more detrimental to the ionic conductivity than a larger amount of less substituted units like [POSz]*~.
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Further, we demonstrate how the oxygen distribution is connected to the synthesis in high-energy ball
milling by comparing two different sets of precursor materials. The results may explain the deviations in
the past literature. The findings should be transferable to other Li-thiophosphate materials and enable
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Introduction

Lithium-ion batteries (LIBs) are dominating the markets of
portable electronic devices and electric vehicles'™ and their
market is expected to grow significantly within the next ten
years.® However, liquid electrolytes used in traditional LIBs,
which normally consist of Li salts dissolved in organic sol-
vents, cause serious safety problems regarding flammability
and possible leakages.”® All-solid-state batteries (ASSBs) using
solid-state electrolytes (SSEs) are proposed to overcome the
safety issues of LIBs. SSEs can offer high thermal stability, and
enable a simple battery design.”'® Moreover, the potential use
of Li metal as the negative electrode improves the energy
density of ASSBs owing to its high theoretical capacity of
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more directed design of new materials.

3860 mA h g™'. Li,S-P,S; binary ionic conductors are among
the most promising SSEs due to their high ionic conductivity
of over 107 S em™ at RT.' ' Even recyclability has been
demonstrated for Li;PS, in recent studies.’®'® The main draw-
back of sulfidic SSEs, however, is their high reactivity towards
oxidation.

Oxygen substitution is a common approach to enhance the
chemical stability of thiophosphate SSEs. Multiple studies
report the successful synthesis of oxy-sulfide glasses and glass-
ceramics using a variety of different reaction conditions and
precursors.'” 2> Two commonly used precursors for oxygen
substitution are Li;PO, and Li,O, which differ mainly in the
way oxygen is bound. While Li;PO, is already build-up of tetra-
hedral units, much like the thiophosphate, these tetrahedra
are formed during synthesis when Li,O is used. The introduc-
tion of these compounds has been demonstrated to enhance
electrochemical stability and cyclability in ASSBs.>>”>* The tan-
gible influence of oxygen doping on the ion conductivity
however is not clear.>® The parameter space for the synthesis
of Li-oxysulfide glasses is immense and different synthesis
routes are proposed in the literature. The three most com-
monly used synthesis routes are solvent-assisted wet chemical
synthesis, high-temperature solid-state synthesis, and mechan-
ochemical synthesis in a ball mill. Each synthesis method

This journal is © The Royal Society of Chemistry 2024
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comes with its own set of synthesis parameters that can be
tweaked. Additionally, various sets of precursors (Li;PO, +
LizPS,/Li,O + Li,S + P,Ss/Li,S + PS5 + P,05) and stoichi-
ometries all affect the properties of the product.>” Some
studies found a maximum in conductivity for small amounts
of oxygen substitution, while others found a steady decrease.

At the same time, the reported conductivity values and pro-
posed ideal composition spread over a wide range. Takada
et al. reported (1 — x)LizPS,—xLizPO, with enhanced conduc-
tivity obtained by adding up to 20% Li;PO, via a quenching
method.>® Huang et al in contrast prepared amorphous
powders (0.7Li,S—(0.3 — x)P,Ss5)-xLizPO, via high-energy ball
milling, which showed the highest RT conductivity of 1.9 x
107 S em ™! with x = 1 mol%.?** A similar trend was found by
Mo et al. in 0.95(0.7Li,S-0.3P,S5)-0.05Li;PO, glass electrolyte,
where the ionic conductivity, electrochemical stability, and
cyclability were improved by doping with Li;P0O,.*® More
recently, Phuc et al. prepared LizPS,—xLizPO, by liquid-phase
synthesis with enhanced conductivity compared to pure
LizPS;.>* The sample with x = 1 mol% has the best stability
against Li and the best cycling performance in their report. On
the other hand, Trevey et al. as well as Tsukasaki et al. both
found decreasing conductivities when they partially substi-
tuted Li,S with Li,O using mechanochemical synthesis.>"** All
these studies lack a deep structural investigation of possible
alterations caused by oxygen substitution, although multiple
studies on pure Li;PS, indicate, strong correlations between
the atomic structure and the ion conductivity.> ' The contra-
dictory results of the studies mentioned above, highlight the
need for identifying structure-property relationships to
develop, a targeted design of materials. Therefore, we aimed
for a systematic investigation of O-substituted sulfide com-
pounds prepared by mechanical milling.

In the present work, oxy-sulfide glasses with composition
(1 = x)Li3PS;~xLi;PO, (0.10 < x < 0.40) and (3 — X)Li,S-Li,O-
P,Ss (0.8 < x < 2.4) were prepared by mechanical milling.
Exemplarily, two of the most common precursors are used for
the synthesis of Li-oxysulfide glasses and glass ceramics to
investigate the way that structural units are formed during syn-
thesis. Ball milling is considered to be a promising method for
commercialization, because of good scalability,** low energy
consumption compared to classic high-temperature solid-state
synthesis, and reduced environmental input in form of chemi-
cal waste compared to wet chemical routes.>® The structural
and electrochemical properties of these oxy-sulfides were
characterized by various methods: the atomic structure was
examined by X-ray diffraction, synchrotron total scattering, and
magic angle spinning nuclear magnetic resonance (MAS NMR)
as well as Raman spectroscopy. The chemical composition was
verified by X-ray photoelectron spectroscopy (XPS) and energy
dispersive X-ray spectroscopy (EDX). The electrochemical pro-
perties, meaning the Li-ion conductivity, were measured by
electrochemical impedance spectroscopy (EIS). Additionally, the
influences of oxygen substitution and distribution within the
materials on the ionic conductivity were studied in experiments
and by molecular dynamics simulations.
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Experimental details

