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density while ensuring better safety by 
employing a solid electrolyte (SE) to replace 
flammable organic liquid electrolytes. 
While target properties for SEs include 
good room temperature ionic conductivity 
(>10−3 S cm−1); a suitable electrochemical 
stability window; negligible electronic 
conductivity and chemical compatibility 
with both electrodes, achieving all of these 
simultaneously remains a challenge.[1,2] 
Establishing conformal interfaces with 
low resistance at the electrode surfaces 
is another major hurdle to overcome, 
although introducing small amounts of 
additional liquid electrolytes has been 
shown to provide a very convenient 
solution.[3] Regarding electrolyte mate-
rials, oxides and sulfides are amongst 
the most extensively studied. Garnet-type 
oxides,[4,5] phosphates such as lithium 
aluminum titanium phosphates, and 
antiperovskites[6] typically lead to better 
chemical and electrochemical stability. 
In contrast, thiophosphates[7–9] usually 
exhibit higher ionic conductivity—ranging 
up to 10−2 S cm−1—coupled with easier 
processability, but a relatively narrow 

electrochemical stability window.[10] While PS4
3− is reduced 

in contact with Li metal, this reaction can fortuitously form a 
passivating layer by in-situ redox chemistry at the interface.[11] 
However, a study of crystalline materials including β-Li3PS4 
and the garnet LLZO showed they were incapable of preventing 
Li dendrite penetration due to the formation of micro-cracks, 
whereas only glassy Li2S-P2S5 exhibited Li deposition without 
Li metal penetration into the solid electrolyte.[12] There is thus 
strong motivation to develop amorphous monolithic glasses 
which combine the good chemical and electrochemical stability 
of oxides with the soft nature of sulfides.

Glasses have long been investigated as solid state electro-
lytes. LiPON is probably the best known glassy SE which has 
been widely studied and utilized in thin-film cells.[13] While its 
very low electronic conductivity has been proposed to be critical 
in inhibiting dendrite penetration at high current densities,[14] 
its low ionic conductivity (σi) of ≈10−6 S cm−1 limits its use to 
thin-film cells, not bulk solid state batteries.[15] Pivotal efforts 
have been made to transform garnet oxides into an amor-
phous glass via sputtering, but unfortunately the resultant 
ionic conductivity (≈10−8 S cm−1) again limits this approach 
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1. Introduction

All-solid-state batteries (ASSBs) are a promising next genera-
tion of lithium-ion batteries (LIBs) that offer increased energy 
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to thin-film batteries, at least to date.[16] Generally speaking, 
oxide-based glasses exhibit rather low conductivity but better 
stability, whereas principally only sulfide-based amorphous 
materials have achieved conductivities greater than 10−3 S cm−1, 
allowing them to be used in bulk-type cells. Nonannealed 
glassy Li2S-P2S5

[17] and Li2S-P2S5-LiI[18] exhibit conductivities of 
2.8 × 10−4 and 5.6 × 10−4 S cm−1, respectively, while 10−3 S cm−1 
is generally considered a benchmark for practical thick-electrode 
cells.[19] While sulfide glasses exhibit favorable mechanical 
properties and enable easy low-temperature processability, 
they suffer from moisture stability.[20] Oxysulfide glasses have 
been explored as a middle-ground to provide an acceptable 
compromise, but to date, only very limited amounts of oxygen 
have been incorporated in the glasses—for example, as lithium 
ortho-oxosalts (e.g., 4–5 mole % Li4SiO4, Li3PO4)[21,22]—without 
incurring a penalty in conductivity. Typically, amorphous glasses 
contain Li2S in addition to a network glass former and modifier 
such as P2S5, SiS2, or GeS2,[20,23] and lithium halide salts (e.g., 
LiX–X = Cl, Br, I)[24] to increase the lithium concentration. B2S3 
is also a glass former that was explored 20–30 years ago,[25–27] 
but has since received little attention. Most glasses are prepared  
by ball-milling (which is also utilized for Li2S-P2S5 glass-
ceramics) that can present limitations in terms of scale-up. In 
vitreous glasses which can be synthesized directly via a melt, 
the absence of any crystalline conduction pathways or particu-
late interfaces leads to isotropic ion mobility without any grain 
boundary resistance. The absence of grain boundaries should 
(in principle) disfavor dendrite formation, and dense films can 
be formed by a melt-quench approach.

