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ABSTRACT: Slow cooling and heating cycles at relatively low temperatures (25 to
100 °C) are demonstrated to be an effective and practical strategy for improving ionic 0.8
conductivity in oxyhalide, halide, and thiophosphate glass-ceramic electrolytes. In this
study, Li;PO,—Lil, Li;YBrs, and Li;PS, were chosen as the representative systems.
Thermal conditioning improves Li*-ion conduction by over 40%. Advanced
characterizations using high-resolution NMR and XRD reveal four underlying
mechanisms responsible for the increase in ionic conductivity, including the removal
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of low-conductivity impurities, the formation of high-conductivity phases, modification o - , e
q g g o] o p .1 %0.2-| Anion modification
of the anion network, active cation redistribution, and enhanced ion mobility. s c

B INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are widely used in
portable electronic devices and electric vehicles."”” All-solid-
state batteries (ASSBs) employing solid electrolytes promise to
improve safety and energy density beyond those of current-
generation LIBs. Solid electrolytes offer several advantages
over liquid electrolytes, including greater thermal and electro-
chemical stability, which enables different chemistry and higher
energy density.”* However, compared to liquid electrolytes,
ion diffusion in solids is generally slower, which limits the
power density of ASSBs.”°

Previous studies have explored various strategies to enhance
ionic conductivity in halide’”” thiophosphate'®"" and oxy-
halide solid electrolytes.">'® Yu et al. demonstrated that
postsynthesis heat treatment of halide systems such as Li;YBrg
can significantly increase ionic conductivity by improving
phase purity and lowering the activation energy for Li"
migration.'* For thiophosphate electrolytes such as Li;PS,,
controlled heat treatment and partial crystallization of glassy
precursors have been associated with enhanced ionic trans-
port."”"* In mixed oxyhalide composites such as Lil—Li;PO,,
Kaus and Ahmad showed that low-temperature sintering
combined with compositional tuning improves conductivity
relative to pure Li;PO,.'>'® Although these approaches have
proven effective, they often require high temperatures,
extended processing times, or material-specific optimiza-
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tion,'*"”™** limiting their general applicability and energy
efficiency. Consequently, a broadly applicable, low-temper-
ature, and cost-effective method for enhancing ion transport
across multiple classes of solid electrolytes remains lacking.
Thermal conditioning, achieved through heating and cooling
cycles, is one of the most accessible tools for improving ionic
conductivities in solids.”®*” However, the effects of thermal
conditioning on structures and ion dynamics are nontrivial and
often elusive.

Understanding these effects not only enables us to employ
thermal conditioning as an effective tool to accelerate ion
migration but also helps us understand the changes that occur
during battery cycling due to local heating. During battery
charging and discharging, heat is generated by electrochemical
reactions that cannot dissipate quickly, affecting the internal
temperature distribution within the battery.”*** This, in turn,
can lead to multiple issues, including aging of battery

materials,’ degradation at multiple interfaces,’® stress
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cracking,”' and thermal runaway.”” These various issues then
degrade battery safety and lifespan. Therefore, understanding
thermal effects is essential for developing long-lasting, high-
performance ASSBs.

In this work, we investigated the thermal processes of three
classes of solid electrolytes: halides, thiophosphates, and
oxyhalides. We have demonstrated that short heating and
cooling treatments within a moderate temperature range
enhance ion transport in solid electrolytes. We dub this
phenomenon “thermal conditioning” (TC). Thermal con-
ditioning was performed between 25 and 100 °C to evaluate
the effect of moderate to low-temperature treatment on ion
transport. This temperature window was chosen to allow subtle
changes in local structures and ion transport without inducing
high-temperature annealing, providing a cost-effective and
energy-efficient approach to enhance ionic conductivity.
Electrochemical impedance spectroscopy (EIS) measurements
indicate that the jonic conductivities of the three classes of
materials increased by more than 40%. We employed solid-
state nuclear magnetic resonance (NMR) and powder X-ray
diffraction (P-XRD) to elucidate how the structures and ion
dynamics of the solid electrolytes change with thermal
conditioning. Thermal conditioning generally improves ion
transport for the following reasons: (1) removal of low-
conducting phases and generation of high-conducting phases,
(2) modification of anion sublattices and creation of anion
disorder conducive to fast ion transport, (3) redistribution of
active cations, and (4) increased ion dynamics.