For the pseudo-binary (1 — x)LizPS,—xLizPO, (0.10 < x < 0.40)
series (LIPSO series), the end members were first prepared
individually. LizPS, (LPS) glass was prepared by first mechani-
cal milling of 75 mol% Li,S (Sigma-Aldrich, 99.98%) and
25 mol% P,Ss (Sigma-Aldrich, 99.9%). A batch of about 4 g of
this sulfide mixture and 70 g ZrO, balls with a diameter of
3 mm were placed in a 45 ml ZrO, bowl in an argon-filled glo-
vebox (MBraun, Germany). The mixture was ball milled at 510
rpm for 540 cycles (one cycle equals 5 min milling followed by
a 15 min rest for cooling) using the planetary micro mill
Pulverisette 7 Premium line (Fritsch, Germany). The total syn-
thesis time was therefore 7.5 d and the total milling time (syn-
thesis time - cooling breaks) was 45 h. After every 72 milling
cycles, the milling jars were opened in an argon-filled glovebox
to scrap baked powder from the walls of the jar. The glassy
LizPS, was calcined at 250 °C under vacuum in a glass oven
(Biichi, Germany) for 2 h and slowly cooled down to RT at a
natural rate to obtain f-Li;PS,.** B-Li;PO, (LPO) was prepared by
a wet chemical reaction of 75 mol% 1 M LiOH (Sigma-Aldrich,
99%) and 25 mol% 1 M H3PO, (Carl Roth, 85%). The product
was dried at 130 °C for 24 h, ground for 15 min, and then cal-
cined at 300 °C for 16 h in a muffle furnace (P330,
Nabertherm). (1 — x)LizPS,~xLi;PO, (0.10 < x < 0.40) was then
prepared by mechanical milling of the as-prepared p-LizPS, and
B-LizPO, using the same process as for glassy LizPS, for 80 h.

As an alternative approach, (3 — x)Li,S + xLi,O + P,S5 (0 < x
< 2.4) powders (LIO series) were prepared in a one-step
mechanical milling process. Li,S (Sigma-Aldrich, 99.98%), Li,O
(Alfa Aesar, 99.5%), and P,Ss (Sigma-Aldrich, 99.9%) were
mechanically milled using the same parameters as described
above. To enable a reasonable comparison of the products, the
milling parameters; rotational speed, cup and ball size, milling
time, and ball-to-powder ratios were kept the same for all experi-
ments in both synthesis approaches. After every 72 milling cycles,
the milling jars were opened in an argon-filled glovebox to scrap
baked powder from the walls of the jar. The milling process was
monitored by X-ray diffraction as exhibited in Fig. S5.1

X-ray diffraction (XRD) patterns were collected using an
STOE Stadi P powder diffractometer (STOE & Cie GmbH,
Germany) equipped with a Mythen 1K detector and Mo Ky
radiation (4 = 0.70932 A) in Debye-Scherrer geometry using 0.5
or 0.7 mm glass capillaries.

Total scattering experiments were performed at the high-
resolution powder diffraction beamline (P02.1) at PETRA-III,
DESY (Hamburg, Germany), using synchrotron radiation with
a photon energy of 60 keV (1 = 0.2073 A). The samples were
sealed in a 1 mm glass capillary. The diffraction patterns were
acquired using a Varex area detector with a sample-detector
distance of 300 mm.**?® An empty capillary was measured
under the same conditions and used for background subtrac-
tion. To account for the instrumental resolution, LaBg
(NIST660c) was measured. The corresponding PDF was calcu-
lated using PDFgetX3 with a Qmax 0f 27 A™". Qgamp = 0.028 A™"
was determined by fitting LaB, PDF using PDFgui.’” Fitted
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parameters were scale factor, lattice parameters, isotropic
atomic displacement parameters and the particle diameter.

Raman spectra were recorded with a LabRAM HR Evolution
spectrometer (HORIBA Scientific, Japan) using a 50x magnifi-
cation objective, an excitation wavelength of 632.8 nm, and a
600 grooves per mm grating. The samples were measured in
sealed glass capillaries with a diameter of 0.5 mm. All Raman
spectra were baseline-corrected and normalized using the
Horiba LabSpec 6 software.

X-ray photoelectron spectroscopy (XPS) was performed
using a K-Alpha spectrometer (Thermo Fisher Scientific, UK)
equipped with a micro-focused, monochromatic Al K, X-ray
source (1 = 1486.6 eV) with a spot size of 400 pm. A charge com-
pensation system was employed during the measurement, using
electrons of 8 eV energy and low-energy argon ions to prevent
localized charge accumulation. Thermo Advantage software was
used in data acquisition and processing, as described else-
where.*® The analyzer transmission function, Scofield sensitivity
factors, and effective attenuation lengths for photoelectrons
were applied for quantification.>® The standard TPP-2M formal-
ism was used for the calculation of effective attenuation
lengths.*® All spectra were referenced to the carbonaceous C 1s
peak (C-C/C-H) at 285.0 eV binding energy.

1P magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectra were obtained with an Avance 500 MHz spectro-
meter (Bruker, Germany) at a field of 11.7 T, corresponding to a
resonance frequency of 202.5 MHz. The powder samples were
packed into 2.5 mm ZrO, MAS rotors in an argon-filled glove-
box. For the LIPSO samples, the measurements were performed
at a spinning speed of 30 kHz with a rotor-synchronized Hahn-
echo pulse sequence, and for the LIO samples, measurements
were done at 20 kHz with a single-pulse sequence.

Glass-ceramics (60 mg) were pre-pressed using a pressing
die with a diameter of 8 mm viea a manual hydraulic press
(Specac, England) with a pressure of 50 MPa for 10 s at RT.
The pellet was then placed in the measurement cell and
pressed again with 400 MPa for 2 min. The thickness of the
repressed pellet was about 720 pm. All the processes were
carried out in an argon-filled glovebox. A detailed description
of the in-house cell is displayed in Fig. S1.1** All the electro-
chemical measurements were performed using a multichannel
potentiostat VMP3 (Bio-Logic, Germany). Electrochemical
impedance spectroscopy (EIS) was conducted on the Li sym-
metric cell Li/LizPO,S,_,/Li with a signal amplitude of 20 mV
at frequencies from 1 MHz to 500 mHz. The cells were stored
in the glove box for at least two hours before any measure-
ments to ensure a stable interface (see Fig. S27).