Here, we report the synthesis of the first quaternary glass 
compositions that achieve lithium ion conductivities up to 
2 mS cm−1, thus meeting the target for utilization in a bulk-
type solid state cell. These lithium oxythioborate halide glasses 
(Li2S–B2S3–SiO2–LiI, or “LIBOSS”) are obtained directly from 
the melt, without ball-milling. Moreover, as a result of SiO2 con-
tent as high as 50 mole%, they exhibit low H2S evolution upon 
exposure to moisture under ambient conditions. The incorpora-
tion of the iodide provides a favorable interface with Li metal 
as demonstrated by stable stripping/plating in a symmetric 
cell, with polarization about 10 fold lower than β-Li3PS4. We 
utilize solid-state MAS NMR to correlate the structural entities 
in the glass with the significant changes in ionic conductivity 

as a function of SiO2 content. The incorporation of silica 
re-structures the thioborate network to enable much greater 
dissolution of LiI within the glass matrix, which increases both 
Li-ion concentration and mobility. These properties directly 
translate to excellent cell performance of an all-solid-state 
battery at room temperature that exhibits stable cycling for over 
130 cycles at room temperature with >99.9% capacity retention, 
and close to 100% Coulombic efficiency.

The quaternary compositions Li2S–B2S3–SiO2–LiI can be 
described by the general phase diagram shown in Figure 1. 
A wide range of compositions was examined to screen for 
glass forming ability coupled with good ion conductivity. The 
generalized formula (Li2S, B2S3, and LiI sum to 1)

+ + + →
+ + = ≤ ≤

+ +a y z x
a y z x

a z y x x a y zLi S B S LiI SiO Li B Si O S I ;
1; 0 1

2 2 3 2 2 2 2 3

 
(1)

provides a description of a single horizontal slice in the qua-
ternary phase diagram, as shown in Figure 1 (right). A line on 
the quaternary phase diagram in Figure 1 was explored using 
30Li2S•25B2S3•45LiI with variable SiO2 content (x), namely 30Li2 
S•25B2S3•45LiI•xSiO2 (Li1.05B0.5SixO2xS1.05I0.45). These com-
positions were found to be on the cusp of the glass forming 
region. The compositions in mole % can also be normalized to 
compare Li, O and S content (where the precursors sum to 1):
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2. Results and Discussion

2.1. Glass Forming Region and Conductivity

Glass precursors described above (Li2S, B2S3, LiI, and SiO2) 
were mixed in the targeted stoichiometric ratio, and melted 
in a crucible at 800 °C. As energy-intensive ball-milling is not 
required, melt processing achieves higher yields because all the 
material can be easily removed from the container. The product 
was extracted, ground and subjected to X-ray diffraction (XRD) 
analysis to map out the glass forming domain of the phase 
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Figure 1. Schematic of the quaternary phase diagram (left) with horizontal slices indicating the conversion from the normalized to a general 
representation (right; see the text for details).



www.advenergymat.dewww.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902783 (3 of 9)

diagram. The patterns shown in Figure 2A indicate that the 
x = 0 material, 30Li2S•25B2S3•45LiI, contains a significant 
contribution of crystalline LiI (≈28 wt% based on standard 
addition methods, see Figure S1 in the Supporting Information) 
despite this composition ostensibly being within the reported 
glass forming region (although no diffraction data were 
provided in the report[25,27,28]). Most importantly, the addition of 
even a small fraction of SiO2 (x = 0.125) dissolves most of the 
LiI into the glass owing to its strong network-forming ability. 
The small remaining reflections in the XRD pattern suggest 
that this composition is near the cusp of the fully amorphous 
glass forming domain. Between SiO2 fractions of x = 0.25 
and up to x = 0.75, all of the LiI is dissolved into the matrix 
evidenced by the lack of (or extremely weak) reflections in  
the XRD pattern. Analysis of the glass at x = 0.25 by induc-
tively coupled plasma methods confirmed a composition of  
Li0.85B0.39Si0.17O0.41S0.76I0.43), very close to that targeted  
(Li0.84B0.40Si0.2O0.4S0.84I0.36; see Table S1 in the Supporting Infor-
mation for details). The strong modification of the thioborate 

