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Abstract

Many of the promising, high-performing solid electrolytes for lithium-ion batteries
are amorphous or contain an amorphous component, particularly in the Li thiophos-
phate Li;S—-P,Ss compositional series (LPS). An explicit study of the local structure in
four samples of ostensibly identically-prepared 70Li»S—30P,Ss glass reveals substantial
variation in the ratio between the two main local structural units in this system: PS43~
tetrahedra and P,S;*~ corner-sharing tetrahedral pairs. Local structural and compo-
sitional probes including Raman spectroscopy, X-ray photoelectron spectroscopy, and
X-ray pair distribution analysis are employed here to arrive at a consistent description
of the relative amounts of isolated tetrahedral units, which vary by 13% across the sam-
ples measured. This local structure variation translates to differences in the activation
energies measured by electrochemical impedance spectroscopy in these samples, such
that the higher concentration of isolated tetrahedra corresponds to a lower activation
energy. The measured temperature-dependent ionic conductivity data are compared
to conductivity results across the literature reported on the same compositions, high-
lighting the variation in measured activation energy for nominally identical samples.
These findings have implications for the critical need to play close attention to the local
structure in solid electrolytes, particularly in systems that are glasses, glass-ceramics,

or even comprise a small amorphous contribution.
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Introduction

All-solid-state batteries are gaining momentum as a promising next-generation battery
technology to obviate several concerns and limitations of current liquid-electrolyte—
containing Li-ion cells.! Inorganic solid electrolytes are attractive because they have the
potential to improve safety, simplify cell design, and potentially improve upon energy
and power density.2 However, there are many trade-offs to consider in order to identify
materials that could be commercially viable.® There are many classes of inorganic solid
electrolytes, including halides, oxides, and sulfides. One of the main trade-offs when com-
paring these three classes of materials is the electrochemical stability window versus Li
and Li*-ion conductivity at reasonable operating temperatures. Not surprisingly, the sta-
bility window and the conductivity are contraindicated, with (chemically) harder anion
frameworks such as oxides and fluorides providing greater stability at the cost of the Li*
being bound more strongly. Consequently, while fluorides offer some of the widest stabil-
ity windows against Li, the LiT-ion conductivity tends to be relatively poor.*> Oxides can
also have acceptable stability windows against Li, but conductivity is often still too low to
yield practical replacements of liquid electrolytes.*°> Sulfides have been shown to exhibit
Lit-ion conductivity values on the same order as liquid electrolytes, but the stability win-
dow against Li is limited.®® Clearly, several design considerations must be considered as
workable solid electrolytes for all-solid-state batteries are developed.®!!

Sulfide materials exhibit some of the most promising Li*-ion conductivity values, and
have been widely studied as a consequence.!® Within the lithium thiophosphate system
Li,S-P,Ss, there are several stoichiometries and crystal structures explored in terms of

preparative conditions, ionic conductivity, electrochemical stability versus Li, and mechan-
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Figure 1: (a) Structure of Li;P3S;;, which crystallizes from the 70Li,S-30P,S5 glass in
the P1 space group (# 2). On the right, structural motifs observed in the 70Li,S-30P,S;
glass. (b) The isolated PS,*>" tetrahedron, ie. ortho-thiophosphate. (c) The corner-sharing
P,S,%~, ie. pyro-thiophosphate. (d) The P,S¢*~ dumbbell, ie. hypo-thiodiphosphate, which
is a signature of the thermodynamically-stable Li4P,S¢ structure that can crystallize from
the 70Li;S—-30P,S; glass. Structures were visualized using VESTA. 2

ical properties, which are all parameters necessary to understand how these materials will
perform in a cell. Especially within the Li,S-P,Ss system, there are many stoichiometries
that form glasses and glass-ceramics, which are crystalline domains stabilized within a
glassy matrix. For 70Li,S-30P,Ss, the glass-ceramic crystallizes into the Li;P3S;; struc-
ture [figure 1(a)], and the glass is composed of two main structural motifs present in
the Li;P3S;; structure: isolated PS,3~ tetrahedra, ie., the ortho-thiophosphate and corner-
sharing P,S;%~ tetrahedral pairs, ie. pyro-thiophosphate [figure 1(b,c)]. Since Li;P3S;; is
metastable, sometimes the less conductive, thermodynamically-stable product Li;P2S¢ will
form simultaneously, so the P,S¢*~ dumbbell, ie. hypo-thiodiphosphate can also be present
in the glassy structure [figure 1(d)]. While high crystalline Li;P3S;; content leads to higher
conductivity, the glass component is desirable for the compliant mechanical properties it
can impart, which is important when considering constructing a full cell.*41°

