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Abstract

Glass and glass-ceramic samples of metastable lithium thiophosphates with com-

positions of 70Li2S-30P2S5 and Li7P3S11 were controllably prepared using a rapid

assisted-microwave procedure in under 30 minutes. The rapid preparation times

and weak coupling of the evacuated silica ampoules with microwave radiation en-

sures minimal reactivity of the reactants and the container. The microwave prepared

samples display comparable conductivity values with more conventionally prepared

(melt quenched) glass and glass-ceramic samples, on the order of 0.1 mS cm−1 and

1 mS cm−1 at room temperature, respectively. Rietveld analysis of synchrotron X-ray

diffraction data acquired with an internal standard quantitatively yields phase amounts

of the glassy and amorphous components, establishing the tunable nature of the mi-

crowave preparation. X-ray photoelectron spectroscopy and Raman spectroscopy con-

firm the composition and the appropriate ratios of isolated and corner-sharing tetra-

hedra in these semi-crystalline systems. Solid state 7Li nuclear magnetic resonance

(NMR) spectroscopy resolve the seven crystallographic Li sites in the crystalline com-

pound into three main environments. The diffusion behavior of these Li environments

as obtained from pulsed-field gradient NMR methods can be separated into one slow

and one fast component. The rapid and tunable approach to the preparation of high

quality “Li7P3S11” samples presented here, coupled with detailed structural and com-

positional analysis opens the door to new and promising metastable solid electrolytes.
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Introduction

All-solid-state batteries are promising candidates to replace some current applications of

lithium-ion batteries employing liquid electrolytes, and may potentially enable beyond

Li-ion chemistries such as the conversion based Lithium-sulfur system.1,2 Crucial to en-

abling all-solid-state batteries is the ability to replace conventional liquid electrolytes with

one that is solid, demonstrated to potentially include materials ranging from polymers

to ceramic oxides and sulfides.3,4 Realization of all-solid-state batteries would avoid the

hazards of flammable and corrosive liquid electrolytes, simplify construction of the cell by

potentially eliminating the need for a separator, and may offer greater stability at higher

voltages.5,6 Beyond improving upon these features of current Li-ion technologies, all-solid-

state batteries also open new potential applications in more extreme environments because

they can safely operate at higher temperatures, in fact often with improved performance.7

The fundamental requirements of a solid electrolyte include having high ionic conduc-

tivity (on the order of 1 mS cm−1 at room temperature), no electronic conductivity, and

thermodynamic and kinetic stability versus the anode and cathode materials of choice.

Lithium thiophosphates are some of the leading materials to realize all-solid-state batteries,

due to their high ionic conductivity. There are many related materials within the family of

lithium thiophosphate solid electrolytes, including the thio-LISICONs incorporating Ge,8–10

Sn,11 and Si,12,13 as well as argyrodites and other halogen-containing thiophosphates.14–17

Within the pure Li–P–S phases, there are three main compositions studied both fundamen-

tally and in battery applications: Li7P3S11 [Figure 1(a)], Li3PS4 [Figure 1(b)], and Li4P2S6

[Figure 1(c)], in decreasing order of room temperature conductivities.18–20 In terms of

their structure, Li3PS4 and Li4P2S6 can be thought of as end-members, where Li3PS4 exclu-
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Figure 1: Crystal structures of related lithium thiophosphates (a) Li7P3S11, (b) Li3PS4, and
(c) Li4P2S6. Li7P3S11 is the focus of this work, but this series demonstrates the increase in
isolated tetrahedra with higher S:P content.

sively has PS4
3− isolated tetrahedra, Li4P2S6 exclusively has P2S6

4− dumbells, and Li7P3S11

has a mixture of PS4
3− isolated and P2S7

4− corner-sharing tetrahedra. Of the three phases,

Li7P3S11 is the only metastable phase, and is therefore often observed co-mingled with

some percentage of the other two phases, especially Li4P2S6.21 In addition, while the two

end-member phases are crystalline, Li7P3S11 forms as a glass-ceramic phase, which con-

sists of domains of crystalline solid in an amorphous matrix.22 Li7P3S11 has been reported

to achieve conductivity values on the order of liquid electrolytes such as LiPF6 in ethylene

carbonate and dimethyl carbonate, although this is highly dependent on the processing

conditions.23,24 In relation to the last requirement listed, the intrinsic interfacial instability

of lithium thiophosphates and lithium is well documented through electrochemical testing

in symmetric cells versus lithium, but can be overcome through several engineering routes,
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including recent evidence of successfully incorporating surface layers onto the solid elec-

trolyte that are stable to lithium.24–30 There have been several examples to date of using

the Li7P3S11 solid electrolyte system to date in both Li-ion and Li-S cells.31–33