network by silica that enables the high fraction of dissolution 
of LiI may be explained by the formation of tetrahedral SiS4 
moieties (as observed by 29Si NMR, see below), which act as 
“glass-expanders” to create additional free volume that accom-
modates the LiI. This is discussed in detail later in the section 
on local structure. Beyond a critical concentration (x = 0.75), 
however, the solubility limit of LiI (and SiO2) is reached and 
their exsolvation is observed as minority crystalline phases. 
Outside of the glass region from 0.25 ≤ x ≤ 0.75, the material 
can be regarded as a composite or glass ceramic. The incor-
poration of SiO2 also results in materials that exhibit suitable 
moisture stability (see below), which is a common drawback of 
pure sulfide-based solid electrolytes, whether they be glasses or 
ceramics.

The trend in ionic conductivity determined from 
electrochemical impedance spectroscopy (EIS) is displayed 
in Figure 2B, and the compositions and their respective 
conductivities are summarized in Table 1 (see Figure S2 for 
corresponding Nyquist plots). Only a small fraction of SiO2  
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Figure 2. A) XRD patterns indicating the glass forming region of the compositions Li1.05B0.5SixO2xS1.05I0.45 where 0 ≤ x ≤ 1. Peaks corresponding to 
LiI and SiO2 are shown as labeled. B) Room temperature conductivity, activation energy, and pre-exponential factor for Li1.05B0.5SixO2xS1.05I0.45 where 
0 ≤ x ≤ 1.

Table 1. Summary of room temperature conductivity and activation energy for the compositions Li1.05B0.5SixO2xS1.05I0.45 for 0 ≤x ≤ 1.

Composition (generalized) SiO2 (x-value) Composition (normalized) Room temp. conductivity [mS cm−1] Activation energy [eV]