B EXPERIMENTAL METHODS

Synthesis of Solid Electrolytes

Li;PO,—Lil electrolytes were synthesized following the methods
reported by Patel et al."> Lithium iodide (99.9%, Alfa Aesar) and
lithium phosphate (99%, Sigma-Aldrich) were mixed in a 1:1.4 molar
ratio and hand-ground to a homogeneous powder using an agate
mortar and pestle. The ground powder was then transferred to a 25
mL zirconia jar containing two 10 mm zirconia balls and
mechanochemically milled for 20 h using a SPEX 8000M ball mill
machine. Because the SPEX mill operates in continuous oscillatory
mode, no milling cycles or rest intervals were applied; the sample was
milled continuously for the full 20 h duration. The as-milled powder
was then stored in an argon glovebox. Samples were cold-pressed into
pellets using a 6 mm pellet mold die set at 250 psi for characterization.

Li;YBrg electrolytes were synthesized following the methods
reported by Poudel et al>* Lithium bromide (99.9% Sigma-Aldrich)
was initially vacuum-dried dynamically at 200 °C for 12 h to remove
moisture, then stored in an argon-filled glovebox. Anhydrous YBr;
(99.9% purity, Thermo Scientific) was stored in the same argon-filled
glovebox and used as received. Stoichiometric amounts of LiBr and
YBr; were hand-ground using a mortar and pestle. The powder was
then transferred into a quartz tube and covered with parafilm to
prevent exposure to moisture. The quartz tube was promptly sealed
with hydroxy flame under a dynamic vacuum. The sealed tube was
heated to 600 °C at a rate of 2.4 °C min™' and held at this
temperature for 24 h. It was then cooled to 22 °C for an additional 24
h at a controlled rate of 0.4 °C min™" to achieve crystallization. The
as-prepared comelted sample was harvested from the quartz tube
inside an argon-filled glovebox (MBraun) to avoid air exposure and
hand-ground for 10 min. ~66 mg of Li;YBrs powder was pressed into
6 mm diameter pellets inside an Ar-filled glovebox using a stainless-
steel mold under ~300 psi. The remaining powder was stored in a
glass vial for further characterization.

Li;PS, electrolytes were prepared in an argon-filled environment.
The precursors, Li,S (99% Thermo Scientific) and P,S; (99% Sigma-
Aldrich), were weighed in stoichiometric proportions and hand-milled
using an agate mortar and pestle. The resulting homogenized powder
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was transferred into a 25 mL zirconia jar containing two 10 mm
zirconia balls, and the jar was vacuum-sealed. The sealed jar was then
subjected to mechanochemical ball-milling for 20 h using SPEX
8000M ball-mill machine. ~66 mg of the obtained sample was then
pelletized using a 6 mm pellet mold under ~500 psi in the argon-filled
glovebox. The remaining sample was set aside for other analyses.
The batch size for all solid electrolyte preparations is 350—500 mg.
Additionally, no external stack pressure was applied during impedance
measurements. After the pellets were loaded into a 6 mm cylindrical
cell, the electrodes were gently hand-tightened to ensure good
electrical contact without causing mechanical damage to the pellets.

Electrochemical Measurements

The ionic conductivities of the electrolytes were determined using AC
electrochemical impedance spectroscopy (EIS) acquired with a
Gamry Analyzer Reference 600+ over a frequency range of S MHz
to 1 Hz. Electrolyte pellets were placed into a custom-built cylindrical
cell and sandwiched between indium foils as blocking electrodes.