EIS measurements for the (3 — x)Li,S + xLi,O + P,S5 (0 < x
< 2.4) powders were conducted in a CompreDrive (rhd instru-
ments GmbH & Co. KG, Germany), using a 6 mm CompreCell
with Al,O3 core. The sample powder was filled into the cell in
an argon-filled glovebox. The powder was pressed inside the
CompreDrive with a pressure of 400 MPa for 130 s. If not
stated otherwise, the pressure during measurement was set to
100 MPa. The thickness of the pellet was in a similar range as
for the measurements in the in-house cell.
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Computational methods

Molecular dynamics simulations were performed to investigate
Li diffusion coefficients using the LAMMPS* code with a
machine-learned atomic cluster expansion (ACE, see descrip-
tion further below) potential.***** To this end, amorphous (1 —
x)LizPS,—xLizPO, structures with overall compositions between
x =0 and x = 0.25 with 0.05 steps were employed. To investi-
gate the effect of different structural units on the Li diffusion
in oxygen-containing structures, we started from a previously
generated LizPS, glass model and prepared supercells contain-
ing 2048 atoms.*® Next, sulfur ions were changed to oxygen in
such a way that only PS, units and one other type of possible
PS;0, PS,0,, PSO;, or PO, units were present.

All simulations were conducted at 500 K with a timestep of
1 fs. For every structure, we ran 5 replica simulations to obtain
improved statistics. To properly equilibrate temperature for
every replica run, we first ran 50 ps in the microcanonical
(NVT) ensemble, followed by 200 ps in the isothermal-isobaric
(NpT) ensemble to also equilibrate the cell volume. The last
50 ps of the NpT run were used to obtain an averaged simu-
lation cell, which was then kept fixed for further NVT simu-
lations. To allow for possible further local structural relax-
ations, another 2 ns of equilibration period were simulated,
followed by 8 ns production runs. Ovito*® was used to analyse
the atoms’ mean-squared displacement (MSD) according to

N
MSD = %Z [ri(6) — ri(e = O)

where N is the number of moving particles and r,(¢) is the posi-
tion of particle 7 at time ¢. To improve the statistics, we made
use of a sliding window averaging method: with a window
length of 4 ns, the MSD was computed for the first part of the
production runs and then the start of the next window was
shifted by 1 ns until the end of the production run is reached.
Therefore, every MSD curve (see Fig. S12t) is obtained as an
average of 25 MSD analyses. A linear equation was fitted to the
last 3 ns of the averaged MSD to extract its slope dMSD/dt,
from which Li tracer diffusion coefficients D can be deter-
mined,

~ 1dMSD
T 6 dt

where a three-dimensional diffusion mechanism was
assumed. Finally, the conductivity is calculated via the Nernst-
Einstein equation:

SD(T)(ge)?

o) =%

where V is the volume of the simulation cell, g is the formal
charge of +1 for the Li ions, e is the elementary charge, k is the
Boltzmann constant, and T is the temperature.

Fitting the ACE potential relied on data obtained from
density functional theory (DFT) calculations. The latter has
been performed using VASPY° with projector-augmented

This journal is © The Royal Society of Chemistry 2024
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wave (PAW)’" pseudopotentials and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation potential.”® The cutoff
of the plane-wave basis set was defined to be 600 eV and a
k-spacing of 0.25 A~" was used.

The above-mentioned Li;PS, glass model as well as crystal-
line p- and y-Li;PO, have been used as initial training models.
Furthermore, these structures were strained, the atomic posi-
tions were rattled and/or the oxygen and sulfur content and
distribution were changed. Single-point DFT calculations of
these structures were used for an initial database to train an
ACE potential using the pacemaker**** software, followed by
several iterations of active learning (molecular dynamic simu-
lations at temperatures up to 1500 K) to identify unknown
atomic configurations. The latter have been added to the data-
base and the ACE potential has been refitted. In every fitting
round, four fits with different random seeds were performed
and the potential with the lowest root-mean-square errors was
used for further steps. The final database contained almost
6000 structures (~1 500 000 atoms in total). The final potential
was fitted with a cut-off of 7.5 A and used a non-linear embed-
ding scheme with 5 terms of power 0.25, 0.5, 0.75, 1, and 2.
The fitting results are shown in Table S27 and parity plots of
the energy and forces of the training and test set are shown in
Fig. S11 and S12.F

Results and discussion
Structure analysis

Oxygen-substituted Li-thiophosphate, Li;PS,_,O,, has been
synthesized using high-energy ball milling. Two different
routes have been chosen to investigate the influence of starting
materials on the final product. Route one, hereafter referred to
as LIPSO starts from LizPS, and Liz;PO,. Route two, hereafter

1 LPS-LPO route |

I LIPSO

Li;PS,

510 rpm

3 mm Zr balls
5+ 15 min cycles

? Li;PO,

1 In-Situ
I route (LIO)

A

Li,0

P,Ss =)

@Lizs

View Article Online
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referred to as LIO, starts from Li,S, P,Ss, and Li,O. Fig. 1
depicts a schematic overview of the two synthesis routes. The
key difference between LIPSO and LIO, as mentioned in the
introduction, lies in the fact that for LIPSO, the final structural
units like [PS,]*~ or [PO,]*~ tetrahedra are already present in
the starting materials, whereas these need to form during syn-
thesis for the experiments in LIO. Since the P-O bond energy
is higher than that of the P-S bond, the [PO,]*~ unit should be
the thermodynamically most stable tetrahedron in the PS,_,O,
series. Therefore, a low reactivity towards the substitution of
an O atom for an S atom in the LIPSO series can be expected.
Contrary, in the LIO series all phosphor atoms are initially
bound to sulfur, more likely enabling an easy exchange of S for
0, possibly leading to more mixed [PS,_,O,]>” tetrahedra
including those with lower oxygen content such as [POS;]>~ or
[PO,S,]*.