30Li2S • 25B2S3 • 45LiI 0 Li1.05B0.5S1.05I0.45 0.53 0.35

30Li2S • 25B2S3 • 45LiI • 12.5SiO2 0.125 Li0.93B0.44Si0.11O0.22S0.93I0.4 1.6

30Li2S • 25B2S3 • 45LiI • 25SiO2 0.25 Li0.84B0.40Si0.2O0.4S0.84I0.36 2.1 0.33

30Li2S • 25B2S3 • 45LiI • 37.5SiO2 0.375 Li0.76B0.36Si0.27O0.55S0.76I0.33 1.4

30Li2S • 25B2S3 • 45LiI • 50SiO2 0.5 Li0.70B0.33Si0.33O0.67S0.7I0.3 1.0 0.35

30Li2S • 25B2S3 • 45LiI • 62.5SiO2 0.625 Li0.65B0.31Si0.38O0.77S0.65I0.28 0.92

30Li2S • 25B2S3 • 45LiI • 75SiO2 0.75 Li0.60B0.29Si0.43O0.86S0.6I0.26 0.94 0.35

30Li2S • 25B2S3 • 45LiI • 82.5SiO2 0.825 Li0.56B0.27Si0.47O0.93S0.56I0.24 0.43

30Li2S • 25B2S3 • 45LiI • 100SiO2 1.0 Li0.53B0.25Si0.50OS0.53I0.23 0.18 0.36
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is sufficient to increase the lithium ion conductivity from 
0.5 mS cm−1 (x = 0) to 1.6 mS cm−1 (x = 0.125). An optimal 
and quadrupled (with respect to x = 0) value of 2.1 mS cm−1 is 
reached at a silica content of x = 0.25 (“LIBOSS-25”) where no 
features are visible in the XRD pattern. Although nanodomains 
of LiI may still exist, these would be below the scattering length 
that diffraction is able to probe. In order to verify that ionic con-
duction is dominant, DC polarization measurements were per-
formed on this composition, determining a low electronic con-
ductivity on the order of 10−9 S cm−1 (see Figure S3, Supporting 
Information, for representative I–V curves). Scanning electron 
microscopy (SEM) images and their respective energy dispersive 
X-ray (EDX) analysis (Figure S4), and scanning transmission 
electron microscopy (STEM) analysis with the accompanying 
electron energy loss spectra (EELS) (Figure S5), indicate that 
LIBOSS-25 possesses uniform elemental homogeneity, at least 
on the submicron scale. As the silica content increases above 
x = 0.25 the ionic conductivity decreases, but minority crystal-
line phases are significantly less than what is observed even 
for the x = 0.125 composition. A conductivity of 0.9 mS cm−1  
is still maintained up to x = 0.75. Beyond x = 0.75, crystal-
line SiO2 and LiI are observed in the XRD patterns, signaling 
the limit of SiO2 solubility in the 30Li2S•25B2S3•45LiI•xSiO2 
 compositional range. At x = 1 we see a drop in conduc-
tivity to 0.18 mS cm−1, in part owing to the lower Li+-ion 
concentration/unit volume. Notably, the glass compositions 
from 0.25 ≤ x ≤ 0.75 encompass very high oxygen: sulfur 
ratios—more than to 1:1—yet still maintain conductivity of 
1 mS cm−1. Typically, oxygen substitution in sulfides decreases 
the ionic conductivity quite significantly owing to stronger 
electrostatic attraction of the Li ions to the more polarizable 
O2− anions. Most prior reports of oxygen substitution in sulfide 
glass, glass ceramic, and crystalline materials have reported 
low O:S ratios of ≈1:5 to maintain conductivity of this order of  
magnitude.[21,22] In principle, more oxygen can be incorpo-
rated into a sulfide glass in comparison to a crystalline material 
owing to the large difference in size between the two chalcoge-
nide anions (ionic radii of 1.4 Å for O2− and 1.8 Å for S2−), and  
the rigid structural requirements of a crystalline lattice. One 
of the highest oxygen contents in a crystalline sulfide that has 
been reported is for Li9.42Si1.02P2.1S9.96O2.04, that exhibits a con-
ductivity of 0.32 mS cm−1.[29] In a glass, one is also limited by 
the solubility of the oxide, but the constraints are fewer.

The temperature dependence of the ionic conductivity for 
all the compositions was examined and found to obey the 

Arrhenius law of the form 
T

o
E

kT
a

σ σ=
−

e  in the investigated tem-

perature range (see Figure S6 in the Supporting Information, 
for Arrhenius and Nyquist plots). Figure 2B shows there is no 
clear dependence of the activation energy on the oxygen con-
tent in the halosulfide glass. Even at the x = 0.5 composition 
where the S:O ratio is ≈1:1, the activation energy (0.35 eV) is 
the same as x = 0 (see Table 1). There is only a very weak cor-
relation between activation energy and conductivity unlike that 
observed for most ion conductors.[30] The prefactor σo of the 
Arrhenius equation can be described as
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where σo is composed of the Boltzmann constant kB, a geomet-
rical factor z, the density of mobile charge carriers n, the charge of 
the ions Ze, the entropy of migration ΔSm, the jump distance ao,  
and the jump frequency νo. We also note that in the glass regime 
from 0.25 ≤ x ≤ 0.75, the pre-exponential factor does not scale 
with the activation energy, unlike the case for some other fast-ion 
conductors which do follow the Meyer-Neldel rule.[30,31] In sum-
mary, the increase in conductivity from x = 0 to 0.25 is explained 
by the increase in density of Li-ion carriers as more LiI is solu-
bilized into the glass matrix; in turn, the subsequent decrease in 
conductivity and prefactor (x > 0.25) can be ascribed to a com-
bination of decrease in the carrier density (n) and the jump fre-
quency, νo. The composition at x = 0.25 represents an optimum.

The thermal stability of the glass can be characterized by the 
softening (glass transition) temperature (Tg) and the stability 
against crystallization, which is measured by the temperature 
difference of the onset of crystallization (Tx) and Tg. Differential 
scanning calorimetry (DSC) studies of the compositions show 
that for x = 0, the Tg is observed at 267 °C, with a subsequent 
Tx at 272 °C (corresponding to LiI crystallization). A large endo-
thermic peak corresponding to melting (Tl) occurs at 374 °C, 
which is melting of the exsolved LiI and not the glass itself. 
Upon incorporation of SiO2 into the network, there is only a 
small increase in Tg of about 30 °C (Figure S7) up until x = 0.5. 
The maximum value of Tg, 300 °C, is only a little higher  
than that of the classic thiophosphate glass ion conductor, 
0.30P2S5-0.70Li2S (212 °C).[32] The fact that there is a linear 
correlation between the softening temperature and the elastic 
(Young’s) modulus[33] is in accord with our observations that 
both the thiophosphate and these oxythioborosilicate glasses 
are easily pelletized and relatively ductile. Both Tx and Tl are 
increased by about 60 °C, and the thermal stability of each 
composition is summarized in Table S2 (Supporting Informa-
tion). In effect, silica incorporation into the glass increases the 
thermal stability parameter, ΔTx (Tx − Tg) from 5 (at x = 0) to 36 
(at x = 0.5), implying that the modified glass has greater sta-
bility with respect to the crystallization of its vitreous structure.