The Thermal Conditioning process was performed under vacuum
using a BioLogic electrochemical analyzer coupled to a CSZ
MicroClimate Chamber. The sample was heated from 20 to 100 °C
in 20 °C increments, with a 15 min dwell time at each temperature to
ensure thermal equilibration. The heating and cooling followed the
programmed chamber ramp rate of ~2 °C min~'. Electrochemical
impedance spectra were collected over the frequency range S MHz—1
Hz with an applied AC amplitude of 10 mV. After reaching 100 °C,
EIS measurements were recorded during the cooling cycle from 100
°C back to 20 °C in 20 °C increments, with a 15 min dwell at each
step. Room-temperature ionic conductivities were collected before
and after TC experiments.

Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) was performed using a Rigaku D8
powder diffractometer with Bragg—Brentano geometry at a voltage of
44 kV and current of 40 mA with Cu—Ke radiation (4 = 1.5406 A).
PXRD was collected for all systems, both before and after thermal
conditioning. All samples were finely ground in an argon-filled
glovebox and packed into a zero-background sample holder covered
with Kapton film to prevent exposure to humid air. Each
measurement was collected from the 26 range of 10°—80° with a
step size of 0.03°.

Scanning Electron Microscopy (SEM) and Electron
Dispersive X-ray Spectroscopy (EDX)

Scanning electron microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDX) was employed to examine the morphology
and elemental distribution of the Li;PO,—Lil samples. Two pellets
were prepared by pressing approximately 70 mg of the synthesized
powder. One pellet was analyzed in the as-pressed condition (Pre-
TC), while the second pellet was subjected to thermal conditioning
before analysis (Post-TC). SEM imaging and EDX mapping of both
samples were performed using a Thermo Fisher Helios G4 dual-beam
FIB-SEM equipped with an Oxford Instruments EDX detector.
Images were acquired at an accelerating voltage of 15 kV with a beam
current of 0.4—0.8 nA.

Solid-State NMR

Samples were packed into 2.5 mm and 4 mm zirconia rotors with
Vespel caps in an argon-filled glovebox. For all systems, °Li, "Li, and
3P Magic-Angle Spinning (MAS) solid-state nuclear magnetic
resonance (NMR) experiments were performed using a Bruker
Avance-IIT 500 MHz (11.7 T) spectrometer at Larmor frequencies of
73.6 MHz, 1944 MHz, and 202.4 MHz, respectively. All samples
were spun at a MAS rate of 25 kHz using a 2.5 mm Bruker triple-
resonance (HXY) probe. Single-pulse Li MAS NMR experiments
were performed with a /2 pulse length of 6.70 us and a recycle delay
of 500 s for Li;PO,—Lil, 6.7 us and 200 s for Li;YBrg, and 6.50 us and
1000 s for LiyPS, Single-pulse 'Li MAS NMR experiments were
performed with a 7/2 pulse length of 3.2 us and a recycle delay of 20 s
for Li;PO,—Lil, 3.2 us and 100 s for Li;YBr,, and 3.3 ps and 50 s for
LisPS,. *'P MAS NMR experiments were performed with a /2 pulse
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length of 4.0 us and a recycle delay of 20 s for Li;PS,. NMR data were
collected for samples both before and after thermal conditioning.

In-situ variable-temperature 'Li MAS NMR measurements were
conducted to probe ion dynamics and changes in local structures
during thermal conditioning using a Bruker Avance-I 300 MHz (7.04
T) spectrometer at a Larmor frequency of 116.6 MHz. All samples
were spun at a MAS rate of 10 kHz using a 4 mm Bruker triple-
resonance HXY probe. The 1D NMR spectra were obtained using the
single-pulse sequence with a /2 pulse length of 3.1 ps and a recycle
delay of 20 s for Li;PO,—Lil, 3.3 us and 200 s for Li;YBr, and 3.4 us
and 20 s for LiyPS, The inversion recovery pulse sequence (7 — 7/2)
was used to determine the "Li T, relaxation times between 25 and 100
°C. Once the temperature reached 100 °C, NMR measurements were
performed from 100 to 25 °C. Room-temperature NMR experiments
were performed before and after the VT-NMR experiments. Note that
the temperature range for Li,PS, was limited to 25—90 °C to prevent
phase degradation.

The %’Li NMR spectra were referenced to dry LiCl) at —1.1 ppm.
The *'P NMR spectra were referenced to 85% H3POy(,q) at 0 ppm.