In the LIO series, the XRD reflections from the starting
material mostly vanish after about 18 to 24 h and are not
observable in the final product. Diffractograms of the starting
materials Li,S and P,S; can be found in Fig. S4(a).t “As
reported by Luo,”® in the LIPSO series, the diffractograms
clearly show remaining Li;PO, even after 49 h total milling
time while the mechanically softer Li;PS, has been amor-
phized, see Fig. 2(a and b).”

Rietveld refinement of the crystalline LPO phase of LIPSO
samples was carried out to estimate the crystallite size (see
Fig. S6T). The amorphous LPS phase was not considered for
the refinement and instead modelled as the background. The
crystallite size slightly increases from 23 nm for 10% LPO
content to 49 nm for 15% LPO content, then steadily decreases
with increasing oxygen content to 16.6 nm for the sample with
40% LPO. However, the XRD patterns do not reveal insights
into the atomic structure of an amorphous phase, a slight
shift of the two broad humps to higher angles and an overall

P s O L
[ ]
." o
o=
S @®
(PN ) e ®
o=
° o t %o
T 0 ..\.
( PN
L o“,eo o |

Fig. 1 Schematic description of both experimental series, LIPSO and LIO, and the results of the structural analysis.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2

(a and b) X-ray diffractograms of LIPSO (a) and LIO (b) series. (c and d) Fraction of P-O and P-S bonds in the materials from LIPSO (c) and

LIO (d) series, showing the equivalence of both experimental series (a and ¢ taken from Luo 2022).%%

broadening with increasing oxygen content indicate a shrink-
age of the unit cell parameters and an increase of disorder.
While the broadening can be observed in both series LIPSO
and LIO, the shift to higher angles, hence a shortening of unit
cell parameters, seems more pronounced in LIO. The shrink-
age can be explained by the difference in P-S and P-O bond
lengths of 2.05 and 1.54 A, respectively.** Hence, a more pro-
nounced shrinkage could indicate a better mixing of different
[PS4_xO,]>~ tetrahedral species in the LIO series.

XPS measurements were carried out on all samples to
obtain chemical information about the materials. Fig. S7(a)}
exemplarily displays the XPS wide-scan surveys of both starting
materials and the milled oxy-sulfide mixtures for the LIPSO
series. Except for the typical carbonaceous contamination at
the surface, all expected photoelectrons were detected in all
samples. In order to quantify the oxygen content, high-resolu-
tion P 2p spectra were collected from starting materials and all
oxy-sulfide mixtures (Fig. S7(b)}). Molar fractions of P-O
bonds for all milled mixtures were calculated and presented in
Fig. 2(c and d). The values of the molar fractions are very close
to the desired values, except for the LIPSO sample with x =
0.10. The excess P-O bonds in this sample may arise from
surface oxidation. The XPS analysis therefore confirms the
correct weighing and mixing of starting materials and ensures
that the total oxygen concentration is equal for the respective
samples in both synthesis routes.

As we will see further below, however, it is not only the total
oxygen concentration that determines the ionic conductivity.
Therefore, more information on the local structure is needed.

13352 | Dalton Trans., 2024, 53,13348-13363

To investigate the local structure, a set of analytic techniques
was employed to reach a better understanding of the material’s
structure and composition.

Pair distribution function (PDF) analysis is a powerful tool
to gain insight into the real local structure of crystalline and
amorphous materials. The radial distributions G(r) are dis-
played in Fig. 3(a and b). The low r region of all PDFs up to
around 8.5 A is dominated by the thiophosphate phase, all
visible peaks can be attributed to P-S or S-S pairs. Fig. 3(c)
shows the low r region of LIO samples, which is indistinguish-
able from the same region of LIPSO samples. The first peak at
2.05 A corresponds to the P-S pair, and the second peak at
3.35 A fits the shortest S-S distance, which is the distance
between two sulfurs within one [PO,S,_,]*” tetrahedron. All
peak assignments and a zoom-in on the low r region of LIPSO
can be found in Fig. S9.1 From the two distances, we can cal-
culate the S-P-S bond angle to be 109.56°, which corresponds
well to the ideal tetrahedron angle of 109.57°. Hence, we can
conclude from the first two peaks of the PDF that all the
glasses are mainly composed of uniform [PS,]>~ tetrahedra, as
has been reported in other studies.”’***>*® The connectivity
of these tetrahedra is however not obvious, as isolated tetrahe-
dra and corner or edge-sharing tetrahedra would produce a
similar PDF as long as the bond length and angles do not
change. The connectivity information is encoded in the ratio
of peak integrals for the P-S and S-S peaks.

While the coordination number for P-S should always be
equal to the number of S in the formula unit (between 4 and
2.8 depending on oxygen substitution), the coordination

This journal is © The Royal Society of Chemistry 2024
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number for S-S would be between 3 and 1.8 for only isolated,
and 6 to 3.6 for only corner-sharing tetrahedra. The structure
exhibits two distinct S-S distances for inter and intra-tetra-
hedral S-S pairs. In the PDF the intra-tetrahedral S-S pairs are
represented by a sharp peak at 3.35 A and the inter-tetrahedral
S-S pairs by a broader peak around 3.85 A. The overlap of
these two peaks makes the integration difficult and less
precise. In addition, any impurities with other coordination
environments would also change the peak integrals. For this
reason, the data do not allow a meaningful evaluation of the
coordination numbers. For the LIO samples (see Fig. 3(b)) the
PDF contains only broad features for r > 5 A and is damped
out quickly. The black line in Fig. 3(c) marks the transition
from intra to inter-tetrahedra correlations. The transition can
be identified by the sudden change in peak width. All peaks at
low r are much sharper due to correlative motion of the atoms
within a tetrahedron. For different orientations of tetrahedra