The incorporation of oxygen into the glass matrix also 
significantly improves stability to hydrolysis in moist air that 
produces H2S. Figure 3 shows the results of monitoring H2S 
evolution from pelletized samples of two glass compositions 
(x = 0.25; 0.5) subjected to ambient air exposure over the 
period of 3 h (relative humidity; RH ≈ 30–35%). The results 
are compared with those of two other well very known fast-ion 
conductors, Li7P3S11 and β-Li3PS4 (see the Supporting Informa-
tion for details on synthesis). The latter, with an average con-
ductivity of σi = 0.2 mS cm−1, was prepared via a solution route 
because the β-polymorph is not stable at room temperature.[34] 
It showed no H2S evolution under these conditions, likely due 
to residual organic solvent in the material arising from its low 
processing temperatures that aid in stabilizing the material. 
As anticipated, Li7P3S11 exhibits poor stability, showing rapid 
H2S evolution that reached more than 200 ppm after 100 min. 
At this point, the experiment was curtailed because the levels 
surpassed the limits of the detector. In contrast, the two glass 
compositions were much more stable to moisture. H2S evolu-
tion from the more oxygen-rich glass (x = 0.5) was negligible, 
and comparable to nanoporous β-Li3PS4. The glass with the 
lower oxygen content (LIBOSS-25) exhibited slightly higher  

Adv. Energy Mater. 2020, 1902783
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H2S evolution, but this was relatively stable—unlike Li7P3S11—
and even decreased over the monitoring duration possibly due 
to the formation of a passivating layer on the surface. Since lith-
ium-ion batteries are processed under dry-room conditions with 
significantly lower moisture (typically < 1% relative humidity), 
these results obtained under more extreme conditions indicate 
that by tuning the SiO2 content, the thioborosilicate glasses pro-
vide an acceptable middle ground for moisture sensitivity.

2.2. Local Structure

A combination of 11B, 29Si and 7Li fast spinning MAS NMR, 
and Raman spectroscopies described below, conducted on 
three compositions (x = 0, 0.25, 0.5) reveal that addition of SiO2 
results in partial fragmentation of the Li-B-S network when it is 
added as a secondary glass former to the Li2S-B2S3-LiI matrix.

The high-field, fast MAS 11B NMR spectra reveal a multi-
tude of peaks that can be assigned to specific moieties based 
on known assignments in the literature,[35,36] as depicted in 
Figure 4A. Boron in a tetrahedral sulfur environment typically 
appears at a range of chemical shifts from −3 to 7 ppm, and the 
presence of bridging S at the apices shifts the signal to lower 
frequency.[37] Accordingly for the x = 0 composition, we assign 
the intense symmetric peak at −2.9 ppm to BS4 with two to  
four BS (“bridging sulfur”) at the apices, while the slightly 
higher frequency neighboring peak at −0.5 ppm corresponds to 
either isolated BS4 tetrahedra or BS4 with one bridging sulfur. As 
more SiO2 is added to the matrix (x = 0.25 and 0.5), the relative 
intensities of the two peaks swap. Thus, the BS4 tetrahedra 
play less of a bridging role when SiO2 is incorporated, favoring 
the formation of more isolated or network terminating (one 
BS) tetrahedra. The increase in the number of nonbridging 
sulfur (NBS) moieties generates smaller inorganic units, and 
increases the solubility of LiI in the matrix (hence increasing 

the Li ion carrier density in the glass). The ratio of tetrahedral 
B to trigonal B units is high in the absence of SiO2 addition, 
while the fraction of mixed oxy-sulfide trigonal boron units 
(BOS2/BO2S) increases with SiO2 content. There is a preference 
for the BO3 moiety as boron has a stronger affinity for oxygen 
compared to sulfur. When the SiO2 content is high (x = 0.5), 
isolated BO3 units (at 15 ppm), and BO3 groups with multiple 
bridging oxygen anions (at 11 ppm) become more prominent.