SLi NMR Calculations?

Geometry relaxation and NMR chemical shielding calculations using
plane-wave density functional theory (DFT) were conducted with the
Cambridge Serial Total Energy Package (CASTEP, v. 21.11),%%3°
which implements periodic boundary conditions within the
pseudopotential approximation. The Perdew—Burke—Ernzerhof
(PBE) exchange-correlation functional within the generalized-gradient
approximation GGA™® was employed. The plane-wave basis sets were
truncated at a cutoff energy of 600 eV with a 2 X 4 X 4 k-point set and
on-the-fly generated pseudopotentials. Atomic positions and lattice
parameters were fully relaxed using the Limited-memory Broyden-
Fletcher-Goldfarb-Shanno (LBFGS) optimize®”*® until all forces were
smaller than 0.1 eV/A. For NMR chemical shielding calculations, a
cutoff energy of 800 eV and a 2 X 4 X 4 k-point set utilizing on-the-fly
generated pseudopotentials were employed.

B RESULTS AND DISCUSSION

Thermal Conditioning of Solid Electrolytes for Enhanced
lonic Conductivity

Electrochemical impedance spectroscopy measurements were
conducted to determine the ionic conductivity before and after
thermal conditioning (TC). Pre-thermal conditioning (Pre-
TC) refers to samples as-prepared without further heat
treatment, as described in the Experimental Methods section.
Post-thermal conditioning (Post-TC) refers to the process of
exposing samples to a single slow heating cycle from room
temperature to 100 °C, then cooling to 25 °C. Room-
temperature ionic conductivities (ogy) of the three representa-
tive solid electrolytes pre- and post-TC are shown in Table 1.
After TC, the ionic conductivities at room temperature for all
the solid electrolytes increase by at least ~40%. The glassy
oxyhalide, Li;PO,—Lil shows the most significant improve-
ment with an increase of 67% from 0.15 mS cm™" to 0.25 m$

Table 1. Effect of Thermal Conditioning (TC) on Ionic
Conductivity (6pr)”

Conductivity [mS
-1

cm™!]
Material Pre-TC Post-TC Relative Percent Increase [%]
Li;PO,—Lil 0.15 0.25 67
Li;YBrg 1.65 2.45 48
Li,PS, 047 0.65 38

“Conductivities of Li;PO,—Lil, Li;YBr,, and Li;PS, at room
temperature before and after thermal conditioning.
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cm™ L. The halide system (Li;YBrg) exhibits an improvement of
48% from 1.65 mS cm™' to 2.45 mS cm™" and the sulfide
system (Li;PS,) exhibits an improvement of 38%, from 0.47
mS cm™! to 0.65 mS cm™'. In addition, variable-temperature
EIS measurements show that the activation energies for ion
transport also decrease with TC (Figures 1 and S1). The
equivalent circuit fittings of the EIS spectra for the three solid
electrolytes, after thermal conditioning (25 °C, cooling), are
provided in Figure S2.

The Influence of Thermal Conditioning on Structures

To further understand the origin of the observed thermal
conditioning-induced improvement in ion transport, powder
X-ray diffraction (P-XRD) was used to examine changes in
long-range structures and chemical phases in the systems
before and after thermal conditioning (TC). The P-XRD of
Li;PO,—Lil is shown in Figure 2a. The observed Bragg peaks
correspond to crystalline Lil and Lil-H,O. Rietveld refinement
confirms that these residual crystalline phases account for all
detectable long-range order in the sample (Figure $3)."* The
conductive phase, Li,PO,], itself lacks a well-defined long-
range structure and does not produce additional diffraction
peaks, consistent with its amorphous or highly disordered
nature. Recent work by Patel and coworkers has demonstrated
that Lil improves electrochemical performance by reacting
with Li;PO, to form an interphase that facilitates Li'-ion
migration.”” Prior AIMD simulations indicate that glassy
Li,PO,I exhibits significantly enhanced Li* diffusivity (activa-
tion energy ~ 0.37 eV) relative to crystalline Li;PO,I
polymorphs, whereas ordered Li,PO,I is poorly conductive
(Figure $4)."> These insights suggest that the improvement in
ionic conductivity for Li;PO,—Lil is due to more subtle, local
structural changes. Therefore, other advanced characterization
techniques are needed to support the enhanced ionic
conductivity observed after TC.