Microwave-based methods provide convenient routes to generating a range of ma-

terials and have been successfully employed for preparing chalcogenide and pnictide

compounds.34–37 In a category of materials in which the balance between the degree

of crystallinity will be a dictating factor in device performance, a tunable synthesis of

this nature is highly desirable.38 The most common reported synthetic method for the

70 Li2S – 30 P2S5 glass has been melt quenching from greater than 700 ◦C in order to form

an amorphous glass, which can then be subsequently annealed between 260 ◦C and 280 ◦C

to form the glass-ceramic – that is, varying contents of Li7P3S11 stabilized in the amorphous

70 Li2S – 30 P2S5 glass matrix.39–41 Alternatively, the glass-ceramic can be formed directly

through melt quenching from 800 ◦C.42 These procedures often result in impurities from

the less ionically conductive Li4P2S6 phase, however.43–46 This is because the metastable

Li7P3S11 phase only forms in very narrow temperature regimes, as detailed above. Other

syntheses for the glass have involved mechanical milling or solution-phase methods, both

requiring further annealing to precipitate crystalline Li7P3S11 domains.47–50

Here we report assisted-microwave preparation wherein the glass can be made in

18 minutes, as well as a direct, one-step preparation of the the glass-ceramic in 28 minutes

with extremely low to undetectable amounts of the undesirable, yet highly stable Li4P2S6

phase. The highly varied nature of these glass-ceramic materials, comprising significant

amorphous and crystalline components, makes a range of techniques essential in order

to capture the average structure and crystallinity, as well as local structure information.

Therefore, the samples are carefully characterized by a combination of synchrotron X-

ray diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy, and solid state 7Li

nuclear magnetic resonance spectroscopy in order to capture the structure-property rela-

tionships stemming from the combination of amorphous and crystalline materials.
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Methods

Microwave preparation of 70Li2S–30P2S5 glass and Li7P3S11 glass-ceramic Li2S and

P2S5 were ground until homogeneous in a 70:30 molar ratio using an agate mortar and

pestle in an Ar filled glovebox with H2O and O2 < 0.1 ppm. For the glass preparation,

the powder was pressed into 250 mg 6 mm pellets, which were sealed in 3 inch long,

3/8 inch diameter fused silica ampoules under 0.25 atm of Ar. Two 275 mg pellets were

sealed in 3.5 inch ampoules for the glass-ceramic preparation. Each ampoule was buried

in the center of a 250 mL alumina crucible filled with activated charcoal (DARCO 12-20

mesh) held in a cylinder of alumina fiberboard insulation and placed off-center in a 1200 W

microwave oven (Panasonic NN-SN651B). This was heated at power 4 (ie. 40 % of the total

power) for 18 min for the glass and power 4 for 28 min for the glass-ceramic, followed by

removing the insulation assembly and sample from the microwave oven and quenching the

sample tube in water. The longer heating times for the glass-ceramic allows the material

to reach higher temperatures, which is in agreement with previous solid-state methods, in

which the glass-ceramic can be formed by melt quenching from higher temperatures than

for the glass. The conditions presented above were arrived at after extensive trial-and-

error. An immediate noticeable advantage of employing microwaves is that since fused

silica is a poor susceptor, and being transparent, absorbs convectional heat poorly, the

walls of the container do not get very hot. Consequently, there is little or no reaction

between the (corrosive-for-silica) contents and the ampoules, as observed from how clean

and transparent the ampoules remain.

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 at 1.4 keV. Samples were prepared in an Ar glovebox using a sample holder

with a cover that sealed with an O-ring. The entire sample holder was placed into the

first vacuum chamber, and when the vacuum reached approximately 10−5 Torr, the cover
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was removed and the samples were pumped down to 10−8 Torr. Photoelectrons at pass

energies of 20 eV and 80 eV for survey and high resolution spectra were detected with a

multichannel detector. The spectra were fit by the least-squares method to Voigt functions

with Shirley baselines using CasaXPS.