The 29Si NMR (Figure 4B) spectra show that the ratio of 
the SiS4 (7 ppm) signal to that of the SiOS3 (−4.5 ppm)[22,38,39] 
slightly increases for x = 0.5 compared to x = 0.25. Therefore, 
by increasing the SiO2 content in the overall composition, the 
fraction of SiS4 structural units in the glass increases relative 
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Figure 3. H2S evolution from pelletized β-Li3PS4, Li7P3S11, LIBOSS 
(x = 0.25), and LIBOSS (x = 0.5) upon exposure to ambient air.

Figure 4. MAS NMR of the compositions LiB0.5SixO2xSI0.5 for x = 0 
(blue), 0.25 (orange), and 0.5 (green). A) 11B with an inset showing the 
trigonal peaks from 5 to 75 ppm, the entire spectral width can be found 
in Figure S11 (Supporting Information); B) 29Si; C) 7Li. The asterisk 
indicates spinning sidebands.
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to the SiOS3 units. While this may seem counterintuitive, 
a more negative ΔG of formation for B2O3 versus SiO2 again 
suggests that because boron has a stronger affinity for oxygen 
compared to sulfur, the sulfur preferentially bonds with silicon. 
This is in accord with the increase in the trigonal boron units 
(B(S/O)3) as a function of higher oxygen content observed in 
the 11B spectra, that are predominantly oxygen based. The con-
version of a glass with predominantly BS4 units at x = 0 to a 
significant fraction of larger SiS4 units at x = 0.5 (a 1:1 ratio, 
based on the normalized composition, Table 1) is anticipated 
to expand the free volume of the glass. This is proposed to be 
responsible for the dissolution of the significant concentrations 
of LiI. The results from the 29Si NMR and 11B spectra also cor-
relate well with the results of Raman spectroscopy, where a 
variety of tetrahedral silicon and both trigonal and tetrahedral 
boron species are found to be present in the glass (Figure S8, 
Supporting Information).

7Li NMR (Figure 4C) spectra exhibit two major features in 
all cases. The peak at −4.5 ppm is assigned to LiI,[40] and for 
the composition without any SiO2, its peak intensity is high. 
This correlates with the observation of about 28 wt% LiI in 
the XRD pattern (Figure 2A). The 7Li NMR peak near 0 ppm 
corresponds to Li in an environment next to either nonbridging 
sulfur (x = 0) or a mixture of sulfur/oxygen (x = 0.25, 0.5).[41] 
It shifts slightly to lower frequency with increasing oxygen 
content as expected for a more “ionic” interaction between the 
Li and the glass network. At x > 0, as the LiI becomes solubi-
lized, a shoulder on this peak appears at −0.5 ppm that may 
reflect Li in a slightly more ionic environment (i.e., in the 
vicinity of I− within the glass matrix). The 0 ppm peak under-
goes very substantial motional narrowing with the addition of 
SiO2, indicating a dramatic jump in the local Li-ion mobility. 
We note that at x = 0.5, the small decrease in line width sug-
gests more motional narrowing of the 7Li MAS signal, despite 
the lower ionic conductivity of this composition. Of course, 
the Li-ion carrier density is lower for the more SiO2-rich glass, 
and NMR is a local probe of Li-ion hopping, not of long-range 
conductivity. Local phase segregation may also occur within the 
x = 0.5 glass. For x = 0.25 and 0.5, even though LiI is not evident 
in the XRD patterns, a small peak is still present in the NMR 
spectra, which exhibits a larger ratio relative to the major peak 
at 0 ppm for x = 0.5. This may indicate the increasing presence 

of nanoaggregates of LiI, whose domains are below the scat-
tering length that can be probed by XRD but are nonetheless 
present in the glass, as postulated by Vinatier et al.[41] Such 
nanoaggregates would hinder the ion conduction on a macro-
scopic scale, irrespective of the local lithium ion mobility.[41]