The successful synthesis of Li;YBrs was confirmed by P-
XRD, as the diffraction pattern of the as-prepared sample
shows excellent agreement with the pattern derived from the
ICSD database (ICSD No. 29961, space group C2/m) (Figure
2b). After thermal conditioning, no additional crystalline
phases are observed, indicating that TC does not induce bulk
phase transformation. Instead, a decrease in residual LiBr
impurity is evident, as indicated by the elimination of Bragg
peaks at approximately 28.0°, 32.5°, and 55.0°. The removal of
the residual LiBr is one of the explanations for the
improvement in the overall ionic conductivity, because LiBr
is known to be a poor Li*-ion conductor.” Notably, the
differences in peak intensities between pre- and post-TC for
Li;YBry are due to the preferred orientation of the system.”

Lastly, Li;PS, is predominantly amorphous before TC,
whereas weak Bragg peaks that appear after TC indicate the
formation of small crystallites. Rietveld refinement confirms
this partial crystallization, supporting the classification of the
thermally conditioned sample as a glass-ceramic electrolyte
(Figures 2c, SS). No common impurities such as Li,S and P,S;
are found (Figure S6). Additional characterization techniques
are used to decipher the structure-dynamics correlation.

Structure-lon Dynamics Correlation

To further investigate changes in structure and understand
their correlation with ion transport properties, solid-state
nuclear magnetic resonance (NMR) was employed. Variable-
temperature 'Li MAS NMR measurements were collected for
all samples as they were heated from 25 to 100 °C and then
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Figure 1. Effects of thermal conditioning on ion transport in exemplary oxyhalide-, halide-, and thiophosphate-based Li*-ion conductors. Arrhenius
plots of ionic conductivity versus temperature and the extracted activation energies (E,) upon heating and cooling in Li;PO,—Lil (a), Li;YBr, (b),

and Li;PS, (c).
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Figure 2. Changes in average structures of solid electrolytes pre- and post-thermal conditioning. P-XRD patterns of (a) Li;PO,—Lil, (b) Li;YBr,,
and (c) Li;PS, pre- and post-thermal conditioning. The XRD patterns of Lil (ICSD #53820), Lil—H,O (ICSD #25515), LiBr (ICSD #27982), and

Li,S (ICSD #27982) are shown as references.

cooled to 25 °C in 20 °C increments. 'Li is a spin->/, nucleus
with corresponding NMR resonances composed of a central
transition (CT, +1/2 <> —1/2) and satellite transitions (ST, 3/
2 & —1/2, 1/2 < =3/2) due to the interactions of the
quadrupole moment with electric field gradients (EFGs).
However, fast Li" motion in ion conductors averages
quadrupolar effects, so CT dominates. 'Li—’Li dipolar
interactions are another major source of line broadening.
The orientation dependence of both the quadrupolar and
dipolar interactions can result in broad powder patterns,*’
which are narrowed by molecular motion at elevated
temperatures or magic angle spinning (MAS). The central
transition in all the systems of interest manifests as a Gaussian
line shape both pre- and post-TC (Figure 3) in "Li NMR.
Figure 3 also displays the in situ variable-temperature "Li MAS
NMR spectra for the three classes of electrolytes. As the
sample temperature increases (Figure 3a—c), the "Li MAS (10
kHz) NMR line widths of all phases in each system decrease
significantly. Comparing the spectra acquired at 25 and 100
°C, the line width decreases from 310 to 280 Hz for Li;PO,—
Lil, 160 to 130 Hz for Li;YBr, and 90 to 80 Hz for LiyPS,.
The narrowing effect in the 'Li NMR arises from faster Li*-ion
hopping processes.”"** The comparison of "Li MAS (25 kHz)
NMR spectra of pre- and post-TC samples (Figure 3d—f)
shows that the line shape narrows by more than 10% after TC
for both Li;PO,—Lil and Li;YBr,. The change in the "Li MAS
NMR line width upon TC for LiyPS, is small (from 20 to 19
Hz) and not statistically significant. Therefore, >'P MAS NMR
was employed to probe the origin of the enhanced ionic
conductivity, which will be discussed later. The parameters for
fitting the "Li MAS NMR spectra (Figure 3d—f) are listed in
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Table 2. In addition to decreased line widths, the peak
positions also shift, indicating changes in local structures or
chemical phases following TC. Therefore, high-resolution °Li
MAS NMR is required to examine such subtle changes.

