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Experimental Methods 
 

Synthesis 

Stoichiometric masses of Li2S (Sigma Aldrich, 99.98%), 
11

B (Sigma Aldrich, 99%), S, LiI, and SiO2 

were ground together. As the glasses are sensitive to the LiI content and the purity of the precursors. 

precursors were dried under vacuum before use. All handling of powders was carried out in an Ar filled 

glovebox. The precursor mixture was pelletized and supported in a glassy carbon crucible which was 

placed in a quartz tube. The quartz tubes were sealed under vacuum and placed vertically in a furnace. 

The tube was heated up to 500°C and held for 12 hours, then at 800°C for 20 hours, and the melt was 

finally quenched in ice water to obtain a glass. The final product was ground to a powder for processing 

as a solid electrolyte, as the specialized facilities for melt casting a monolithic glass under a moisture-

free atmosphere are not yet available.  

 

Nanoporous β-Li3PS4 was synthesized by the conventional procedure mixing Li2S and P2S5 in THF as 

reported by Liang et. al.
1
 Li7P3S11 glass-ceramic was synthesized by first mixing and grinding Li2S 

(Sigma Aldrich, 99.98%) and P2S5 (Sigma Aldrich, 99%) in stoichiometric quantities. The precursor 

mixture was pelletized and supported in a glassy carbon crucible which was placed in a quartz tube. The 

quartz tubes were sealed under vacuum and placed vertically in a furnace. The tube was heated up to 

750°C and held for 10 hours, and the melt was finally quenched in ice water to obtain a glass. The glass 

was then re-ground and further heat-treated inside a furnace placed inside an argon-filled glovebox. The 

powder was placed in an alumina crucible and heated at 335°C for 30 minutes to crystallize the material. 

Phase-pure Li7P3S11 was verified using X-ray diffraction.  

 

X-ray Diffraction 

X-ray diffraction (XRD) was conducted at room temperature on a PANalytical Empyrean diffractometer 

using Cu-Kα radiation equipped with a PIXcel bidimensional detector with a Ni Kβ filter using θ-θ 

Bragg−Brentano geometry. Powders were maintained under argon atmosphere using a zero-background 

sample holder covered in Kapton film to avoid air exposure during collection of the XRD pattern. 
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Weight Percent Measurements using Standard Addition 

The ground samples were loaded and sealed in a 0.3 mm diameter quartz capillary. Patterns were 

recorded in Debye-Scherrer geometry using a parabolic X-ray mirror in the incident beam. For the 

calculations of the amount of crystalline LiI not dissolved in the glass, samples were ground together 

with approximately 10 weight percent of Si, which was used as an internal standard in the Rietveld 

refinements. 

 

AC Impedance Spectroscopy  

Bulk resistance of the samples was determined from electrochemical impedance spectroscopy (EIS) with 

an amplitude of 100 mV in the frequency range 10 MHz to 100 mHz using a Bio-logic MTZ-35 

impedance analyzer. The measurements were carried out in the temperature 25°C to 80°C. The powder 

was pelletized in a 10 mm diameter modified Swagelok cell. The electrolyte pellet (thickness of 1 to 2 

mm for activation energy measurements) was sandwiched between indium foils in order to obtain good 

contact at variable temperatures.  

 

DC Polarization  

The electronic conductivity was determined via DC polarization using a 10 mm diameter modified 

Swagelok cell, where powder was pressed between two stainless steel pistons. A voltage of 0.125, 0.25, 

0.5, and 0.75 V was applied for 1 hour for each measurement.  

 

Symmetric Cell Assembly and Cycling 

Cells were assembled in a glovebox filled with an argon atmosphere. LIBOSS-25 and β-Li3PS4 solid 

electrolyte was pressed in a 10 mm diameter PEEK cylinder to form a pellet of thickness around 0.12 

mm. Li metal foil (Sigma Aldrich) was pressed on either side and in contact with the solid electrolyte. 