Overall, the effect on the local structure by adding SiO2 to the 
matrix is to increase the fraction of nonbridging sulfur/oxygen 
(NBS/NBO) anions relative to their bridging sulfur/oxygen 
(BS/BO) counterparts, resulting in smaller inorganic-polymer 
units. These smaller inorganic units allow for a greater degree 
of freedom of the glass network, and more terminal chal-
cogenide anions, that in turn, we suggest generates a higher 
fraction of mobile Li+ ions. Beyond x = 0.25, the observed 
decrease in Li-ion conductivity is correlated to the formation 
of structural units with nonbridging sulfur/oxygen. The ionic 
character of the structural entities likely dominates, resulting 
in greater electrostatic attraction of the Li ions to their sites 
near the nonbridging chalcogen, and reducing their mobility. 
This would give rise to a decrease in the jump frequency (see 
above). While resolving the structure of amorphous materials is 
a longstanding challenge, the combination of NMR and Raman 
spectroscopies is a very useful local probe. Techniques such as 
ab initio molecular dynamics coupled with neutron pair distri-
bution function (PDF) analysis have also proven to be powerful 
tools for elucidation of the local structure in LiPON.[42] These 
methods, along with detailed NMR studies of Li diffusion will 
be employed in subsequent studies to gain a better under-
standing of ion conduction in these oxysulfide glasses.

2.3. Electrochemical Studies

Interfacial reactivity of solid electrolytes with lithium metal 
is typically evaluated using a combination of electrochemical 
impedance spectroscopy (EIS) in conjunction with galvano-
static cycling measurements of symmetric Li | solid electrolyte 
| Li cells, as reported for Nb-doped Li7La3Zr2O12 (LLZO) where 
the increase in impedance over time demonstrated that Nb 
reduction occurs.[43] Such studies of pressed pellets (≈0.12 cm 
thick) of LIBOSS-25 in symmetric Li|solid-electrolyte|Li cells 
were conducted here and compared to nanoporous β-Li3PS4 
as an electrolyte (Figure 5A).[34] The cells were prepared and 
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Figure 5. A) Galvanostatic cycling of Li symmetric cells run at 25 °C using β-Li3PS4 (red lines) and LIBOSS-25 glass (black lines) at 0.1 mA cm−2 to a 
capacity of 0.05 and 0.1 mAh cm−2, respectively. B) EIS measurements of the cell resistance change due to SEI formation, monitored every 5 cycles at 
an applied voltage of 100 mV.
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galvanostatically cycled at a current density of 0.1 mA cm−2 to 
an areal capacity of 0.1 and 0.05 mAh cm−2, respectively. Simul-
taneously, the resistance of the cell was measured every 5 cycles 
using EIS, Figure 5B (see Figure S9 in the Supporting Infor-
mation for the corresponding Nyquist plots). The LIBOSS glass 
exhibits stable cycling for 110 h with one-tenth the polarization 
voltage (10 mV) of β-Li3PS4 (100 mV), in large part owing to the 
much higher ionic conductivity of the glass. The resistance of 
the β-Li3PS4 cell appears to fluctuate but tends toward higher 
resistance over cycling, in good accord with findings reported 
elsewhere for Li symmetric cells.[34] This increasing resistance 
has been attributed to the formation of a passivating interphase 
composed of Li2S and Li3P.[44] Because of this, β-Li3PS4 has been 
widely regarded as one of the most stable solid-electrolytes with 
Li metal, by comparison to other well-known materials.[11,45,46] 
The stripping/plating performance of the LIBOSS glass is mark-
edly improved over the β-Li3PS4 cell which shows an increase 
in resistance over this period (Figure 5B). This effect may stem 
from the incorporation of LiI, which has been shown to have 
stabilizing effects vis-a-vis Li metal, whether incorporated into 
a glass such as Li3PS4-LiI,[19] or a crystalline material.[47,48]  
Naturally, one cannot also expect an iodide-containing material 
to be oxidatively stable to high potential; in this context, solid 
state cell designs employing coated high voltage cathode mate-
rials, or dual solid electrolytes—one stable at high potential and 
one stable at low potential—may be the most suitable option.[49]