Due to the lower natural abundance of ®Li (7.59% for °Li vs
92.41% for "Li), a smaller quadrupolar moment (—0.08 b for
°Li vs —4.01 b for "Li), and a smaller magnetogyric ratio
(+6.267 MHz/T for °Li vs +16.546 MHz/T for "Li), °Li MAS
NMR often exhibits higher resolution compared with "Li MAS
NMR, due to weaker quadrupolar and dipolar interactions.
Therefore, °Li MAS NMR is used to examine changes in local
structure and phase in greater detail. The comparison of the
°Li MAS NMR spectra of Li;PO,—Lil (Figure 4a) pre- and
post-TC reveals an additional resonance at ~—1.5 ppm,
assigned to Lirich Li,PO,I, (Li,,,PO,L,.,)."" Patel and
coworkers demonstrated that glassy Li,PO,I plays a crucial
role in facilitating Li*-ion migration within the material, acting
as a favorable interphase to promote Li*-ion hopping between
Li;PO, and Lil. °Li DFT NMR calculations from the same
study confirm the presence of glassy Li,PO,I. The —0.7 ppm
resonance lies at the weighted average between Li;PO, (0.32
ppm) and Lil (—4.4S ppm), indicating that mobile Li* ions
rapidly hop between PO,’” and I” environments with no
preferential trapping, consistent with fast Li* transport in the
disordered phase (Figure S7)."* Additionally, the °Li MAS
NMR reveals that the Lil content decreases after TC. Lil is a
known low-conducting material,*® and the presence of Lil
could lower the overall ionic conductivity of the Li;PO,—Lil
material. As a result, the increase in the glassy Li,PO,I phase
and the reduction of Lil after TC are attributed to the
enhanced ionic conductivity. SEM and EDX analyses were
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Figure 3. 'Li MAS NMR to probe changes in local structures and ion dynamics for oxyhalide-, halide-, and thiophosphate-based Li*-ion
conductors. Variable-temperature "Li MAS NMR of Li;PO,—Lil from 25—100 °C (a), Li;YBrs from 25—100 °C (b), and Li;PS, from 25—90 °C
(), all measured with a MAS rate of 10 kHz. The room-temperature "Li MAS NMR spectra of Li;PO,—Lil (d), Li;YBrg (e), and Li;PS, (f) pre-
and post-thermal conditioning measured with a MAS rate of 25 kHz.

Table 2. Effect of Thermal Conditioning Probed by "Li MAS performed to investigate the microstructural and compositional
NMR for Oxyhalide-, Halide-, and Thiophosphate-Based evolution of the Li;PO,—Lil samples. In contrast to the pre-
Li*-ion Conductors” TC sample, the post-TC SEM image revealed more compacted
5... (ppm) Line Broadening (Hz) grair.ls and enhar'lc.ed interparticle nec'king, indicating improved

particle connectivity and reduced microstructural heterogene-

R Pre-TC Post-TC Pre-TC Post-TC ity (Figure S8). Additionally, the EDX mapping showed that
LisPO,—Lil —0.82 —0.64 310 280 the iodine distribution, initially heterogeneous and segregated
Li;YBrg —192 —L75 26 16 from the PO,*” in the pre-TC sample, becomes significantly
LisPS, 1.38 128 20 19 more uniform after TC, suggesting incorporation of Lil into
“’Li MAS NMR parameters of Li;PO,—Lil, Li;YBre, and Li;PS, at Li;PO, to form the more conductive Li,PO,I phase (Figure

room temperature pre- and post-thermal conditioning. S9). These observations provide direct evidence of the

evolution of phase inhomogeneities and support the proposed
impurity removal in Li;PO,—Lil after TC.