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, 500,µm hole, 500µm slit, 1200 cm−1 grating, 2 second exposures, and 5 spectra av-

eraged, centered at 450 cm−1. To ensure no decomposition of the sample, a control sample

was left in air for a day before measuring. No decomposition peaks were observed in the

samples reported herein, the peaks of which have also been detailed in previous studies.51

Diffraction analysis of amorphous and crystalline components Laboratory powder X-

ray diffraction (XRD) data was collected using a Panalytical Empyrean diffractometer with

Cu Kα radiation. Powders were protected from the atmosphere utilizing an air sensitive

holder containing a zero background plate and a Kapton film window. High resolution

synchrotron diffraction data was collected at room temperature at the Advanced Photon

Source at Argonne National Laboratories, beamlines 11-BM-B (for the glass) and 11-ID-B

(for the glass-ceramic) using an average wavelength of 0.414581 Å. Samples were loaded

into kapton capillaries and sealed with epoxy. They were removed from inert atmosphere

minutes prior to measurement. Control experiments were also performed on samples pur-

posefully exposed to air prior to measurement to ensure the integrity of the air-free sam-

ples. Rietveld analysis was performed using Topas Academic v6. In order to quantitatively

determine the crystallinity of the glass-ceramic phases, additional patterns were collected

on samples that had been spiked with known quantities of crystalline Si (on the order of

10 wt.%). Multi-phase Rietveld refinement including all phases was performed on these
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patterns including the phases Li7P3S11, Li4P2S6, and Si. Based on the difference between

the refined Si wt.% and the known spiked wt.%, the amorphous content of the sample was

determined according to the following equations:

WLi7S3S11 =
WSi,known

W ′
Si

×W ′
Li7S3S11

× 100% (1)

WLi4S2S6 =
WSi,known

W ′
Si

×W ′
Li4S2S6

× 100% (2)

Wamorphous = 100%−WLi7S3S11 −WLi4S2S6 −WSi, known (3)

Here, WSi,known is the spiked weight percent of Si in the sample, and W ′
Si is the apparent

weight percent of Si from the Rietveld refinement. WLi7S3S11 and W ′
Li7S3S11

are respectively

the true and apparent weight percents of crystalline Li7S3P11, and WLi4S2S6 and W ′
Li4S2S6

are

the true and apparent weight percents of the secondary Li4S2S6 phase. Wamorphous is the

weight percent of the sample that is not crystalline, which is assumed to come solely from

the glassy component of the Li7S3P11 glass-ceramic. Based on this analysis, the percent

crystallinity of the Li7S3S11 can be determined.

Electrochemical impedance spectroscopy Electrochemical impedance spectroscopy

was measured using a VMP3 Bio-logic potentiostat from 1 MHz to 1 Hz with a 200 mV

sinus amplitude under inert conditions. 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 software.
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The custom cell design used is described in detail in the Supporting Information. A vise

and a force gauge (Omega) were used to press pellets in-situ and apply and monitor pres-

sure throughout the measurements.

Nuclear magnetic resonance Pulsed-field gradient NMR was conducted on a 300 MHz

(7.1 T) Bruker Avance NMR spectrometer with a Bruker diffusion probe capable of 3000

G/cm. A stimulated echo pulse sequence with bipolar gradient pulses was utilized to mea-

sure 7Li diffusion coefficients at a resonant frequency of 116.6 MHz. The sample temper-

ature was varied from 25 ◦C to 80 ◦C in approximately 10 ◦C increments, with the sample

temperature allowed to equilibrate for 20 min. between subsequent measurements. The

pulsed-field gradient strength was set to 16 values between 50 G cm−1 and 2800 G cm−1 for

each measurement. The observed signal attenuation was fit to the Stejskal-Tanner equation

to obtain diffusion coefficients. 7Li MAS NMR spectra were acquired on a Bruker AVANCE