Beyond pure lithium thiophosphates, there are also the LisGeS4-LisPS; system

(LGPS), "1 Si substitution in LGPS,2%2! and argyrodites.??2° Even in systems that appear
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crystalline, there can still exist some fraction that is glassy. For example, the LGPS-like
compound Li;SiPSg has a crystalline diffraction pattern, but through quantitative phase
analysis using both Rietveld refinements on the x-ray diffraction patterns and integrating
NMR spectra, Harm et al found between 5wt.-% and 9wt.-% of an amorphous contri-
bution depending on the preparative conditions.2® In many cases this glassy component
would go undetected, but the local structure in these types of materials plays an important
role. In order to fully understand the structure-property relationships in these materials,
and therefore their function in all-solid-state cells, the entirety of the material must be
carefully characterized. This becomes particularly critical when considering the myriad

preparative routes being explored to prepare lithium thiophosphate phases,?” which in-

28-30 31-33

clude solid-state, mechanical ball-milling, microwave-assisted, 3> and solution

11,36-38

preparation, as well as processing conditions used to densify the material for better

performance in full cells. 14394

In this regard, it is also insightful to consider the recent, important inter-laboratory
collaboration which highlighted different conductivity results from measuring the same
argyrodite samples, synthesized and shared among the labs.*! Room temperature conduc-
tivity values had a relative standard deviation of up to 50 %, and activation energies had
a relative standard deviation of up to 15 %, indicating different densification procedures
and measuring methods can yield different conductivity results.

Here we report on four effectively identically-prepared glassy samples of LPS, with the
composition 70Li,S-30P,Ss, prepared and measured using the same processing conditions
and experimental setup. The samples were characterized comprehensively using a com-
bination of high resolution synchrotron diffraction, Raman spectroscopy, X-ray photoelec-
tron spectroscopy, X-ray pair distribution function analysis, and electrochemical impedance
spectroscopy. We have been able to relate subtle changes in the local structure to differ-

ences in the activation energies and conductivities associated with Li*-ion transport. The

results obtained here are compared with a survey of those found in the literature to obtain



a comprehensive overview of this important class of Li*-ion solid electrolytes.

Methods

Preparation of 70Li,S-30P,S; glass The assisted-microwave preparation has been pre-
viously reported.®* Li,S and P,S; were ground until homogeneous in a 70:30 molar ratio
using an agate mortar and pestle in an Ar filled glovebox with H,O and O, < 0.1 ppm.
The powder was pressed into a 6 mm pellets weighing ~250mg each, and these were
sealed in fused silica ampoules under 0.25atm of Ar (3 inch long, 3/8 inch diameter).
The ampoules were individually buried (1 per reaction) in the center of a 250 mL alu-
mina crucible filled with 70g of activated charcoal (DARCO 12-20 mesh). The alumina
crucible was then placed a cylinder of alumina fiberboard for insulation and placed off-
center in a 1200 W microwave oven (Panasonic NN-SN651B). This was heated at power 4
(40 % of the total power) for 18 min followed by quenching the sample tube in water. This
process was repeated for a total of 4 samples under identical conditions, including pellet
size, mass, tube length, partial pressure, mass of charcoal, insulation, microwave condi-
tions, and quenching. A previous procedure was followed for the melt-quench method
which involves heating the Li,S and P,S5 mixture in a fused silica ampoule in a furnace at

70Li,S-30P,Ss 700 °C and quenching in water in order to form an amorphous glass.*

X-ray photoelectron spectroscopy X-ray photoelectron spectroscopy (XPS) was carried
out on a Kratos Axis Ultra X-ray Photoelectron Spectroscopy system with a monochromatic
Al source Ka (1.4keV). Samples were prepared in an Ar-filled glovebox using a stainless
steel sample stage with a cover that seals using an o-ring. Once transferred to the chamber,
and the chamber was allowed to reach high vacuum, the cover was removed (inside of the
chamber). Pass energies of 80eV for high resolution scans were detected with a multi-
channel detector. Dwell times were 80 ms and 5 scans were averaged. The spectra were fit

by the least-squares method to pseudo-Voigt functions (Gaussian/Lorentzian 70/30) with
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Shirley baselines using CasaXPS. All spectra were referenced to adventitious C 1s peak at
284.8 eV. The phosphorus 2p3/» and 2ps/, peaks were constrained to split by A = 0.87 eV,

with a relative area ratio of 2:1.