This journal is © The Royal Society of Chemistry 2024

with respect to each other, there are many possible configur-
ations; hence, the corresponding distances are less defined.
These oscillations at mid and high r (r > 5) signify a limited
ordering in the distance between nearest [PO,S, >~ tetrahe-
dra, most likely as a result of the Li polyhedra connecting the
[PO,S;_,]’” tetrahedra. The Li polyhedra seem to be much less
defined, indicated by the rapid decrease in oscillation inten-
sity, but the physical limits for Li-S, and Li-O bond lengths
force the [PO,S,_.]>” tetrahedron to keep a certain distance
from each other. The orientation of [PO.S,_,]’” tetrahedra
towards each other could still be random, indicated by the lack
of distinct features on top of the oscillations. The correlation
length, the maximum distance to which some order can be
observed, decreases with increasing oxygen content from ca.
20 for the pure thiophosphate to about 17 A for the sample
with 30% P-O fraction. The decreasing correlation length with
increasing oxygen content can be explained by an added
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uncertainty for the occurring bond lengths in the material
with higher oxygen substitution since P-O and Li-O bonds
should be shorter than P-S and Li-S bonds. The overall low
correlation length of all samples reveals the glassy nature of
the materials without any long-range order. Compared to LIO
samples, the PDFs of the LIPSO samples exhibit more and
sharper peaks extending to higher distances (see Fig. 3(a)).
The low r region is again dominated by intra [PS,]>~ peaks of
the thiophosphate phase. The peaks in the mid and high r
region starting from around 8 A do not belong to a thiopho-
sphate phase, instead, they can be fitted with p-Li;PO,
(Fig. S8%). The red dashed line in Fig. 3(a) marks the transition
from LPS to LPO signals. The peak intensities for r < 8 A
increase as the oxygen content increases. The correlation
length of the phosphate phase also appears to increase;
however, this information is superimposed by the residual
crystalline LPO causing an overall increase in peak intensity.
The correlation length in the thiophosphate phase can be
assumed to have a similar range as in the LIO series. The
nanocrystalline p-Li;PO, phase can be fitted individually. That
way we can subtract all contributions from the LPO phase to
the total PDF and the difference curve resulting from the fit
then represents the pure amorphous thiophosphate phase.
This amorphous PDF can be compared to the samples from
the LIO series to investigate possible differences in the amor-
phous phase caused by the synthesis route. However, as seen
in the example of samples with 30% oxygen content in Fig. 3(d
and e), the LIO sample PDF (dotted brown line) lies perfectly
on top of the difference curve (green line). The total LIPSO
sample PDF (black line) and the fit for the LPO phase (red
line) are also shown. From Rietveld-like fitting (PDFgui), the
crystallite size of the p-Li;PO, particles was calculated and the
same trend as described for the Rietveld refinements was
found. This indicates an overall decrease of the X-ray coherent
domain size with increasing oxygen content, in this case from
ca. 14 nm for the sample with 10% LPO to 10.6 nm for the
sample with 40% LPO. Consequently, the LIPSO samples must
be composed of p-Liz;PO, nanocrystals inside an amorphous
matrix, built mainly from [PS,]>~ tetrahedra.

PDF analysis yielded a first understanding of the glass
structure and composition. However, we were not able to
clearly identify all polyhedral units. At the same time, the
oxygen correlations in the local structure were not visible due
to the low scattering cross-section of oxygen for X-rays.
Therefore, additional spectroscopic methods were applied to
examine the glass-forming structural units.

Raman spectroscopy was performed on all starting
materials and oxy-sulfide mixtures to investigate the bonding
situation. The results can be viewed in Fig. 4(a and b).
Fig. S4(b)t displays the characteristic Raman spectra of the
starting materials Li,S and P,Ss and glass LizPS,. The Raman
bands of P,Ss and Li,S were not observed in glass Li;PS, after
ball milling and all main bands of glass Li;PS, can be attribu-
ted to the internal vibration of the [PS,]’” anion with Ty
symmetry.”’*® Fig. 4(a) displays the Raman spectra of the
LIPSO series including the starting materials LizPS, and
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LizPO,4. The spectra show a high degree of similarity for all
oxygen concentrations. The main peak at 421 cm™' can be
assigned to the symmetric P-S stretching band of the [PS,]*~
tetrahedron. The bands at 190, 265, and 562 cm™* also belong
to the same structural unit and can be attributable to the v,
symmetric, v, asymmetric S-P-S bending vibrations, and v;
antisymmetric P-S stretching vibration. The small shoulder
band at around 370 cm™' is assigned to the units of
[P,Se]*~.>>° This minor impurity is commonly found in ball-
milled Li-thiophosphate (LPS) probably due to the inhomo-
geneous reaction during the milling.®® Another tiny band at
around 490 cm™" arises from polysulfide chain ions, which
may be the offset of [P,Se]*™ to [PS,]>~.°>%® As expected, [PS,]*~
ions are the dominant species.>® In comparison to crystalline
LPS, the oxy-sulfide glasses show peak broadening and a slight
shift to higher frequencies. Additionally, two more bands can
be observed around 942 cm™'. The sharp band at lower wave-
numbers can be assigned to the symmetrical stretching
vibration of the P-O bonds v, in [PO,]*” from the crystalline
B-LizPO,. The peak shoulder with a slightly higher wavenum-
ber can also be assigned to the symmetrical stretching
vibration 4 [PO,]>” units but from the milled amorphous
LizPO,4. The peak broadening can be explained by the amor-
phous nature of the glasses, while the shift could be a result of
strain introduced by the harsh ball milling procedure.

The Raman spectra of the LIO series, presented in Fig. 4(b),
feature the same bands as found in the LIPSO spectra except
for the small bands around 942 cm™" that were attributed to
[PO,J*” units. The absence of the [PO,]*~ vibration signal con-
firms that no crystalline Li;PO, formed during the synthesis.
The presence of amorphous Li;PO, cannot be excluded,
judging from this measurement, but the amount of [PO,J*~
units is small compared to the LIPSO samples. Other
[PO,S,_.]>~ units do not contribute to the Raman signal
because the tetrahedral symmetry is broken, changing the
selection rules for the relevant energy transitions.

