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Abstract

Solid-state Li batteries require solid electrolytes which have high Li* conductivity and good
chemical/mechanical compatibility with Li metal anodes and high energy cathodes. Structure/
function correlations which relate local bonding to macroscopic properties are needed to guide
development of new solid electrolyte materials. This study combines diffraction measurements
with solid-state nuclear magnetic resonance spectroscopy (sSSNMR) and neutron pair distribution
function (nPDF) analysis to probe the short-range vs. long-range structure of glass-ceramic
LisPS4-based solid electrolytes. This work demonstrates how different synthesis conditions

(e.g., solvent selection and thermal processing) affect the resulting polyanionic network. More
specifically, structures with high P coordination numbers (e.g., PS43~ and P,S;%") correlate with
higher Li* mobility compared to other polyanions (e.g., (PS3),™ chains and P,Sg*"). Overall, this
work demonstrates how ssSNMR and nPDF can be used to draw key structure/function correlations
for solid-state superionic conductors.
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Introduction

Li-based solid-state batteries (SSBs) have gained significant interest due to their potential
for improved energy density and safety compared to Li-ion systems containing liquid
electrolytes. A major challenge for SSBs is development of solid electrolytes (SEs) which
meet several key requirements including: (i) high Li* conductivity (ca. 1-10 mS/cm at
room temperature), (ii) good compatibility with Li metal anodes and high energy cathodes,
and (iii) ability to be scalably processed into thin separators (<30 pm thick) for practical
devices.12 A wide range SE classes including oxides, sulfides, and polymers have been
developed, but no single material has been able to satisfy all the requirements for Li metal
batteries.34

A promising class of SEs include lithium thiophosphates which have room temperature

Li* conductivities exceeding 1 x 10~* S/cm and can be prepared using scalable solvent-
mediated routes. The structure and properties of these materials are highly dependent

on the synthesis conditions and thermal treatment,>6 and oftentimes the materials are
glass-ceramics containing both crystalline and amorphous domains. While the structures

of crystalline phases (e.g., 5-LisPS4’, LizP3S1418, and LigPS5CI°) have been solved using
diffraction techniques, relatively little is known about the local structure of their amorphous
counterparts. Furthermore, the connection between local structure and SE performance (e.g.,
Li* conductivity and resistance to Li dendrite growth) is still poorly understood. As such,
identification of structure/function correlations, especially for amorphous and composite
materials, is needed to aid development of lithium thiophosphate SEs.

Two methods which are well-suited for studying local bonding in amorphous materials
include pair distribution function (PDF) analysis and solid-state nuclear magnetic resonance
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(ssNMR) spectroscopy. While X-ray scattering methods are relatively insensitive to light
elements such as H and Li, neutron PDF is particularly advantageous for studying Li-
based SEs due to lithium’s large neutron scattering cross section. Similarly, sSSNMR is
well-suited to correlate Li* dynamics and local structurel® with experimentally measured
Li* conductivities. These techniques have been applied to various amorphous and glass-
ceramic materials including sulfide/thiophosphate SEs'1-14 and Lipon1®16, The present
work extends application of sSNMR and nPDF techniques to study 4-LisPS, and LigPSy-
based composite SEs.

Our team recently reported a solvent-mediated synthesis route to produce amorphous
composite SEs containing LisPS, and a poly(ethylene oxide) (PEO) binder.> Incorporating
polymer hinders while maintaining high Li* conductivity is one possible route to enable
thin separators (<30 um) for practical SSBs. Several polymer binders for sulfide-based
composite SEs have been reported including nitrile butadiene rubberl’-18 poly(tert-butyl
acrylate)19, poly(vinylidene fluoride)-co-hexafluoropropylene2?, PEO20, and polystyrene-
block-polyethylene-ran-butylene-block-polystyreneZ. Overall, these studies have shown
that the composite’s structure and ionic conductivity are highly sensitive to the solvent/
binder selection. Most prior work on composite SEs incorporates the polymer binder after
thermally annealing the ceramic phase. On the other hand, the present study utilizes a
unique one-pot synthesis approach in which the LizPS, precursors (i.e., Li»S and P,Ss) are
blended with the polymer binder prior to annealing, and this approach may enable improved
mixing of the two phases. While LigPS4/PEO composites are explored in the present study,
this one-pot synthesis approach can easily be extended to other binders to optimize the
composite’s structure and performance.