Raman spectroscopy Raman spectroscopic measurements were carried out under inert
conditions using a Horiba LabRAM ARAMIS Raman spectrometer equipped with a confocal
microscope. Samples were prepared in an Ar-filled glovebox by sealing a glass cover slip
over the powder sample on a glass microscope slide. Data was collected with a 633 nm
laser excitation, 500 zm hole, 500 ym slit, 1200 cm~! grating, 2second exposures, and

5 spectra averaged, centered at 450 cm™!.

For the crystallization study, a 532nm laser
excitation was used instead. A TS1200 Linkam heating stage was employed to monitor
spectra at different temperatures. Small glass crucibles were made to fit inside of the
heating chamber, into which the powder was loaded in an Ar-filled glovebox. The top of
the glass crucible was sealed with a 100 ym thick glass cover slip and high temperature
epoxy (JB Weld). The laser was focused through the Linkam stage and the glass cover
slip. Initial spectra were also acquired at 40 °C, 90 °C, and 190 °C to track the progression
leading up to the crystallization temperature regime. Raman spectra were acquired from
240°C to 310°C in 5°C intervals with 10 minute dwell times for equilibration. As a con-
trol, data was also collected on samples that were heated and exposed to air, and left in
ambient conditions for several hours. This helped establish that the changes seen in the

temperature-dependent Raman spectra did not arise due to sample degradation during the

course of the crystallization experiments.

Synchrotron X-ray scattering High resolution synchrotron diffraction data was collected
at room temperature at the Advanced Photon Source at Argonne National Laboratories,
beamline 11-BM-B using an average wavelength of A = 0.414581 A. Samples were loaded
into Kapton capillaries and sealed with epoxy inside of an Ar-filled glovebox. They were

removed from inert atmosphere minutes prior to measurement. For the powder diffrac-
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tion, approximately 10 wt.-% crystalline silicon was added to each sample (with known
exact masses) in order to quantify any crystalline components observed in the material.
However, since only amorphous scattering was observed, we did not perform any further
refinements. Prior laboratory powder X-ray diffraction (XRD) data was collected using a
Panalytical Empyrean diffractometer with Cu Ko radiation (Supporting Information fig-
ure S.1). Powders were protected from the atmosphere utilizing an air sensitive holder
containing a zero background plate and a Kapton film window. Total scattering data for
pair distribution function (PDF, GG(r)) analysis was acquired on powder samples in Kapton
capillaries on beamline 11-ID-B at a wavelength of 0.2113 A with a maximum momentum
transfer Qe = 17.5A1. Frames of data were initially processed using GSAS-II*® fol-
lowed by converting the scattering using PDFGetX3.4* Simulations were carried out using
PDFgui.* The crystal structure of Li;P3S;; (P1, ICSD Entry 157654) was used, and the pa-
rameters employed were in the range of 0.1 A to 30.0 A with the scale factor = 1.0, Q,nuz
= 17.5A", Quamp = 0.0347 A, and Qy0ea = 0.0103 A", The partials were calculated
in a similar manner except prior to simulation in PDFgui, any elements other than the
elements for the partial were removed from the structure. This edited structure was then
used to simulate the corresponding partial PDF using the same parameters as before. Q..
was determined from the experimental data as the highest achievable value that did not
introduce Fourier transform artifacts. gump and Qur0.q Were determined from real-space

Rietveld refinement of a CeO, standard.

Electrochemical impedance spectroscopy Electrochemical impedance spectroscopy
was measured using a VMP3 Bio-logic potentiostat from 1MHz to 1Hz with a 200 mV
sinus amplitude under inert atmosphere. The samples were sintered under approximately
180 MPa pressure at 90 °C for 12 h before being subject to variable temperature measure-
ments. Equilibrium was ensured for all of the data reported here by repeating measure-

ments in succession at each temperature until each spectrum aligned before proceeding



with the next measurement. To ensure robust fits, data was collected from 20 °C to 90°C
in 5°C increments using an environmental chamber. Spectra were also collected at 10°C
in order to clearly fit equivalent circuits to each sample, using ZFit in the ECLab soft-
ware. Activation energies were calculated using an Arrhenius-type relationship with the
Meyer-Neldel compensation, and uncertainties were propagated from uncertainties in the
instruments used to acquire the data, namely the temperature chamber and the impedance
analyzer. The custom cell design used has been described in detail in previous work.3* A
vise and a force gauge (Omega) were used to press pellets in-situ and apply and monitor

pressure throughout the measurements.