*'p MAS NMR measurements are displayed in Fig. 4(c and
d). All spectra are dominated by a broad peak at 83.1 ppm
which was assigned to the overlap of [PS,]>~ and [PS;0]*~ reso-
nances. The shift of this peak compared to the crystalline LPS,
and the broadening of the line shape, reflects the glass-
ceramic property (crystalline LPO phase in a glassy matrix) of
the oxysulfide mixtures (1 — x)Li3PS,~xLizP0,.%* Two
additional broad resonances at around 69.5 ppm and
36.3 ppm in the spectra for the milled mixtures are attributed
to [PS,0,]>~ and [PSO;]’~ units, respectively.®® The other two
broad resonances at a low chemical shift of 8.8 ppm and
—2.8 ppm can probably be attributed to the poorly crystalline
orthophosphate tetrahedron [PO,]>~ and dimeric [P,0,]*"
units after ball milling, respectively.®®®® The sharp peak of
crystalline [PO,J>~ at 10.9 ppm still exists in the oxysulfide mix-
tures of the LIPSO samples agreeing with the previous results.
The presence of the additional units [PS;0]*7, [PS,0,]’",
[PSO;]>~, and dimeric [P,O,]*" units reveal that the sulfur
atoms in [PS,]>” tetrahedron are partially substituted by the
oxygen atoms from [PO,]>” tetrahedron. The main difference

This journal is © The Royal Society of Chemistry 2024
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between LIPSO and LIO is again the persistence of a sharp
signal corresponding to p-Li;PO, nanocrystals for the LIPSO
samples. However, these *'P MAS NMR results demonstrate
that in both experimental series, sulfur was partially replaced
by oxygen and as a result, mixed [PO,S,_.]>~
formed. The intensities of the mixed tetrahedron scale with
the oxygen content for LIO. For the LIPSO series, though, there
is no clear trend visible. In both cases signals for all possible
substitutions, [PO,S;_,]>~ with 0 < x < 4, can be found in all
samples, indicating that the ball milling procedure offers little
control over the oxygen distribution in the produced material.
After a careful structural analysis of the oxy-sulfide glasses,
we know which structural units are present in each glass and
to what degree they are ordered. The materials yielded from
LIPSO and LIO have shown significant structural deviations.
While LIO samples can be categorized as glasses, we found
residual B-Liz;PO, nanocrystals embedded in the amorphous
thiophosphate matrix in all LIPSO samples, resulting from the

units were

This journal is © The Royal Society of Chemistry 2024

higher chemical and mechanical stability of Li;PO, compared
to LizPS,. These crystallites lead us to label the LIPSO samples
as glass-ceramics. Therefore, we expect different physical and
chemical properties from the two sets of materials, although
the overall stoichiometry is identical. The amorphous matrix,
which makes up most of the material for all samples, primarily
consists of [PS4]*” tetrahedra and varying amounts of mixed
[PO,S;_,]>~ species. For LIPSO some additional units like
[P,Se]*™ and [P,S,]*~ were also found. These units are quanti-
tatively more common in the LIO series. The reason for that is
most likely that the Li;PS, glass was calcinated to form
B-Li;PS, before mixing with p-Liz;PO, in LIPSO, whereas LizPS,
glass was formed in situ during synthesis in the LIO series.
The calcination process has been reported to alter the amount
of impurities.?*°°

In summary, both synthesis routes yielded materials with
the same stoichiometry and structural units. The main differ-
ence lies in the relative quantity of these structural units and
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the oxygen distribution. Li;PO, is both physically and chemi-
cally too stable to fully react under the given ball milling con-
ditions, therefore some phosphate crystallites remain in the
products of the LIPSO series. The mix of crystalline particles
and amorphous matrix classifies these materials as glass cer-
amics. In contrast, products from the LIO series are more
homogeneous and can be classified as glasses.

Electrochemical analysis

Different conductivity values have been published for oxy-
sulfide glasses and glass ceramics.'””'*"*>?* Fig. 5 depicts
the electrochemical impedance spectroscopy (EIS) measure-
ments of the LIPSO and LIO series. To examine the influence
of crystalline Li;PO, particles inside the amorphous Li;PS,
glass, a third material series was prepared by 15 min mechani-
cal mixing of p-Liz PO, with amorphous Li;PS, in a mortar.

Exemplary Nyquist plots of the LIO1, 3 and 5 samples
measured at various temperatures and with two different
measurements, cells are presented in Fig. S10.f Multiple
pellets from each sample were measured in a custom-made
cell (Fig. S1t) and an additional pellet was measured in a
CompreDrive set-up (rhd instruments GmbH & Co. KG,
Germany). The conductivity values were extracted by using the
circle fit function of the program EC-lab to calculate the semi-
circle diameter. In the CompreDrive set-up, some inductive
coupling within the set-up prevented the resolution of semi-
circles in the Nyquist plots, thus the conductivity was calcu-
lated from the x-axis intersection. The CompreDrive measure-
ments yielded systematically higher conductivity values, which
can be explained by the more accurate pressure control. The
conductivity trend was identical with both measurement set-
ups. The error bars depicted in Fig. 5 represent the standard
deviation when all measurements from both setups are
considered.
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Fig. 5 Logarithm of room temperature conductivity values, derived

from EIS measurements, plotted against the total P-O fraction for
LIPSO, LIO, and mechanical mix (MM) synthesis procedures.
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In order to rule out any systematic influences from the
macrostructure of the pellets on the conductivity measure-
ment, the porosity of the measured pellets was evaluated by
calculating their relative density. The relative density is
defined as the ratio of the geometric density of the pellet and
the real density of the material. Density measurements were
conducted on three samples (LIOref, LIO2 and LIO4; 0, 15 and
25% oxygen substitution) using a He-gas pyknometer to get a
fair estimate of the real density values and account for
changes with increasing oxygen substitution. The three
remaining values for the samples with 10, 20 and 30% oxygen
substitution were estimated from the measured values. The
real-density values used for the calculation were; 1.905, 1.914,
1.909, 1.904, and 1.899 for samples with 10, 15, 20, 25 and
30% oxygen substitution respectively. Using the above values,
all calculated relative densities of the measured pellets were in
the range of 86 to 89% with no clear correlation to the oxygen
substitution level.