In our prior work on LigPS4/PEO composite SEs, we utilized X-ray photoelectron
spectroscopy and Raman spectroscopy to understand how the polyanionic network evolves
during thermal treatment. However, assignment of spectroscopic bands is somewhat
ambiguous, and there is some discrepancy in the literature on how to assign key polyanionic
groups including PS43, P2S74~, P2Sg2™, (PS3)," chains, and P»Sg*". To supplement our
original study, herein we apply sSNMR and nPDF to evaluate local bonding in 4-Li3PS, and
amorphous Li3PS, + 1% PEO prepared through solvent-mediated routes.

Materials and Methods

2.1 Solid Electrolyte Synthesis

B-LigPS, and amorphous Li3PS4/PEO composite SEs were prepared using a solvent-
mediated route as described previously.® Tetrahydrofuran (THF) and acetonitrile (AN) were
used as the solvents during synthesis of -Li3PS4 and amorphous LigPS4/PEO composites,
respectively. The THF reagent (99.8%, Acros Organics) did not contain a reductive stabilizer
(e.g., butylated hydroxytoluene), and the solvent was stored and dispensed in an Ar
glovebox to mitigate peroxide formation. SE powders were dried for at least 12 h under
vacuum at 45-140 °C. All materials were handled in an Ar-filled glovebox and characterized
in containers sealed under Ar. lonic conductivity was measured using AC impedance
spectroscopy in a blocking cell configuration as described previously.®
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XRD measurements were performed on a Scintag XDS 2000 powder diffractometer with
Cu Ka radiation (A = 1.5406 A) in the 26 range of 10-80°. The operating voltage and
current of the X-ray generator were 38 kV and 32—-35 mA, respectively. Powders were
mounted on glass slides and covered with Kapton tape to mitigate air exposure during XRD
measurements.

Solid state MAS NMR (ssNMR) experiments were conducted using a 7.05 T Varian-S direct
drive wide bore spectrometer with an operating frequency of 301.4 MHz for protons, using a
3.2 mm MAS Chemagnetics broadband probe. A single pulse experiment (SPE) was applied
to 1H, 31P and ’Li to evaluate the materials’ structure. All samples were handled under Ar
atmosphere and packed into 3.2 mm thick-walled zirconia rotors, and the MAS rate was

15 kHz. For 1H spectra, pulse widths were 7 us using 128 scans with a 20 second recycle
delay. For 31P spectra, pulse widths were 2.8 ps using 64 scans with 60 — 300 second recycle
delays. For Li spectra, pulse widths were 2.5 ps, with 64 scans with 20 second recycle
delay. Tetramethylsilane (TMS), 1M H3POy, and Li trifluoromethanesulfonate were used as
external references for 1H, 31P, and Li spectra, respectively.

2.4 Neutron Scattering

Time-of-flight (TOF) neutron scattering experiments were performed using the NOMAD
instrument (BL-1B) at the Spallation Neutron Source (SNS, Oak Ridge National
Laboratory). Samples were sealed in vanadium cans, and data were collected at 300 K.

The raw data were normalized against a vanadium rod after removing the background signal
(empty V cans) from the multiple banks (#2 to #5) diffraction data. The neutron total
scattering structure, S(), was obtained by sine Fourier transformation of the reduced pair
distribution function, G(7), at a Omax of 28 AL, The Rietveld refinements of 4-Li3PS, and
LisPS4-based composite SEs were performed using TOPAS v62L. The d-spacing of the TOF
diffraction data was converted by TOF = Zero + Difc*d+ Difa*c. Zero and Difc were
fixed as constants after refining against the neutron diffraction data of the NIST standard Si
640e. Difa was refined against the multiple banks (#2 to #5) diffraction data to accommaodate
the sample displacements and peak shifts induced by absorption. Absorption correction was
performed by employing an empirical Lobanov formula.22 For low-resolution banks (#2
and #3), the peak profiles were described by a convolution of a back-to-back exponential
function and a symmetrical Gaussian function. For high-resolution banks (#4 and #5),

the moderator-induced peak profiles were described by a modified Ikeda-Carpenter-David
function.

3. Results and Discussion

Solvent-mediated synthesis routes can produce a wide range of glass-ceramic lithium
thiophosphate SEs. The present study focuses on two LisPSy-based SEs including 4-Li3PS,
and amorphous composites containing 1 wt% PEO binder. Lab-source powder XRD patterns
(see Figure S1) demonstrate that the Bragg peaks of the 5-Li3PS, sample indexed with the
expected phase, and the composites were largely amorphous except for a small amount of
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unreacted Li,S. The amorphous nature of the LigPS4+1% PEO composites is due to using
acetonitrile (AN) as the solvent which inhibits formation of crystalline £-LisPS,.> XRD
patterns in Figure S1 show that Li3PS, with/without PEO prepared from AN have very
similar structures.