Comparison to prior literature results Prior literature results were digitized from the
plots presented in each corresponding reference. For the data not previously processed
with the Meyer-Neldel compensation relation, *® they were replotted so that the ordinate is
In(oT), and the activation energy was calculated from the resulting slopes. In the example
of Busche et al, the calculated activation energy matched the reported activation using the

Meyer-Neldel compensation, giving confidence to the digitization and processing.>’

Results and discussion

In order to understand how differences in local structure of identically-prepared samples
correlate with their measured conductivity, first we set out to thoroughly characterize the
structure of the materials. In order to confirm all of the glass samples are truly amorphous,
high resolution synchrotron diffraction was used to characterize the long-range order in
these materials [figure 2]. In case any crystalline component was found, the samples were
preemptively spiked with 10wt.% NIST standard Si, which would allow us to quantify
the crystalline component, noticeably the sharp, high-intensity peaks in figure 2(a). How-
ever, no crystalline component relating to Li;P3S;;, LisP,Sg¢, or any of the known crystalline

phases in the Li-P-S ternary system were found and therefore the materials are all deemed
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Figure 2: Synchrotron powder XRD of the 4 identically-prepared 70Li;S-30P,S; glass sam-
ples. Silicon was added to the samples in order to quantify any amount of crystalline
components identified in the diffraction pattern, though only amorphous contributions
were detected. (a) The entire pattern from 1-7A~' shows the crystalline peaks from the
added Si, which matches the expected reflections shown above. (b) A closer look at the
highlighted region shows the complex amorphous background arising from the glassy sam-
ples.
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to be amorphous. In one sample, a very small, unidentified impurity at 2.7 A~! is notice-
able, which may be an artifact from preparing the samples inside of the glovebox. It is
interesting to note, however, that the amorphous background component in the different
diffraction patterns, differ slightly [figure 2(b)]. The patterns for samples B and C are

closely related, which is a theme throughout the characterization.

(a) experimental — A
- I I I . B
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Figure 3: (a) Synchrotron X-ray pair distribution functions, G(r) of the four compounds
described here. (b) A simulation of the G/(r) of crystalline Li;P3S;; for comparison.

Room-temperature synchrotron X-ray pair distribution functions, G(r), of the four glass
samples (data displayed in figure 3, compared with a simulation for crystalline Li;P3S;;,
suggests that the local structure, particularly within about » ~6A, resembles the G(r)
of the crystalline phase that the glass can be transformed into though annealing. Inter-
estingly, one of the samples, namely C displays correlations up to longer r that resemble
the crystalline phase. However, it should be noted that even in this sample, the relative

intensity of these correlations is significantly subdued, suggesting perhaps a relatively mi-
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nor amount of sample that is closer to possessing crystalline correlations on longer length
scales. The complete description of the G(r) of these amorphous compounds is beyond the
scope of the current work, and would require extensive simulations of the structure using
either empirical potentials or ab-initio methods.

Raman spectroscopy is a powerful tool to understand the structure in these materials.
As a local structure probe, the modes corresponding to the two expected structural fea-
tures in the glass can be identified. These modes are the strongest in the relevant spectral
region, from Ocm™! to 750cm™! [figure4(a)]. Overall, the spectra between the 4 sam-
ples are markedly reproducible, exhibiting all of the same peaks at the same positions. A
closer look at the region between 340 cm~! and 475 cm~! shows the fine details in inten-
sity in these modes [figure 4(b)]. From previous literature, the mode at 410 cm~! can be
assigned to the corner-sharing tetrahedra, and the mode at 423 cm™! can be assigned to
the isolated tetrahedron.?®%” The spectra were normalized to the intensity of the corner-
sharing tetrahedra in order to clearly see how the ratios of the corner-sharing tetrahedra
and the isolated tetrahedra differ across the 4 samples. Sample A has the highest amount
of the isolated tetrahedra. Samples B and C have very similar ratios, though B is slightly
higher in the isolated tetrahedra. Finally, sample D has much less of the isolated tetrahe-

dra, signaled by the clear decrease in the mode at 423 cm~!.