As seen in the plot in Fig. 5, the three series do not follow
the same conductivity trends. The mechanical mix, from here on
referred to as MM, has a linear behaviour on the logarithmic
scale as expected for a mixture of a highly conducting with a
poorly conducting material. The trend for the LIO series is
similar in the sense that the Li-ion conductivity decreases with
increasing oxygen content. However, the decrease in conductivity
is stronger, and the data points scatter more, showing a non-
linear behaviour. Surprisingly, the LIPSO series exhibits a very
different trend with a low conductivity at 10% P-O bonds, then a
maximum at 15-20% followed by a dip to 25% and again a slight
increase at 30% P-O bonds.

To understand this unusual behaviour, we need to take a
closer look at the structural data. As mentioned earlier, the
main difference between the LIPSO and LIO glasses is the pres-
ence of P-Li;PO, nanocrystals in LIPSO samples and the
oxygen distribution, which is related to the relative quantity of
various structural units. The MM series strongly suggests that
the p-Li;PO, crystals found in the LIPSO series are not respon-
sible for the differing conductivity trend, since an increasing
amount of crystalline p-Li;PO, should, on the logarithmic
scale, lead to a linear decrease in the ion conductivity.
Therefore, we used the *'P MAS NMR spectra to determine the
relative quantity of the reacted [PO,S,_,]*~ tetrahedra.

The NMR spectra were deconvoluted and fitted with
Gaussian/Lorentzian lines using dmfit.”® The results of the
analyses are summarised in Table S1t and visually displayed
in Fig. 6(a and b). Fig. 6(c) depicts a statistical distribution of
the different tetrahedra given the respective oxygen content. As
expected, the real distribution in the samples differs from a
purely statistical distribution. The [PO,]*~ concentration is too
high in all samples, the [PO;S]*~ and [PO,S,]*~ concentrations
are higher than in the statistical distribution for low oxygen
content and lower for high oxygen content. The results suggest
a tendency for oxygen to cluster together and build highly sub-
stituted species.

In the LIO series, the amount of oxygen-substituted tetrahe-
dra increases almost linearly with increasing oxygen content.

This journal is © The Royal Society of Chemistry 2024
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The amount of [P,S,]*~ impurities stays almost constant over
the whole concentration range, while the [P,S¢]*” amount
seems to decrease for higher oxygen contents. The LIPSO
series shows a non-linear change of the different structural
units, only the [P,S,]*~ content is again almost constant.

The peak integrals show a clear correlation between the
quantities of the highly substituted tetrahedra (2 or more
oxygen atoms on one tetrahedron) and the ionic conductivity.
Fig. 7(a and b) illustrate the sum of all oxygen-containing
species with no > 2 (black dots) and the corresponding ion
conductivity of all samples for LIPSO and LIO (red dots). Both
graphs mirror each other, showing an inverse correlation. A
high amount of oxygen clustering leads to low conductivity
and vice versa. The same correlation can also be observed by
just plotting the amount of amorphous [PO,]*~ units and the
conductivity (see Fig. 7(c and d)). While the correlation is
clearly visible, the mirroring is not perfect for all the displayed
graphs. When looking at the [PO4]’>~ content, this can be
explained by the overall low quantity of [PO,]>” units in the
materials compared to other structural units that also affect
the ion conductivity. The amount of [PO,]*~ is generally higher
in the LIPSO series, whereas there are more [P,S¢]*” and
[P,S,]*” impurities found in the LIO samples. All the different
structural units and their distribution within the materials
contribute to the total ion conductivity, which may explain
why some features in the conductivity trend are not perfectly
represented in the structural unit fraction curves. The inverse
correlation of ionic conductivity and the fraction of highly sub-
stituted tetrahedra becomes evident when plotting the conduc-
tivity values against the combined fraction of PO,, PO;S, and
PO,S,, which shows an almost linear trend across both experi-
mental series (Fig. 7(e)). The same plot with only the amor-
phous PO, fraction on the x-axis yields two separate corre-
lations, one for each experimental series. The correlations are
qualitatively similar, showing the decrease in conductivity for
increasing amounts of PO, units (Fig. 7(f)), but they are offset

This journal is © The Royal Society of Chemistry 2024

on the x-axis. The LiPSO samples generally contain more PO,
units and display similar conductivity values as the LIO
samples for higher PO, fractions. The reason for this offset is
most likely the higher amount of PO;S, and PO,S, units in the
LIO samples, which leads to a reduced conductivity even
though the PO, fraction is comparatively low. The scattering of
the data points reveals that there must be other factors influ-
encing the Li-ion conductivity.

The influence of oxygen distribution in oxy-sulfides was
theoretically predicted for crystalline f-LPS by Banerjee et al.”*
Their study found a higher theoretical ion conductivity when
oxygen atoms were homogeneously dispersed than for the case
where they were clustered together for two different oxygen
concentrations. These calculations even predicted an increase
in ion conductivity for small amounts of dispersed oxygen.
The [PO,>~ units have the highest density of oxygen atoms
and therefore seem to be most detrimental to the Li-ion con-
ductivity. Our experimental findings therefore agree well with
the calculations.