A bulk-type all-solid-state cell was assembled using the 
x = 0.25 LIBOSS glass electrolyte. The electrolyte layer was sand-
wiched between the anode and a TiS2 composite cathode (1:1 
TiS2 and LIBOSS; this cell configuration is simply used to dem-
onstrate the applicability of the electrolyte in a full cell, rather 
than to optimize a solid-state cell with high energy density). 
Li-In was used as a test negative platform owing to its robust-
ness to dendrite formation over the long cycling duration, as 
non fully-densified glass pellets were utilized as the electrolyte 
instead of a monolithic melt-cast glass. The cells were charged 
and discharged at C/10 in the voltage range 0.9–2.4 V vs Li–In 
(1.5 to 3 V vs Li) at room temperature (≈25 °C). Figure 6A shows 
that upon the first cycle charge at 2.7 V vs Li, a tiny irreversible 
capacity (6 mAh g−1) is evident that we attribute to initial elec-
trolyte oxidation at the cathode interface. The potential is sim-
ilar to that observed in thiophosphate-based electrolytes, where 
S2− undergoes oxidation.[10,50] This process is more clearly seen 

in the corresponding dQ/dV plots in Figure S10, where the fea-
ture at 2.15 V vs Li-In exhibits a rapid drop in intensity after 
the first cycle and completely disappears by cycle 10, suggesting 
the formation of a stable cathode-electrolyte interface. After the 
first cycle, the cell shows excellent cycling performance at C/10, 
with virtually no capacity fade over three months of cycling. 
The cell maintains a capacity of ≈239 mAh g−1 (TiS2 theoretical 
capacity: 240 mAh g−1) for more than 130 cycles (cycling still in 
progress) with high coulombic efficiencies of 99.9% on average 
(Figure 6B). Rate capabilities on an identical all-solid-state cell 
cycled within the same voltage range and at 25 °C are shown 
in Figure 6C. Initially, the cell cycled at C/5 achieves a capacity 
of 213 mAh g−1, which represents 90% capacity retention on 
doubling the current density. On subsequent increase of the 
current density to a 1C rate, 75% of the capacity is retained and 
the capacity is fully recovered upon returning to the initial C/5 
rate. This performance augers well for further development of 
such glasses and their future implementation in high energy 
density solid state batteries.

3. Conclusions

In summary, we report a new class of vitreous lithium 
oxythioborosilicate  halides that are prepared directly from a 
melt. This method improves scalability and (in principle), can 
allow for roll-casting from vitreous sheets in the future if dry 
room conditions could be employed. Contrary to the popular 
belief that oxygen doping reduces ionic conductivity in sulfide-
based materials due to the less polarizable anion sublattice, 
we show here that fast ion conduction is possible even up to 
levels of 30–40 mole percent silica. These new glasses exhibit 
ionic conductivities up to 2 mS cm−1, one of the highest for any 
known lithium-ion conducting glasses. This is further coupled 
with improved moisture stability with increasing SiO2 content, 
and in comparison with other well-known solid state ion con-
ductors. The origin of the rise in conductivity is elucidated by 
an understanding of the structural units present in the amor-
phous matrix. A delicate balance is achieved between the cova-
lent network composed of BS/BO and the NBS/NBO units that 
are required for fast ionic conduction. An optimized fraction of 
mobile lithium cations is achieved at the x = 0.25 composition 
due to the partial fragmentation of the glass chains. As initial 
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Figure 6. A) Charge–discharge curves of Li-In/LIBOSS/TiS2 all-solid-state cell cycled at C/10 at 25 °C, and B) cycling performance of the cell at C/10 
at 25 °C; C) rate capability study; D) cycling data at 60 °C at a 1C rate.
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proof-of-concept, an all-solid-state battery with a TiS2 cathode 
and LIBOSS (x = 0.25) electrolyte shows near theoretical 
capacity with extremely stable cycling for over 130 cycles. This 
promising material class with its enhanced material properties 
make it a strong candidate for use in all-solid-state lithium  
batteries. Furthermore, although here we report on a selected 
part of this quaternary phase diagram, we anticipate the 
concept will extend to a broader scope that includes alternative 
halides and glass forming oxides, leading to a new avenue in 
the development of solid electrolytes for all-solid-state batteries.
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