III Ultrashield Plus 800 MHz (18.8T) NMR spectrometer. These experiments were con-

ducted using a Bruker 2.5 mm HX MAS probe at a spinning speed of 30 kHz. The spectra

are referenced to LiCl in H2O and processed using Bruker TopSpin software. The recycle

delay was optimized and found to be 3.2 s for quantitative analysis. Single pulse experi-

ments were used to obtain quantitative spectra and a Hahn echo pulse sequence was used

to apply a T2 filter. Peak fitting was performed using the DMFIT software.52

Results and discussion

The microwave prepared glass and glass ceramic samples were characterized by a combi-

nation of X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and X-ray diffrac-

tion to understand their local and long-range structures. While XPS is a surface technique

and is therefore very sensitive to slight surface oxidation or surface inhomogeneities, the

survey scan from 600 eV to 0 eV serves as an approximation for elemental composition in

the samples. This range encompasses the characteristic S 2s, S 2p, P 2s, and P 2p energies,
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Figure 2: (a) XPS survey region showing elemental composition of a representative glass-
ceramic sample. (b) High resolution spectrum in the S binding energy region and (c) high
resolution spectrum in the P binding energy region, which shows a higher concentration
of the corner sharing tetrahedra as compared to isolated tetrahedra.

allowing quantitative ratios of S:P to be calculated [Figure 2(a)]. The ideal S:P ratio for the

targeted Li7P3S11 stoichiometry is 3.7:1. The glass and glass-ceramic samples synthesized

via the one-step microwave preparation range in S:P ratios from 3.8:1 to 4.0:1 between

multiple samples for each, which is within reasonable error extrapolating to the bulk ma-

terial. While the survey scan shows evidence of the O 2p peak, this can be attributed to

the stainless steel sample holder and that spectral region does not play in a role in extract-

ing the relative ratios of S:P. High resolution spectra of the S 2p [Figure 2(b)] and P 2p

[Figure 2(c)] can be fit to analyze the nature of bonding in these structures. These results

are consistent with previous reports and with the known structure of Li7P3S11 in which

there is a higher concentration of the corner-connected tetrahedral environments (seen in

the P 2p region) centered at 133 eV to the isolated tetrahedral environments centered at

133.5 eV.53 The high resolution spectra do not indicate any formation of phosphate species,

which would be indicative of oxidation in these samples.

Raman spectroscopy corroborates this local bonding environment picture (Figure 3).

The region of the spectrum from 350 cm−1 to 450 cm−1 includes the modes associated

10



Figure 3: (a) Raman spectra of the glass and glass-ceramic made using assisted-microwave
methods, and the subsequently annealed glass-ceramic sample over the full spectral range
where peaks are observed. (b) Highlighted spectral region of the modes relating to isolated
PS3−

4 tetrahedra, corner-sharing tetrahedra (as in P2S4−
7 ), and P2S4−

6 dumbbells.

with the isolated PS4
3− tetrahedra, cotrner-connected P2S7

4− tetrahedral pairs, and P2S6
4−

dumbells indicative of Li4P2S6 impurity phase when present [Figure 3(b)]. The main

modes attributed to the Li7P3S11 structure are the stretching vibrations of the P-S bonds

at 410 cm−1 and 425 cm−1 for the P2S7
4− and PS4

3− anions, respectively. Assignments of

these modes are in agreement with several previous reports on Li7P3S11.40,54 The glass

samples show no signatures of Li4P2S6, and the glass-ceramic samples show a hint of the

P2S6
4− dumbell centered at 390 cm−1. The presence of the Li4P2S6 in the subsequently

annealed glass-ceramic is, however, more prominent.

X-ray diffraction yields crucial information about the crystallinity of the microwave-

prepared samples, and furnace annealed samples in relation to their conductivities. Crys-

tallization of the 70Li2S-30P2S5 glass into the glass-ceramic is well documented to give su-

perior lithium ionic conductivity, especially when processed in a hot-press setup.23,40,53,55

However, this is also usually accompanied by some degree of growth of the less-favorable
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Figure 4: Rietveld refinements from high resolution X-ray diffraction of (a) the microwave-
prepared glass, (b) the microwave-prepared glass-ceramic and (c) the microwave-prepared
glass-ceramic subsequently annealed at 280 ◦C for 2 h. The amorphous peaks in the mi-
crowave prepared glass and glass-ceramic are due to contributions from the kapton capil-
lary background scattering. The y-axis denotes counts, which can be used to compare the
much weaker scattering intensity of the amorphous backgrounds. While the microwave-
prepared glass-ceramic sample has a significant amorphous component, the amorphous
component significantly decreases in the annealed sample.
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Li4P2S6 phase.