It should be noted, that a repetition of the experiments
could only qualitatively reproduce the displayed conductivity
trends. For the LIO series, the control experiment yielded a
more linear, but otherwise comparable conductivity trend
where the conductivity continuously decreases with increasing
oxygen content. For the LIPSO series, another nonlinear zigzag
trend was discovered, which did not agree with the previous
one, exhibited in Fig. 5. However, following the same quanti-
tative analysis of structural units leads to the same results,
that different O-substituted polyhedra have varying influence
on the Li-ion conductivity and highly substituted species are
most detrimental (see Fig. S11%). Therefore, the statements of
this study could be verified. The dissimilar conductivity
trends, when only comparing the chemical composition,
suggest a reproducibility problem with the ball-milling pro-
cedure. The lack of control over the processes inside the
milling jar due to the statistical nature of collisions and energy
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samples.

transfer leads to somewhat random results. As these processes
are irreversible, changes in the configuration can accumulate
over time rather than averaging out. The reproducibility
problem seems to be more pronounced the less likely the
desired reaction is. The Li;PO, precursor used for the LIPSO
series is the most stable compound in the system and requires
optimal conditions and high energy input to react with Li;PS,.
Hence, some phosphate particles remain unreacted. Suitable
conditions are therefore not as frequently met during the
milling process and small variations in the mixing of the pre-

13358 | Dalton Trans., 2024, 53,13348-13363

cursors or the powder distribution within the milling jar, over
a long milling time, cause significant discrepancies in the
total number of reaction events. On the other hand, the LIO
route seems to be less sensitive because the reactants are more
reactive. Hence, there are multiple pathways leading to the
same result.

Calculations

In order to further investigate the influence of oxygen on Li
diffusivity, we additionally performed molecular dynamics

This journal is © The Royal Society of Chemistry 2024
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simulations. To this end, different glass models with 0%, 5%,
10%, 15%, 20% and 25% overall oxygen content were gener-
ated. At every composition, the oxygen was distributed in
different ways, such that only one type of the oxygen-contain-
ing units PS;0, PS,0,, PSO;, or PO, is present. All the remain-
ing units in the models were kept at PS,. Visual represen-
tations of simulated glasses with 20% P-O fraction and the
four different oxygen distributions are displayed in Fig. 8(a-d).
The defined oxygen distribution within the simulated glasses
allows us to separately study the effects of the overall oxygen
content and the different tetrahedron types. All structures con-
tained 2048 atoms and were simulated with molecular
dynamics for several nanoseconds at 500 K. We note that such
simulated model sizes are approximately 10 times larger and
that the corresponding timescales are approximately 10-100
longer than what is typically accessible with ab initio molecular
dynamics simulations, commonly used to study diffusion in
solid electrolytes. This enables us to study the properties of
the material at comparably low temperatures without reverting
to extrapolations from high temperatures, while still retaining
good statistics for the Li diffusion. Our simulations are rea-
lized by employing an atomic cluster expansion (ACE) poten-
tial, trained from density functional theory (DFT) data for this
purpose.

The obtained tracer diffusion coefficients are shown in
Fig. S121 and have been used to compute conductivity ¢ via
the Nernst-Einstein equation. The calculated Li-ion conduc-
tivities are plotted against the P-O fraction in Fig. 8(f). We

View Article Online
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find an obvious trend: an increasing overall oxygen content
leads to decreasing conductivity, independent of the combi-
nation of the tetrahedra types. Qualitatively, this trend is
similar to the results of the LIO route. Moreover, there are no
indications that the conductivity increases at small oxygen
contents, as seen for the LIPSO route. One reason for this dis-
crepancy could be the much more complex local structure and
microstructure, (e.g., mixtures of all tetrahedra types, crystal-
line remnants of LizPO,, non-tetrahedral structure units like
P,S,, P,Se, or P,05) that are observed in the experiments.

The second observation is the dependence of the conduc-
tivity as a function of the structure units at the same overall
oxygen content: in general, we find that oxygen-rich structural
units (PO,, PSO;) lead to a stronger decrease of the conduc-
tivity than the oxygen-poor structural units (PS,0,, PS;0). This
is mostly in line with the conclusion drawn from the experi-
mental results as discussed above. Surprisingly, however, we
do not find a combination of PS,0, units to be detrimental to
the conductivity, as has been shown by simulations of
Banerjee et al.”" for oxygen substitution in crystalline LizPS,.
Unfortunately, there is no information on how the even more
oxygen-rich units affect the transport properties. Nevertheless,
this could indicate that the interactions between different
oxygen-containing tetrahedral units and Li ions is much
different in glasses than in the crystalline counterpart. As a
matter of fact, our glasses containing PS, + PS,0, units even
outperform glasses with PS, + PS;0 units at several oxygen
contents. One reason for this could be that we only tested one
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o

1.4%107" +

1.2%x107" ~

1.0x107" T

PS4+PS30
—e— PS4+PS202
—a— PS4+PSO3

—v— PS4+P0O4

Fig. 8
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(a—d) Simulated structures with only PS; and POSs (a), PO,S; (b), POsS (c), PO4 (d) units at 20% P-O fraction. (e) Description of the different

polyhedra. (f) Calculated Li-ion conductivities against P—O fraction for the displayed structures.
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way of randomly distributing the oxygen-containing tetra-
hedron in our models, and a different distribution (e.g., more
homogeneous or more clustered arrangements) might behave
differently. Such an analysis, potentially also including temp-
erature effects and extrapolating to 300 K, however, goes
beyond the scope of this study and needs to be covered
elsewhere.

Conclusions

This study shows the importance of careful experiment plan-
ning and material characterization and may guide future
material development. Our findings may also explain the large
spread of conductivity values found in the literature for these
kinds of oxy-sulfide glasses and glass ceramics, as often only
the total oxygen concentration is considered, while the oxygen
distribution and exact structural units are neglected. We could
show that the stoichiometry alone is not a sufficient descrip-
tion for the Li oxysulfides. The choice of precursor materials
and synthesis conditions offer possibilities to further tune the
properties of materials within the same chemical composition.
The results also may be transferrable to other amorphous or
semi-crystalline systems, where a lack of reducible symmetry
makes the investigation of structural units a valuable part of
material characterization.

Further investigations will focus on the development of a
more realistic structure model, including information on the
Li environment. Such a model could help investigate the
effects of oxygen distribution on a larger length scale, e.g. clus-
tering of oxygen-containing units. Moreover, models are
needed to gain a better understanding of the conduction
mechanism inside the amorphous matrix.
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