These are relatively large
differences in intensity when compared directly that might otherwise go unnoticed. It is
also pertinent to note that this is not simply an artifact of the assisted-microwave prepara-
tion conditions. We observe similar effects in samples prepared consistently with the melt
quench method in an internal study (Supporting Information figure S.2). Since the inten-
sity of the modes differ based on selection rules, these local structure observations remain
qualitative. However, XPS provides a quantitative route to characterizing the amount of
each structural unit across the four samples.

The phosphorus 2p binding energy region is especially telling of the quantitative ratio of

the isolated and corner-sharing tetrahedra. A single, convoluted peak-shape is observed for
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Figure 4: Raman spectroscopy is extremely sensitive to the local structure differences of
the 4 identically-prepared 70Li,S-30P,Ss glass samples. The spectra were all normalized
to the highest intensity peak and strongest mode at 408 cm~!. (a) The entire spectrum
shows the same peaks exist for each sample, confirming they are structurally alike. (b) The
peaks characteristic of the corner-sharing tetrahedra (408 cm~!) and isolated tetrahedra
(423 cm™1) highlight the subtle local structure differences, in which the ratio of these
structural features can vary significantly.
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Figure 5: P 2p binding energy region from high resolution X-ray photoelectron spec-
troscopy of all 4 70Li,S-30P,Ss glass samples. The lower binding energy 2p;/,, peak
corresponds to the P in the corner-sharing tetrahedra environment (shaded dark blue),
and the higher binding energy 2p;,, peak corresponds to the P in the isolated tetrahedron
(shaded light blue). The corresponding 2p, /, peaks for both environments, shifted toward
higher binding energies by A = 0.87 eV, are not shaded (outlines only). Quantitative anal-
ysis was only performed using the results from the 2p;,, peaks. The samples follow a
consistent trend as seen in the Raman spectroscopy results.



all 4 samples, consistent with previous reports for 70Li,S—-30P,Ss glasses.3*3° The broad
peak between 130eV and 135eV can be deconvoluted into 4 distinct peaks, which in
turn correspond to 2 distinct P states due to the closely-spaced spin-orbit components (P
2ps/2 and P 2p, ;) [figure5]. The lower binding energy peak (132eV) is assigned to the
P environment within the corner-sharing tetrahedra (P,S;%~) while the higher binding
energy peak (132.7eV) is assigned to the P environment within the isolated tetrahedron
(PS437), extensively characterized in previous studies.”3° For clarity, it’s easiest to compare
the P 2p3,, peaks against each other across samples (signified by the shaded peak fits in
5). Qualitatively, the spectra all appear to be similar, with less of the state corresponding
to the isolated tetrahedra than the corner-sharing tetrahedra, as expected according to the
composition of the material. The higher binding energy peak appears to decrease from
sample A through sample D.

Table 1: Quantitative fitting of the P 2p3/, peaks across all 4 samples.

2p3/2 position (eV) | FWHM | area % area | S:P ratio
A corner-share | 131.9 1.08 1130.2 | 53.0% 3.74:1
isolated 132.8 1.20 1002.9 | 47.0% | ="
B corner-share | 132.0 1.11 1386.5 | 59.2% 3.71:1
isolated 132.8 1.19 956.5 | 40.8% |~
C corner-share | 131.9 1.07 1507.0 | 60.3% 3701
isolated 132.6 1.29 991.8 | 39.7% |~
D corner-share | 131.9 1.11 1443.3 | 66.1% 3671
isolated 132.6 1.06 741.1 | 33.9% |

This can be described quantitatively by comparing the values corresponding to the peak
areas, as reported in Table 1. These quantification results are consistent with the trends
observed in the Raman spectroscopy, such that sample A has the highest concentration
of the isolated tetrahedra, followed by samples B and C (which are very similar), and
sample D has the lowest concentration of the isolated tetrahedra. The greatest difference,
between sample A and D, is a 13% decrease in concentration of isolated tetrahedra in D.