From laboratory Cu-Kα X-ray diffraction, the ability to learn about the glass and

glass-ceramic is somewhat limited (Supporting Information Figure S1). In contrast, high-

resolution synchrotron X-ray diffraction reveals much more; that a range of states spanning

from purely glassy to mostly crystalline is possible. Figure 4(a) shows a high-resolution

synchrotron diffraction pattern of the microwaved glass form, showing a complex back-

ground with no diffraction peaks, indicating a fully amorphous sample with only short-

range order. The microwaved glass-ceramic [Figure 4(b)], on the other hand, shows

diffraction peaks for Li7P3S11 as well as the amorphous background. In part, the diffuse

scattering observed is due to the kapton capillary background, and the intensity of the com-

plex amorphous background is much less than the crystalline component evidenced by the

counts. Quantitative phase analysis of samples measured with internal Si standards re-

veal that the Li7P3S11 is 33(6) % crystalline. The standard deviation on the last significant

figure, presented within parentheses, are based upon three identically prepared samples.

In these samples, the contribution from Li4P2S6 is negligible. Upon further annealing at

280 ◦C for 2 h, the majority of the amorphous contribution is reduced [Figure 4(c)]. The

crystallinity of the Li7P3S11 increases to 76(3) wt.%, and 8.6(9) wt.% of Li4P2S6 grows

into the sample. Rietveld refinements for representative samples containing added Si for

the quantitative analysis is shown in the Supporting Information (Supporting Information

Figure S3), along with a table including the refinement results from several identically-

prepared samples.

Since the heating time is much shorter using the microwave preparation and more

uniform across the sample, there is less growth of the Li4P2S6 phase in contrast to accessing

the glass-ceramic by annealing glass in a furnace. The preparation methods employed here

also allows for tuning between purely glass and highly crystalline Li7P3S11 with significant

amounts of Li4P2S6 impurity. The moderate level of crystallinity from the microwave glass-

ceramic synthesis also offers an ideal trade-off between favorable mechanical properties
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(more compliant and less grain boundaries) and higher conductivity values than only the

pure glass.38,56

Figure 5: (a) Arrhenius plot of the microwave-prepared glass, glass-ceramic, and subse-
quently annealed sample, derived from electrochemical impedance spectroscopy at varying
temperatures of each sample from 1 MHz to 1 Hz. (b) Arrhenius plot of the two compo-
nents fit from temperature dependent 7Li pulsed-field gradient NMR of the glass-ceramic,
revealing a slower diffusing species and a faster diffusing species within the sample.

The crystalline tuning through the microwave preparation is also reflected in the

conductivity values observed through electrochemical impedance spectroscopy in these

samples. Arrhenius relationships of the glass, glass-ceramic, and subsequently annealed

glass-ceramic align with the percent crystallinity extracted from the Rietveld analy-

ses [Figure 5(a)]. Room temperature conductivity of the microwave-prepared glass is

0.12(1) mS cm−1, while this value is approximately doubled in the microwave-prepared

glass ceramic to 0.210(2) mS cm−1. When the glass-ceramic sample is further annealed,

the room temperature conductivity increases by an order of magnitude to 1.1 mS cm−1.

This is in good agreement with the percent crystallinity doubling from the microwave

glass-ceramic to its annealed counterpart.

The activation energies associated with the glass, glass-ceramic, and annealed glass-

ceramic can be found through the following Arrhenius-type relationship::57,58
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σT = σ0exp

(
−EA

kBT

)
(4)

where EA is activation energy, σ0 is the pre-factor, and kB is the Boltzmann constant.

The Meyer-Neldel compensation rule is applied here due to the intrinsic conductivity of

Li in the structure, which has thermally activated hopping (incorporated into the pre-

factor term).59 The activation energies are consistent between the three levels of crys-

tallinity reported here, where the glass is 378(11) meV, the glass-ceramic is 390(15) meV,

and the glass-ceramic is 380 meV. The similar activation energies between the annealed

glass-ceramic and the one-step microwave prepared glass-ceramic are likely a function

of the Li4P2S6 present in the annealed glass-ceramic increasing the activation energy in

what otherwise should have a lower barrier to diffusion considering the high percentage

of overall crystallinity in the samples.