(a) Li,PO, - Lil (b) Li,YBr, (©) Li,Ps,
LiBr ,
506P Culo.os 2aj B-Li,PS,..
i Glassy Li;YBr, (2d/4h/4g/8)); y-LiPS,.
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Figure 4. °Li MAS NMR to probe local structure for oxide-, halide-, and thiophosphate-based Li*-ion conductors. °Li NMR spectra of Li;PO,—Lil
(a), Li;YBrg (b), and LisPS, (c) pre- and post-thermal conditioning.
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The Li;YBry case also exhibits a reduced amount of the
nonconductive phase, i.e., LiBr, after TC, and is accompanied
by more subtle and interesting changes. Li in Li;YBrs can
reside in S Wyckoff sites, 2d/4h/4g/8j/2a. °Li MAS NMR
resolves the Li sites contributing to ion migration (2d/4h/ 4g/
8j) and the less mobile site (2a).”** °Li NMR calculations
were also performed to assist with the site assignments, and the
results are provided in Table S1.3* Before TC, the Li sites
contributing to Li*-ion migration (i.e., 2d/4h/4g/8j) manifest
as a single peak at approximately —1.2 ppm in °Li MAS NMR
(Figure 4b), due to rapid Li* hopping among these sites. The
sharp peak at approximately —2.0 ppm corresponds to the LiBr
impurity, as confirmed by X-ray diffraction. After TC, a
downfield shift with larger ppm values is observed for both the
broad and sharp resonances. The downfield shift from —2.0
ppm to —1.8 ppm indicates the removal of LiBr, as seen from
P-XRD. The resonance at —1.8 ppm is attributed to the Li,, of
Li;YBry, as confirmed by DFT NMR calculations.” The slight
downfield shift of the 2d/4h/4g/8j resonance indicates a
redistribution of Li" among the 2d/4h/4g/8; sites in Li;YBry
while undergoing TC, and the intensity loss is likely due to Li*
hopping rate falling into the intermediate motional regime,
which significantly broadens the coalesced resonance.** This is
consistent with the variable-temperature 'Li MAS NMR, where
the coalesced resonance sharpens significantly at elevated
temperatures, overshadowing the Li,,/LiBr peak (Figure 3b).
Therefore, the impact of TC on Li;YBry is the elimination of
LiBr impurities and the redistribution of Li* ions. From our
prior studies, Li* redistribution often leads to increased Li*
occupancy at the 2d/4h/4g/8;j sites responsible for long-range
ion conduction.” A schematic illustration of the Li*
redistribution and local structural rearrangements in Li;YBry
is provided in Figure S10.

The °Li MAS NMR of Li,PS, reveals no significant changes,
and the Li;PS, remains predominantly f-Li;PS, (Figure 4c).
As a result, 3P NMR was also collected to understand the
changes in Li;PS, further. The resulting fitting parameters
(chemical shift, line width, and integral) are provided in Table
S2. The *'P MAS NMR of the pre-TC sample reveals two
resonances at 86.7 and 107.2 ppm, assigned to isolated (PS,)*”
tetrahedra and (P,S¢)*™ units, respectively (Figure S). Similar
to the "Li NMR, the peak width also narrows post-TC for *'P
NMR. The sample remains predominantly amorphous, as
indicated by the broad peaks. In addition, the (P,S¢)*"
resonance at 107.2 ppm disappears, and is replaced by the
(P,S,)* resonance at 105.0 ppm. (P,S,)* generally promotes
higher Li* ionic conductivity compared to (P,S4)*;

Post

120 100 80 60

Figure 5. 3P MAS NMR spectra of Li;PS, pre- and post-thermal
conditioning, with assignments of >'P resonances.
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thiophosphates, such as the Li,P;S,;, containing mixed
polyanions of (P,S;)*" and (PS,)*", are among the best Li*
solid electl‘ol)rtes.45’46 Therefore, the (P,So)*” — (P,S,)*"
transition in Li;PS, post-TC facilitates faster Li* ion
conduction.