Additionally, the similarity between B and C observed in the XRD and Raman spectroscopy
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is persists in the XPS quantification. B has a slightly higher concentration of the isolated
tetrahedra than C by 1.1%. The overall S:P ratio per sample can then be calculated based
on the relative amounts of the two structural motifs. For the 70Li,S-30P,Ss composition,
the ideal S:P ratio is 3.67:1. While all of the samples are within a reasonable range,
all of the samples besides D are slightly enriched in sulfur. This suggest that the “ideal”
composition of the glass should contain approximately 66% corner-sharing tetrahedra and
34% isolated tetrahedra.

While we have established that there is a clear trend in the differences in the local
structure between the identically-prepared samples, it is also important to understand how
this affects the conductivity in this material. Electrochemical impedance spectroscopy was
used to characterize the intrinsic Li conductivity in all of the samples (blocking electrode
setup). Spectra were collected from 20 °C to 85°C in 5 degree increments to also calculate
the activation energy associated with the Li conductivity [figure 6(a)]. Each spectra were
fit to a modified Debye circuit in order to extract the bulk resistance [figure 6(b)], which
then was converted to conductivity values using the geometry of the densified sample.

The activation energies for the 4 glass samples were calculated using an Arrhenius-type

relationship with the Meyer-Neldel compensation: 4648

—F
ol = aoexp( ? ;) D
B

where o is the pre-factor, F, is the activation energy, and kp is the Boltzmann constant.
The Meyer-Neldel compensation was used to take thermally-activated hopping into ac-
count (incorporated into the pre-factor term) for an intrinsic Li-ion conductor. *°

The activation energies are particularly illustrative of how the variations described
in the local structure are significant to the properties and function of the material [fig-
ure 6(c)]. Sample A has the lowest activation energy of 364 +4 meV, and D has the highest
activation energy of 405 + 5 meV, suggesting a higher concentration of the isolated tetra-

hedra facilitates Li migration in LPS glasses. B also has a lower activation energy than
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Figure 6: Electrochemical impedance spectroscopy in a blocking electrode (stainless steel)
setup of the 70Li,S—30P,S; glass. (a) Representative series of spectra from one of the glass
samples showing the evolution of the spectra as a function of temperature, from 20 °C to
85°C. (b) A representative spectrum at 10 °C with the equivalent circuit fit overlaid. (c)
The conductivity of the 4 glass samples as a function of temperature fit to an Arrhenius-
type relationship with a Meyer-Neldel correction. The corresponding activation energies
for each sample is listed in the legend in units of meV.
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C by 9 meV, the least difference between any other sample pair. This corresponds to B
containing slightly more isolated tetrahedra than C, which has been consistent throughout
all of the characterization described. The room temperature conductivities (298 K) of all
of the samples are on the order of 107* S cm~!. There are also slight variations between
these values, with A having the highest room temperature conductivity. Interestingly, D’s
conductivity is slightly higher than B and C. Since a single conductivity value is highly
dependent on measurement conditions, the activation energies reported are much more
indicative of the trends within the materials.

Table 2: Summary of the activation energies and room temperature conductivities found
in each corresponding study, along with the preparation method for the 70Li,S-30P,Ss
glasses.

| preparation method

E4 (meV) | o (Sem™!) at 298K
Busche et al®* mechanochemical 425 1.86 x 1074
Wenzel et al”’ mechanochemical 373 3.83 x 1073
Dietrich et al®® mechanochemical 448 3.58 x 107°
Hayashi et al®! mechanochemical | 433
Mizuno et al*’  melt quench 415 5.00 x 107°
Minami et al®® melt quench 365
Minami et al?® melt quench 360
Seino et al® melt quench 389 5.00 x 107°
A (this work)  assisted-MW 364 1.63 x 10~*
B (this work)  assisted-MW 379 1.23 x 10¢
C (this work)  assisted-MW 388 1.20 x 1074
D (this work)  assisted-MW 405 1.39 x 104
standard dev 28.2 5.46 x 107°
average 395 1.01 x 1074

To put these values in context with previous results on this well-studied material, there
is a considerable spread of reported values for reported 70Li,S-30P,Ss glasses [figure 7].
The conductivity data presented in this study is plotted concurrently with data mined from
8 other studies, specifically of the glass in this exact chemical composition. Since the data
is reported inconsistently, where in some cases the Meyer-Neldel compensation is applied

and in others a simple Arrhenius relationship is applied, the data was replotted to include
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Figure 7: Arrhenius-type analysis with Meyer-Neldel compensation of the 4 glass samples
presented in this work overlaid with similar samples from prior literature. All of the data
corresponds to glass 70Li,S-30P,S; samples, as described in each work, showing a distri-
bution of results within the same glass Li thiophosphate system. The data was digitized
and, when necessary, replotted with the Meyer-Neldel compensation such that all of the
datasets are treated identically. Each dataset is fit to a linear equation, and the slope of
that equation was used to calculate activation energies. The activation energies calculated
and room temperature conductivity values are reported in a subsequent table. Some data
was truncated for clarity of comparisons.
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the Meyer-Neldel compensation if not already in that form. It is immediately apparent
that there are both differences in the activation energies (indicated by the slopes of the
Arrhenius relationships) and the room temperature conductivity values.