Table 1 lists the Li* conductivity at 25°C and activation energies of these SEs as determined
using AC impedance spectroscopy. #-LisPS, exhibited the highest Li* conductivity and
lowest activation energy with values that are consistent with previous reports.23:24 Annealing
the composites at a moderate temperature (140°C) increased the Li* conductivity several
orders of magnitude due to loss of coordinated solvent and rearrangement of the polyanionic
network.?

The long-range structure of £-LigPS, and Li3PS, + 1% PEO samples was further
characterized using neutron diffraction (see Figure 1). Interestingly, all patterns exhibited the
following features: (i) sloping backgrounds from hydrogen absorption, where proton sources
include coordinated solvent (THF for 4-Li3PS, and AN for the composites) and PEO binder,
(ii) Bragg reflections due to crystalline phases, and (iii) broad features due to amorphous
domains. R-values derived from Rietveld refinement of the neutron diffraction data are
summarized in Table S1. Small R-values were obtained despite the low signal-to-noise ratio,
and we have high confidence in these refinements because: (i) Bank 5 data (26 = 154°,
Figure 1) clearly shows the presence of Li,S and (ii) the presence of 5-LisPS, and »-LizPS,
is supported by the Bank 2 data (26 = 31°, Figure S2) and 31P ssNMR results (Figure 2b,
discussed later in the text). Future work will explore sample preparation using deuterated
solvents to mitigate incoherent scattering by 1H and improve the quality of the neutron
diffraction data.

The £-LizPS, sample contained predominantly the expected phase along with 10%
unreacted Li,S (see Table 2) which likely lowered the sample’s Li* conductivity.?> As such,
future work should explore decreasing the Li,S/P,Sg molar ratio to eliminate Li»S impurities
in the final product. For the composites with 1% PEO, similar results were observed except
that »-Li3PS,4 was obtained after annealing at 140 °C. Notably, this phase was not detected
in the lab-source XRD measurements due to experimental limitations (e.g., use of Kapton
film in a reflection geometry which compromised data quality). These refinements only
reflect the relative amounts of crystalline phases in each sample, so sSNMR and nPDF
analyses were also performed to probe the local structure of amorphous components.

ssNMR data for the LizPS4-based SEs is shown in Figure 2. Single pulse “Li spectra of all
materials exhibited a peak centered around 0.8 ppm. Compared to 5-LigPS,, the increased
linewidth and sideband intensities of the composites (see Figure S3) indicates the presence
of less mobile Li* ions in lower symmetry environments, and the FWHM of these peaks
correlate well with the measured conductivity values (see Table 1).

In addition to Li* dynamics from the ’Li spectra, the 31P NMR spectra (Figure 2b) provide
key information on the materials’ polyanionic structures. Thiophosphate glass-ceramics
generally contain one or more of the following tetrahedrally-coordinated P units: PS,3",
P»Sg2~, P2S6*", P,S74~ and/or (PS3),™ chains which can be distinguished via NMR by
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their unigue chemical shifts. The 5-Li3PS4 contained a prominent peak at 86 ppm which

is consistent with the presence of isolated PS,3~ polyanions as expected.28:27 The weak
shoulder at 89 ppm for the 5-LizPS, sample signifies the presence of another P environment
such as PS74727 or 9-Li3PS412. Since no crystalline y-LizPS, was detected in this material
(see neutron diffraction data in Figure 1), the material is more accurately described as a
glass-ceramic containing crystalline (4-Li3PS,4) and amorphous (Li4P,S7-like) domains. The
31p spectra of the samples with 1% PEO showed dramatic changes upon thermal annealing
at 45 vs. 140°C. When dried at 45°C, the spectrum showed a single peak at 83 ppm

which can be attributed to: (i) oxygen substitution in the thiophosphate polyanions (e.g.,
PS3037)12 due to reactions with the PEO binder and/or (ii) metathiophosphate (PS3),"
chains.27:28 Significant amounts of PS03~ in these composites are unlikely since they only
contained 1 wt% PEO. Moreover, assignment (ii) is consistent with the nPDF analysis
discussed later. After annealing at 140°C, a band at 87 ppm (due to PS,3~ tetrahedra)
appeared along with a broad shoulder that extended from ca. 88 to 110 ppm. This broad
band is attributed to several P coordination environments including y-Li3PS4, P,S74-, and/or
P,Sg*.12:26.27 |nterestingly, no peaks ~55 ppm due to P»Sg2~ polyanions?® were observed,
which is contradictory to the Raman band assignment in our prior work.>