The pulsed-field gradient 7Li NMR of the glass-ceramic indicates that there are two

different diffusion processes, one in which Li diffuses slower than the other by approx-

imately an order of magnitude [Figure 5(b)]. This is consistent with previous stud-

ies using time-of-flight neutron diffraction to distinguish two lithium conduction path-

ways and previous temperature-dependent 6/7Li studies.60,61 At 40 ◦C, the first diffusion

constant is 8.7×10−12 m2 s−1, while the second component has a diffusion constant of

6.8×10−12 m2 s−1. The overall values are consistent with the electrochemical impedance

spectroscopy, as the activation energy of the first component is 320(25) meV, and the acti-

vation energy of the second component is 330(22) meV.

By filtering chemical shift environments by T2 relaxation delays, groupings of Li as-

signments can be determined experimentally, rather than purely by fitting the peaks to

Gaussian curves [Figure 6(a)]. Despite spinning at 30 kHz using an 800 MHz spectrom-

eter, the narrow range of 7Li chemical shifts and line-broadening means the resolution is

not sufficient to parse all 7 crystallographic sites. Even with the T2 filter, only 3 general

environments are observed experimentally [Figure 6(b)]. This suggests that the bonding
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Figure 6: (a) 7Li MAS NMR with varying T2 delays filters chemical shift environments with
similar ion mobilities, indicating the presence of three environments containing similarly
behaving lithium sites. (b) 7Li MAS NMR fit with the three discernible regions from the T2
filter. While we know there are 7 crystallographic sites, they can generally be grouped into
these 3 regions.

environments in the structure are not vastly different from each other. Increasing T2 is

indicative of faster motion in these systems (and can be thought of as inversely propor-

tional to line width). The most upfield peak at 0.2 ppm has the longest T2 delay, though is

obviously the broadest peak fit to the spectrum. This indicates that there are multiple Li

sites encompassed within this larger peak, likely with sharper line widths, that are indistin-

guishable from each other in terms of their motion and only very slightly in how shielded

they are. The two downfield peaks centered at −0.01 ppm and −0.04 ppm disappear as

the T2 delay increases. Though not certain, it is possible these two peaks correspond to

the slower diffusing species identified from the PFG NMR, and the 0.2 ppm general envi-

ronment corresponds to the faster diffusing species.
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Conclusion

Microwave-based preparation methods provide a convenient route to preparing lithium

thiophosphate solid electrolytes, especially in light of the inherent thermodynamic

metastability of these materials. The synthesis can be tuned to achieve varied levels of

crystallinity, and when paired with further annealing, opens a wide range of degree of

crystallinity that lends flexibility and tunability of mechanical and ionic transport prop-

erties. As discussed in previous literature, this is highly consequential when considering

building full cells, where the optimal balance of these properties is paramount. Further-

more, this work highlights the need for rigorous characterization using a multitude of

techniques that yield insight into both the crystalline and amorphous components of solid

electrolyte materials to fully understand the structure-composition-function-performance

relationships in these materials.

Supporting Information Available

Table of quantified crystallinities from Rietveld refinements for identically-prepared glass-

ceramic and annealed glass-ceramic samples. Laboratory XRD on three identically pre-

pared samples of the glass-ceramic. Laboratory XRD comparing the glass, glass-ceramic,

and annealed glass-ceramic. Rietveld refinements of glass-ceramic and annealed glass-

ceramic with Si added from synchrotron data, as well as glass data with added Si. Setup

to measure electrochemical impedance spectroscopy under pressure and heat described in

detail. Representative electrochemical impedance spectroscopy equivalent circuit fit used

to calculate ionic conductivity values. Representative double exponential fit to pulsed field

gradient (PFG) NMR data used to calculate diffusion constants. This material is available

free of charge via the Internet at http://pubs.acs.org/.
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sample Li4P2S6 Li7P3S11 % a b c α β γ V

wt.-% crystallinity (Å) (Å) (Å) (◦) (◦) (◦) (Å3)

MW glass ceramic
1 0 25.6(4) 12.540(2) 6.0289(9) 12.531(2) 102.53(2) 113.42(2) 74.33(2) 830.6(3)
2 1.6(1) 22.9(3) 12.533(2) 6.0285(8) 12.527(2) 102.53(2) 113.38(1) 74.34(2) 830.0(2)
3 2.8(1) 35.5(3) 12.545(1) 6.0285(5) 12.532(1) 102.59(1) 113.456(9) 74.29(1) 830.4(2)
4a 0 33.0(5) 12.522(2) 6.0264(7) 12.530(1) 102.58(1) 113.32(1) 74.44(1) 829.8(2)
5a 0 40.7(5) 12.548(1) 6.0285(5) 12.528(1) 102.61(1) 113.358(9) 74.38(1) 831.2(2)