The cell was then sandwiched between two stainless steel rods and held under pressure using a custom-

made cell. The cell was tightened with a torque wrench set at a pressure of 4 N·m. Galvanostatic cycling 

of the LIBOSS-25 and β-Li3PS4 cells was performed at 0.1 mA/cm
2
 to 0.1 mAh/cm

2
 and 0.05 mAh/cm

2
, 

respectively. Cells were cycled at room temperature using a Bio-Logic VMP-3.  

 

Full Cell Assembly and Battery Cycling 
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The composite cathode was prepared by mixing solid electrolyte (LIBOSS-25, x = 0.25) and TiS2 

(Sigma Aldrich, 99.9%, particle size 75 m) in a 1:1 weight ratio with a mortar and pestle. Cells were 

assembled in a glovebox filled with an argon atmosphere. The composite cathode was used as the 

positive electrode, LIBOSS-25 as the solid electrolyte, and Li-In alloy as the negative electrode. The 

positive electrode (8 mg; TiS2 content corresponding to 5.13 mg·cm
-2

), and solid electrolyte (60 mg) 

were pressed in a 10 mm diameter PEEK cylinder to form a bilayer pellet. The Li-In alloy was formed 

by pressing Li-foil with an In foil in a 0.5 molar ratio, and placed in contact with the solid electrolyte. 

The cell was then sandwiched between two stainless steel rods and held under pressure using a custom-

made cell. The cell was allowed to rest for 8 hours before cycling in order to allow for pressure 

relaxation of the cell, whose areal capacity was 1.2 mAh·cm
-2

.  Galvanostatic cycling was performed 

from 1.5 to 3.0 V vs. Li/Li
+
 (0.88 V to 2.38 V vs. In/LiIn at a C-rate of C/10. Cells were cycled at room 

temperature using a Bio-Logic VMP-3.  

 

Differential Scanning Calorimetry 

Approximately 5-10 mg of sample was loaded into an aluminum pan and hermetically sealed in an argon 

filled glovebox with a Tzero sample press. The measurement was conducted using a TA Instruments 

Q2000 DSC under nitrogen flow. Samples were heated at a rate of 5°C/min from 25°C to 500°C.  

 

Air Stability 

Electrolyte powder (100 mg) was pressed into 10 mm diameter pellets. An air pump was run in reverse 

in order to flow ambient air into a three-neck round bottom flask as the container. The second neck 

contained a probe that was directly connected to an H2S sensor (BW GasAlertMicro 5 Multi-Gas 

Detector). The probe was placed directly above the solid electrolyte pellet in order to ensure accurate 

H2S monitoring. The third neck was used as an exhaust/outlet port. The air temperature was 

approximately 23-25°C with a relative humidity of 40-50%. 

 

Raman spectroscopy of solid electrolytes 

Samples were pelletized and then placed on a microscope slide, covered by a glass coverslip, and sealed 

with epoxy inside an Ar filled glovebox. Raman spectra of the materials were obtained using a 633 nm 

laser (Raman HORIBA HR800). Spectra were obtained using 3 to 5 accumulations with acquisition 
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times ranging from 10-20 seconds under a 10x objective lens. A laser power of 50% was used to prevent 

sample damage or heating.  

 

 

 

7
Li,

 11
B, and 

29
Si MAS-NMR of solid electrolytes 

Samples were packed in 1.9 mm and 3.2 mm zirconia rotors inside an argon-filled glovebox. Magic 

Angle Spinning (MAS) NMR measurements were obtained at 20T and 298 K on a 850 MHz Bruker 

Avance III HD spectrometer operating at 330 MHz and 273 MHz for 
7
Li and 

11
B, respectively, at a 

spinning rate of 30 kHz using a 1.9 mm broadband-tunable probe. The 
29

Si MAS NMR spectra were 

again acquired at 20T (169 MHz Larmor frequency), but instead using a 3.2 mm probe with a dedicated 

29
Si channel to obviate the possibility of background signals and spinning at 16 kHz. The 

7
Li, 

11
B, and 

29
Si spectra were referenced using external samples of 1M LiCl (aq), 0.1M boric acid (19.6 ppm versus 

BF3⋅Et2O at zero ppm), and tetrikis trimethylsilyl silane (TTMSS; -9.8 ppm versus TMS at zero ppm), 

respectively. 
7
Li spectra were acquired with a 3.25 us π/2 pulse at 110 W, with 8 scans collected using a 