1H NMR spectra were collected on the composite samples (see Figure S4) to probe
interactions between the lithium thiophosphate phase(s), coordinated acetonitrile, and PEO
binder. Pure PEO is a semi-crystalline polymer, and its 1H spectrum showed the following
features: (i) a sharp peak at 4.7 ppm corresponding to amorphous domains with high chain
mobility and (ii) a broad component ~10 ppm due to crystalline domains with limited chain
mobility.30 On the other hand, the 1H spectra of composite Li3PS, + 1% PEO samples
contained broad features which indicates complexation between the polymer’s ether groups
and Li* ions. Interestingly, the composite sample heated at 140°C contained sharp peaks

at 0.3 and —0.2 ppm which are attributed to coordinated acetonitrile not removed during
thermal processing. The absence of these peaks in the 45°C sample is unclear at this time,
but one possible explanation is the presence of “protected” isolated regions of AN for this
sample.

Following the findings obtained through 1H, “Li and 31P ssNMR, neutron pair distribution
function (nPDF) analysis was performed to further reveal the local structure of these
materials. Specifically, PDF is powerful tool that allows one to precisely track the P-P, S-S,
and P-S correlations for disordered glass-ceramics.11:29:31.32 Figure 3 shows each sample’s
reduced nPDF, G(r), which represents the probability of finding a neighboring atom at a
distance r from a given atom. Approximate distances between two atoms (P-P, S-S, and
P-S) associated with each polyanionic structure observed in the sSNMR measurements (i.e.,
PS43, P2S74, (PS3),™, and P,Sg*") are highlighted in Figure 3a. 5-LisPS, exhibited a
strong peak at ~2.0 A (red line) which is consistent with the P-S bond length in PS43-
tetrahedra?%-33 the dominant polyanion in this structure. This finding is further supported by
the peak near 3.3 A (black line) which corresponds to the distance between adjacent S atoms
in PS43_.29’33‘

Compared to 5-Li3PSy, the composites contained more diverse P-P bonding correlations
(e.g., P2Sg* and P,S* indicated by the green and purple lines at ~2.3 A and ~3.5
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A, respectively)32 which evolved during thermal treatment. Notably, annealing at higher
temperature (from 45°C to 140°C) coincided with decreased intensity of the 1.8 A peak and
increased intensity of the 2 A peak. Here, the peak centered around 1.8 A (yellow line) is
attributed to terminal P-S bonds (i.e., involving non-bridging S atoms) in (PS3),™ chains.
This assignment is supported by the trend in analogous phosphates wherein terminal P-O
bonds in metaphosphate chains (PO3") are typically ~0.1 A shorter than in orthophosphates
(PO437) 3435, These findings suggest that the (PS3),"~ chains are broken into isolated
PS,43- units when annealing at moderate temperature (140 °C). A quantitative analysis on
the relative distribution of these amorphous and crystalline phases would require detailed
modeling efforts which is outside the scope of this study.

Overall, the sSNMR and neutron scattering results demonstrate the structural complexity

of lithium thiophosphate SEs prepared through solvent-mediated routes. In addition to the
expected PS,3~ tetrahedra, the 5-LizPS, sample contained other P bonding environments
(e.g., P2S7*7) which indicates the presence of amorphous domains not detected by
diffraction methods. Furthermore, the composite samples with 1 wt% PEO binder contained
a broad range of P environments (e.g., PS43~, P2S74,(PS3),"~ chains, and P»Sg*") whose
distribution depends on thermal treatment. These differences, along with complexation
between the PEO binder and Li™* ions, are consistent with the lower Li* conductivity of

the composite samples. In general, these results suggest that polyanions with higher P
coordination numbers (Ap_s) increase Li* mobility as illustrated schematically in Figure 4.

4. Conclusions

Development of superionic solid conductors using scalable synthesis routes is critical

to enable all-solid-state batteries with improved energy density and safety compared to
conventional Li-ion systems. Despite growing activity in the field, integration of SEs into
devices with Li metal anodes and high voltage cathodes remains a challenge.