Moreover, 'Li MAS NMR T, relaxation times were
measured to probe Li*-ion dynamics. According to the
Bloembergen, Purcell, and Pound (BPP) model, the T,
relaxation time is a function of motional rate (1/7.), as
shown in eq 1:

(i] ~ 3;402)/4712

6
T 10r,

. 41,

T¥ (@e) 1+ 4an) W

Where yi, is the vacuum permeability, y is the gyromagnetic
ratio, 7 is the reduced Planck constant, r, is the interatomic
distance, and @, is the Larmor frequency. In the slow-motion
regime (w,7. > 1; w, = 116.64 MHz), T, decreases with
increasing motional rate. In the fast-motion regime (.7, < 1;
®, = 116.64 MHz), T, increases with increasing motional
rate.*””* To determine if the T, values lie in the slow- or fast-
motion regime, variable-temperature 'Li NMR T, relaxation
times were determined for the three systems (Figure 6). For all
three solid electrolytes, the T, values decrease with increasing
temperature, indicating Li*-ion motion in this material lies in
the slow-motion regime of the BPP model. Therefore, a shorter
T, relaxation time indicates faster ion motion.*®

The average T relaxation time for all the phases in Li;PO,—
Lil decreases after TC from 3.16 to 2.21 s (Figure 6a). The "Li
T, values for all phases in Li;PO,—Lil were confirmed to
decrease with TC (Figure S11), and individual T, values for
each phase are provided in Table S3. Among them,
Li,, PO,I,,, exhibits the shortest T, and the largest T,
reduction post-TC, suggesting the fastest Li* conduction.
Therefore, TC increases the fraction of more conductive
phases and enhances ion mobility in all phases, collectively
resulting in higher ionic conductivity.

As for the Li;YBry system, a slight increase in the "Li T,
NMR relaxation times is observed (Figure 6b), suggesting
relatively slower local Li* dynamics. The overall improvement
in ionic conductivity is likely due to the redistribution of Li* to
higher-mobility sites and the removal of LiBr impurities. The
sizable decrease in activation energy from 0.30 to 0.25 eV also
suggests modifications to ion transport pathways, likely
induced by Li* redistribution.

Similarly, for Li;PS,, the T relaxation time does not change
significantly with TC (Figure 6¢). The T, decreases from 1.35
to 1.32 s before and after TC. It is not surprising, as the local
Li* mobility is mainly determined by Li*—PS,*" interactions,
which are largely unchanged. The impartment of a small
fraction of P,S; units possibly modifies the global energy
landscape and leads to a lower activation energy, rather than
affecting local ion mobility.

Bl CONCLUSION

Thermal conditioning is a promising strategy for improving
ionic conductivity in oxyhalide, halide, and thiophosphate solid
electrolytes. The slow heat—cool cycles at moderate temper-
atures can enhance performance by nearly 40% for all the solid-
electrolyte systems examined. Multimodal characterizations
revealed several underlying mechanisms: (1) the removal of
low-conductivity impurities and the generation of high-
conductivity phases, (2) redistribution of active cations, (3)
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Figure 6. Effect of thermal conditioning on solid electrolytes probed by NMR T, relaxation measurements. Variable-temperature 'Li NMR T,
relaxation time measurements of Li;PO,—Lil (a), Li;YBry (b), and LiyPS, (c). As Li*-ion mobility increases with temperature, the measurements
suggest that shorter T values correlate with faster Li*-ion motion in the temperature ranges of 25—100 °C for Li;PO,—Lil and Li;YBr,, and 25—90

°C for Li;PS,.

modification of the anion sublattice to induce disorder
conducive for fast ion conduction, and (4) increased ion
mobility. Overall, this work presents a practical and generally
applicable approach for enhancing ion transport in glass-
ceramic electrolytes at low cost, and elucidates the subtle yet
essential structural and dynamical changes that lead to
performance enhancement.
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