MW glass ceramic + 2 hr anneal
1b 5.4* 12.538(1) 6.0279(4) 12.5282(8) 102.666(7) 113.377(6) 74.385(8) 830.2(1)
2 8.6(2) 76(1) 12.529(1) 6.0271(5) 12.528(1) 102.626(10) 113.419(8) 74.360(10) 829.3(1)
3 10.5(2) 82(1) 12.533(1) 6.0261(5) 12.5272(9) 102.615(8) 113.419(7) 74.350(8) 829.4(1)

a Samples 4 and 5 were not annealed. b Sample 1 was not measured with a Si standard after annealing, so percent crystallinity is not
available. The weight percent of Li4P2S6 is estimated from Rietveld of the standard-less diffraction data by assuming the Li7P3S11 %
phase is 79% crystalline.

Table 1: Phase fractions and lattice parameters from Rietveld refinements of replicate

samples of the glass (top) and glass-ceramic (bottom). These samples were used to calcu-

late the standard deviations of the crystallinity percentages discussed in the main text.
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Figure S1: X-ray diffraction of the glass, glass-ceramic, and annealed glass-ceramic from a
laboratory Cu kα radiation source in a kapton holder to maintain an air-free environment.
The kapton background obscures the true nature of the background, but there is a clear
progression from more amorphous (glass) to more crystalline (annealed glass-ceramic).
However, to fully understand how crystalline the sample is, a key property relating to the
conductivity in these samples, high energy X-ray diffraction must be used.

Figure S2: XRD patterns of three identically prepared glass-ceramic samples show similar
patterns matching the reflections of Li7P3S11 from the laboratory Cu kα radiation source.
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Figure S3: Synchrotron X-ray diffraction on (a) a microwave glass sample (from APS 11-
BM at Argonne National Lab), (b) microwave glass-ceramic sample (from APS 11-ID-B
at Argonne National Lab), and (c) annealed microwave glass-ceramic sample (from APS
11-ID-B at Argonne National Lab) with Si added for crystallinity analyses. The glass does
not show any discernible crystalline peaks, so no crystallinity analysis was performed. The
microwave glass-ceramic shows negligible Li4P2S6 present in the sample (<2 %), while in
the annealed sample the Li4P2S6 grows to a significant proportion of the model.
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Figure S4: The photograph on the left shows the impedance cell, load cell, and vise used
to apply pressure on the sample while keeping it air-free for the duration of temperature-
dependent measurements. The entire apparatus was inserted into a temperature chamber
and allowed to equilibrate fully between measurements to ensure steady-state processes
were probed. The body of the cell is constructed from Delrin, and the end-caps were
machined from 316 stainless steel to have a tight slip with the body (6 mm cavity). The
samples were loaded in an Ar glovebox, and the end-caps were greased with vacuum
grease. Once placed in the antechambers, the antechambers were evacuated to create a
good seal between the end-caps and the body of the cell before being removed. Either
kimwipes or sheets of acrylic were used to insulate the cell from the load cell and vise. The
cells were allowed to sinter overnight at the highest temperature of measurement at 5 kN.
The force would relax to roughly 4 kN. Before measurement, the vise was retightened to
5 kN and stayed stable at this force throughout the measurement.
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Figure S5: A representative Nyquist plot showing the equivalent circuit fit applied to all
of the spectra. This single circuit fit all of the spectra from sample to sample as well as at
different temperatures. The R1 value can be attributed to the defined semicircle, which is
indicative of the ionic conductivity of the Li within the sample.)

Figure S6: Nyquist plots presenting the temperature dependent data for the glass-ceramic
(similar spectra were acquired for the glass and annealed glass-ceramic samples) from 10
◦C to 80 ◦C. By fitting these spectra to the above equivalent circuit and extracting the
resistance of the defined semicircle, we were able to calculate ionic conductivity values as
a function of temperature, leading to the Arrhenius plots presented in the main text.)
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Figure S7: 7Li pulsed field diffusion NMR double exponential fit of the intensity as a func-
tion of the gradient field strength. The need for a double exponential fit arises from two
different diffusion processes occurring at different time scales.
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