The present work utilizes ssNMR and neutron scattering to understand the local structure

of £-LizPS, and amorphous composites containing LisPS, + 1% PEO. These findings
highlight the complexity of these glass-ceramics which contain both amorphous and
crystalline domains. While the predominant polyanion in £-LisPS, was PS43" tetrahedra,
the material also contained some unexpected P coordination environments such as P,S74".
For the composite samples, 1H NMR spectra suggested there was complexation between the
binder’s ether groups and Li* cations in the thiophosphate phase. The polyanionic structure
of these composites was highly sensitive to thermal treatment. Drying at 45°C yielded
(PS3)™ metathiophosphate chains, whereas annealing at 140°C coincided with formation
of amorphous PS,3~ and P»S74- structures. These polyanions with higher P coordination
numbers correlated with significantly higher Li* conductivity (e.g., 4.5 x 109 vs. 8.7 x 1075
S/cm at room temperature for LigPS4 + 1% PEO annealed at 45 and 140 °C, respectively).
Interestingly, neutron scattering measurements showed significant 1H absorption for all
samples, indicating that thermally processing at 140°C did not fully remove coordinated
solvent (THF for 4-LisPS4 and AN for amorphous Li3PS, + 1% PEO composites) which
likely decreased the materials’ Li* conductivity. One way to better understand how trace
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solvent affects SE structure is to use deuterated solvents which will improve neutron
diffraction data quality by mitigating incoherent scattering.

Overall, the results in this work highlight structure/function correlations for glass-ceramic
SEs produced through solvent-mediated synthesis routes. The polyanionic network in these
materials has a dramatic impact on their Li* conductivity, and the final structure depends
on the relative stability of solvated complexes and equilibrium among these intermediates.
As such, interactions among the precursors, solvent, and polymer binder (in the case

of composite SEs) requires careful consideration for development of high-performance
SEs through solution-based routes. Several future research directions to increase the Li*
conductivity of the LizPS4-based composites include®: (i) optimizing the Li,S/P»Ss molar
ratio to eliminate Li,S impurities which likely reduce the overall ionic conductivity, (ii)
incorporating Li-based salts in the PEO matrix to enable Li* conduction through the binder,
and (iii) exploring new solvent/binder combinations which do not inhibit crystallization of
B-Li3PSy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. NMR and nPDF are used to probe the local structure of LigPS,-based solid
electrolytes.

. The effects of different compositions and thermal treatments on structure and
Li* conductivity are reported.

. Polyanions with greater P-S coordination (e.g., PS,3~ and P,S74") correlate
with higher Li* mobility.
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1.2 1.4
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Rietveld refinement of neutron diffraction data (Bank 5; 26 = 154°) for 5-LigPS, and Li3PS,

+ 1% PEO (composites) samples.
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Figure 2.
ssNMR of #-LisPS, and amorphous LizPS, + 1% PEO SE powders showing (a) “Li and (b)

31p spectra.
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Figure 3.
(a) Various P-S polyanionic structures with approximate bond lengths. (b) Neutron pair

distribution function (nPDF) for £-Li3PS, and Li3PS, + 1% PEO samples measured at
300K. Vertical lines correspond to expected bond lengths described in (a).
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Figure 4.
(a) Structure of various thiophosphate polyanions and corresponding Ap_g values which

denote the number of S atoms bonded with P. (b) Qualitative illustration of how polyanionic
structure impacts Li* conductivity for the SEs investigated in this study. o j+ values listed in
(b) were measured at room temperature (see Table 1).
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Table 1.
Room temperature (RT) ionic conductivity (o j+) and activation energy (Ea) for 5-LisPS4 and composite
LizPS4+1% PEO samples. Corresponding Nyquist and activation plots were reported in our previous study.®

Full-width half maxima (FWHM) of the “Li peaks (determined via ssNMR) correlate well with the observed
ol j+ values.

Sample Tanneat °C) oL+ at RT (S/cm)  Ea (€V)  7Li FWHM (Hz)
LisPS, + 1% PEO 45 45x 1079 1.35 618
LisPS, + 1% PEO 140 8.7 x 1076 0.42 239
B-LigPS, 140 1.2x 1074 0.33 165
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Table 2.

Relative amounts of crystalline phases detected in 5-LigPS, and amorphous Li3PS, + 1% PEO samples as
determined by Rietveld refinement of the neutron diffraction data shown in Figure 1.

Sample R-LisPS, (%)  »-LisPS, (%)  LisS (%)
LisPS, + 1% PEO, 45°C 87 0 13
LisPS, + 1% PEO, 140°C 43 46 11
£LigPS, 90 0 10
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