60 s recycle delay, which was established with a one-dimensional inversion recovery experiment. For 

the 
11

B spectra, the very wide static linewidth and the probe background were addressed using a two- π/2 

solid echo sequence, with the echo delay stretched to 100 µs to effectively T2-filter the probe 

background. The π/2 pulse was 1.8 µs at 220 W, and 2048 scans were acquired using a 6 s recycle delay, 

which was found to be sufficient for complete signal recovery. Using brief 64-scan saturation recovery 

experiments, the recycle delay for the 29Si experiments was established as 48 s; spectra were then 

acquired using 4800 scans, for a total experimental time of 64 hours, with a π/2 pulse of 5.25 µs at 120 

W.   
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List of Supporting Figures and Tables 
 

Table S1: Inductively coupled plasma elemental analysis on the x = 0.25 composition  

Element Mass (g/100 g) 

Iodine 54 

Sulfur 24.4 

Boron 4.2 

Lithium 5.9 

Silicon 4.9 

 

 

 

  

Figure S1: Rietveld refinement of x = 0 composition mixed with approximately 10 weight percent Si, which was 

used as an internal standard to calculate the amount of crystalline LiI not dissolved in the glass. 
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Figure S2: Nyquist plots of glass composition x = 0, 0.25, 0.5, 0.75, and 1.0 measured using EIS in a stainless-

steel/SE/stainless-steel cell configuration.  
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Figure S3: A) DC polarization curves for V = 125, 250, 500 and 750 mV and B) I-V curve for the 

determination of the electronic conductivity for the x = 0.25 composition at room temperature.  
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Figure S4: (A) SEM image of a glass particle, (B) corresponding EDX analysis, and (C) elemental mapping 

showing homogenous distribution of elements through the glassy particle.  

Figure S5: (A) STEM images and corresponding EDX, and (B) STEM-EELS indicates the presence of boron 

through the particle with the motifs indicated.  
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Figure S6: A) Arrhenius plots and B-F) corresponding Nyquist plots for compositions Li1.05B0.5SixO2xS1.05I0.45 

where 0 ≤ x ≤ 1 in an In/SE/In cell configuration.   
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Thermal Behavior 

 In the case of the x = 0.25 composition, a very broad exotherm (Tx = 330°C) is present after the 

glass transition temperature, which appear a lot sharper in other composition. Subsequent annealing at 

375°C, after the exotherm, results in exsolvation of LiI from the amorphous matrix. This is confirmed by 

XRD, which shows highly intense peaks corresponding to LiI after annealing of the glass. The various 

Tl’s seen in the DSC curves do not correspond to the melting of the glass itself but are a result of the 

melting of the LiI (with a slight trace of moisture picked up from the N2 flow, that slightly lowers the 

melt temperature as it is a function of hydrate content) which was previously recrystallized from the 

glass. 

Table S2: Summary of Tg, Tx, Tl, and calculated thermal stability parameters for Li1.05B0.5SixO2xS1.05I0.45 

Composition (x) Glass Transition 

(Tg, °C) 

Onset of Crystallization 

(Tx, °C) 

Melting Temperature 

(Tl, °C) 

Thermal Stability 

Parameter  

(ΔTx = Tx-Tg) 

0 267 272 374 5 

0.25 307 330 430 23 

0.375 306 341 428 35 

0.5 299 335 429 36 

 

Figure S7: A) Differential scanning calorimetry curves of x = 0, 0.25, 0.375 and 0.5 compositions under a N2 

flow of 50 mL/min; Tg = glass transition temperature; Tx = onset of LiI crystallisation; Tl = melting of LiI; B) 

close-up of region where Tg occurs – this is measured as the highest slope in the drop of the DSC baseline before 

the exothermic crystallization peak.  
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Raman Spectra 

 Incorporation of SiO2 into the ternary Li2S-B2S3-LiI composition shows a significant change in 

the Raman spectra with as little as x = 0.25 SiO2 in LIBOSS-25 (Figure S7). The Raman peak widths 

are broadened dramatically with the emergence of overlapping peaks around 375 cm
-1