Table 2 lists the activation energy values in meV, the room temperature conductivity,
and the preparation method for each glass sample. The comparison is based on the as-
sumption that the samples prepared are truly glass samples, and not glass-ceramic samples
that are partially crystalline. Given the room temperature conductivity values, we believe
this is a valid assumption. One important caveat to keep in mind while comparing these
samples is that conductivity measurement conditions lab-to-lab can differ, which may also
affect the spread in reported values.*! However, the local structure variation that likely ex-
ists is also convoluted with the differing measurement conditions. This leads to an overall
standard deviation of 28.2 meV for the activation energy of the 70Li,S-30P,Ss glass, and
the average activation energy is 395 meV.

Since more attention for practical applications is given to the superionic conductor
glass-ceramic (Li;P3S;1) due to its higher conductivity, it is of interest to elucidate how
these local structure effects propagate throughout the crystallization process. While there
have been other studies previously on the crystallization process, specific emphasis here
is placed on what happens to the ratio of the isolated and corner-sharing tetrahedra dur-
ing annealing. Previous results from differential scanning calorimetry and other crystal-
lization experiments suggest the crystallization process begins around 240 °C, and many
glass-ceramic samples are prepared by annealing the glass between 260 °C and 280 °C for 1
or 2 hours before a significant amount of the undesirable (and thermodynamically-stable)
Li4P,S¢ forms.>? Therefore, a few spectra prior to the accepted crystallization regime were
recorded at 40°C, 90°C, and 190°C [figure8(b)]. Data over a wider spectral range is
displayed in the Supporting Information (figure S.3). At these temperature points the
spectra are reproducible, with the same ratios of the isolated and corner-sharing tetra-

hedra. When the sample reaches the crystallization regime, there is a noticeable shift in
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Figure 8: Raman spectroscopy of a representative glass (sample D) as it is heated in situ
from 40°C to 310°C, causing it to crystallize. (a) Standards to understand the evolution
of the spectrum as the sample is annealed. The significant structural features are depicted
above, corresponding to the labeled peaks. (b) Spectra normalized to the corner-sharing
tetrahedra peak at 410 cm™! (average). Data was collected more densely between 240 °C
and 280 °C, in the region that has previously been recorded to induce crystallization. The
sample and laser were not adjusted during the annealing process, so signal-to-noise de-
creases steadily throughout, likely due to the transformations of the material. The signif-
icant changes observed are: a decrease in the peak intensity associated with the isolated
tetrahedron (421 cm™!), a shift in the peak associated with the corner-sharing tetrahedra
toward lower wavenumbers (403 cm™!), and an increase in the peak intensity associated
with the P,Sg*~ dumbbell (385 cm™1), a signature of the Li4P,S¢ structure.
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the peak positions toward lower wavenumbers, which is consistent with previous liter-
ature. Simultaneously, the intensity of the peak associated with the isolated tetrahedra
begins to decrease (in this view where the peaks are normalized to the peak associated
with the corner-sharing tetrahedra). This is notably before any discernible amount of the
Li4P,S¢ phase begins to form, so inducing crystallization naturally decreases the ratio of
the isolated:corner-sharing tetrahedra. After 255°C, a detectable amount of the LisP,Se
phase grows, and by 265 °C through 280 °C, the peak associated to the P,S¢*~ dumbbell
remains a consistent intensity, along with the peak associated with the isolated tetrahe-
dra. Above 280°C, the Li4P,S¢ phase increases significantly. A control experiment was
conducted for which a sample was heated and exposed to air in order to make sure the as-
signments were indicative of the local structure changing due to crystallization and not due
to air exposure (Supporting Information figures S.3 and S.4). The spectra collected for the
crystallization study are indicative of a mixture of structural units comprising Li;P3S;; and
Li4P2Se, and no evidence of air exposure was found. The in-situ measurements through
the crystallization temperature were performed on sample D, but the trends are expected
to be consistent regardless of the initial ratio of the structural motifs.

While many studies have highlighted the importance of processing conditions for tun-
ing conductivity values in glass-ceramic solid electrolytes, ie hot-pressing versus cold press-
ing, or different preparation conditions leading to different ratios of crystalline versus
amorphous components, another factor to be cognizant of is sample-to-sample variation.
The glassy nature of these materials lends itself to differences in the local structure, which

in turn affect the conductivity properties.

Conclusion

The local structures of identically-prepared 70Li,S-30P,Ss glass samples were studied

through Raman spectroscopy and XPS, showing variation in the ratio of isolated to corner-
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sharing tetrahedra across the different samples. This translates to the activation ener-
gies calculated from EIS measurements, delineating that samples with higher amounts
of the isolated tetrahedra have lower activation energies. This ratio of isolated to corner-
sharing tetrahedra changes throughout the crystallization process, when the glass is heated
through 280 °C. Especially when keeping in mind practical applications, this study high-
lights the need for in-depth understanding of the local structure in these materials, since

they will affect the performance of all-solid-state batteries.

Supporting Information Available

Laboratory XRD on the 4 glass samples, Raman characterization comparison of sam-
ples made through the traditional melt-quench method compared with the microwave-
prepared samples described in this work, and expanded spectral-range data for the in situ

Raman crystallization experiments.
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Figure S.1: Laboratory X-ray diffraction patterns of the four samples af the glassy Li*"
thiophosphates A through D described in this work. The kapton background included
shows the pattern obtained from the air-free sample holder. The samples do not add any
crystalline peaks to the amorphous background.




Raman shift (cm_1)
700 600 500 400 300 200 100 O

| I | T [ TT IJ ] | | | | |
@ A
——————— -1~/III\\\—~:—’/¢—~,/—\_\ ‘
T I ,I’\\ 1 N ———
furnace!
1
prep |
MW
prep

MW furnace
— A -1
— B 2
— C -- 3

D 4

A

475 450 425 400 375 350
Raman shift (cm_1)

Figure S.2: A comparison of the key regions of the Raman spectra of glassy Li* thio-
phosphates prepared using microwave heating (described throughout the main text, solid
lines) with a set of samples prepared more conventionally through furnace heating (dashed
lines), showing the same local structure variability arises irrespective of preparation. For
both sets of samples, 4 samples were prepared using either the microwave heating method
(samples A through D) or furnace heating method (samples 1 through 4). Both methods
are explained in the methods section in the main text. (a) The full spectral range acquired
from 0 ecm~! to 750 cm~! is shown. For clarity (b) shows a narrower range from 340 cm ™!
to 475 cm ™! to better compare the variations in relative ratios of corner-sharing tetrahedra
to isolated tetrahedra in the local structure.
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Figure S.3: Thermal evolution of the Raman spectra of a glass (sample D), showing the
complete Raman shift range acquired, with the data offset for clarity. (a) The control
experiments are shown, including a sample that was purposefully exposed to air, which
is plotted in a light blue dashed line. We believe there is no evidence for air exposure
throughout the experiment, as the modes do not align with what is observed during the
in situ experiment. The modes that evolve with annealing match the position of the modes
observed in an ex situ annealed glass sample (which crystallizes into Li;P3S;;) shown in
green, and Li4P,Sg, which is the thermodynamically-stable crystalline phase that often
emerges, shown in dark blue. The lines drawn are to guide the eye to the existing modes
in the in situ temperature series, (b).
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Figure S.4: Thermal evolution of the Raman spectra of a glass (sample D), in the same
narrower range as shown in the main text, with overlapping spectra in order to compare
the relative ratios of the different representative modes present. (a) The control experi-
ments are shown, including a sample that was purposefully exposed to air, which is plotted
in a light blue dashed line. We believe there is no evidence for air exposure throughout
the experiment, as the modes do not align with what is observed during the in situ exper-
iment. The modes that evolve with annealing match the position of the modes observed
in an ex situ annealed glass sample (which crystallizes into Li;P3S;;) shown in green,
and Li4P,Se, which is the thermodynamically-stable crystalline phase that often emerges,
shown in dark blue. The lines drawn are to guide the eye to the existing modes in the in
situ temperature series, (b).