. The broadening 

is indicative of the amorphous nature of the glass. The broad nature and overlap of these Si and B based 

peaks make the assignments difficult to identify. Nonetheless, from the apparent peak positions we can 

postulate the possible speciation and correlate this with the solid-state NMR spectra. The intensity of 

several peaks corresponding to the boron network decreases with increasing SiO2 content, indicating the 

transition to a silicon-based glass network structure. For example, the peaks at 296 and 315 cm
-1

 

(unassigned) rapidly disappear with x, as well as the peak at 448 cm
-1

 (assigned to BS3 with three BS). 

At higher wavenumbers, the peaks at 687 cm
-1

 (unassigned), 743 cm
-1

 (BS4 with four BS), 762 cm
-1

 

(BO4 with zero or one BO), and 790 cm
-1

 (BS3 with one BS) display similar behaviour with a drop in 

intensity as SiO2 is incorporated into the glass. The broad peak around 375 cm
-1

 slowly increases in 

intensity as x increases and slightly shifts to larger wavenumber (380 cm
-1

 at x = 0.5). This band can be 

considered as consisting of two to three overlapping peaks at approximately 375, 400, and 405 cm
-1

. 

These features may correspond to the symmetric vibration of the shared tetrahedral (bi-tetrahedral) 

motifs which are indicative of chain-like units in the glass.
2,3

 An alternative description is that 

assignment of the peak at 375 cm
-1

 is to silicon tetrahedra with one or two bridging sulfurs (BS) while 

the band at 405 cm
-1

 is ascribed to zero BS (i.e. tetrahedral links, terminal chain ends and free tetrahedra 

in the glass). Thus, we propose that the slight intensity increase of these overlapping bands around 375 

cm
-1

 and 405 cm
-1

 bands is the result of the creation of tetrahedral silicon with either sulfur bridges.
4,5

  

Additional peaks associated with the B and Si network appear in the 500-700 cm
-1

 range which are 

assigned to BS3 units with either zero or two bridging sulfur (498 cm
-1

), BO3 units with either one to 

three BO. Two peaks that correspond to BS3 with two BS may be seen at 437 cm
-1

 and 498 cm
-1

, with 

the latter also containing some overlapping contribution from BS3 with zero BS, as well as BO3 with one 

to three BO, which may be indicative of mixed oxysulfide boron units. The small peak at 435 cm
-1

 also 

has an overlapping contribution related to the I
-
 content in the glass as this peak is present in the x = 0 

composition and is constant with increasing SiO2 content. Although this feature is not well understood, 

it has been explained on the basis that iodine does not modify the structure of the glass but that large 

negatively charged I
-
 anions may have a repulsive interaction with non-bridging sulfur.

6
 Finally, the 

low-frequency broad signals around 213 cm
-1

 for the x = 0 composition may correspond to Li cation 
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frequency modes with non-bridging sulfur (NBS) in the glass (e.g. Li
+
 

-
S-B=).

7
 

6
 With increasing x 

(SiO2 content) several broad peaks likely overlap (125-215 cm
-1

) that correspond to lithium interaction 

with silicon and boron NBS in addition to NBO. 

 

  

 

 

 

 

 

  

Figure S8: Raman spectra of the compositions Li1.05B0.5SixO2xS1.05I0.45. 



 

S14 | P a g e  
 

 

Figure S9: Nyquist plots corresponding to lithium symmetric cells upon cycling of A) β-Li3PS4 and B) LIBOSS-

25. EIS was measured from 1 MHz to 100 mHz with an applied voltage of 100 mV. 
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Figure S10: dQ/dV plots for several charge-discharge cycles of a Li-In/LIBOSS-25/TiS2 all-solid-state cell 

cycled at C/10 at 25°C. 
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Figure S11: 
11

B NMR for the x = 0 (blue), 0.25 (orange) and 0.5 (green) compositions covering the entire 

spectral width showing the full size of the quadrupolar lineshape at high field and fast MAS, and without intensity 

scaling to reflect the boron dilution with increasing x. 
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