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iodine anions in the glass phase. Cells containing NMC
cathodes, Li−In alloy anodes, and LBS-LiI as the separator
cycled stably at theoretical capacities up to 6.37 mAh cm−2 at
0.1C. Our results provide a deeper understanding of the ion
conduction mechanisms in LBS and methods to improve
conductivity as well as validation of the relevance of LBS, a
nascent class of electrolytes, as solid-state battery separators.

■ RESULTS AND DISCUSSION
The LBS samples were made by a 2 h ball-milling step to form
a homogeneous mixture followed by a 2 h sintering step at 800
°C. The reactions were quenched from 800 °C into liquid
nitrogen to isolate any high-temperature phases and produce a
glass-ceramic electrolyte (Figure 1a). We synthesized electro-

lytes varying the molar amounts of LiI from Li10B10S20-0LiI to
Li10B10S20-4LiI (for example, Li10B10S20-2LiI would have a 10:1
molar ratio of S/I). To determine the solubility limit of I− in
Li10B10S20, we synthesized LBS-3LiI, LBS-3.25LiI, LBS-3.5LiI,
and LBS-4LiI and analyzed each using XRD. LiI reflections
began to appear at 3.5 LiI, signaling that the solubility limit of
LiI in Li10B10S20 is between 3.25 and 3.5 LiI (Figure S1). In
this work, we focused on four electrolytes: no LiI (pure
Li10B10S20), LBS-LiI, LBS-2LiI (below the LiI dissolution
limit), and LBS-4LiI (above the LiI dissolution limit).

XRD combined with Pawley refinement confirmed that each
electrolyte was structurally similar to Li10B10S20 (Figure 1b).
Only Pawley refinement could be carried out (Figure S2),
rather than Rietveld refinement, due to the high amorphous

Figure 1. Synthesis and XRD characterization of our electrolytes. (a) Synthesis via ball milling and sintering in an evacuated quartz ampule. (b)
XRD data of the four main electrolytes of interest. (c) Unit cell volumes determined by Pawley refinement against the XRD data.

Figure 2. (a) Pair distribution function (PDF) of all electrolytes, compared to the simulated data from the literature. (b) The 3D structure of the
Li10B10S20 unit cell with atom−atom distances color-labeled and corresponding to peaks in the PDF data (3D structure produced in VESTA
software using original data from ref 7). (c) PDF with peaks labeled with the colors shows for the atom−atom distances in the structure in panel
(b).
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content, low intensity of the peaks, and poor match of the
reference structure to ours.7 Both XRD peak locations and
intensities were dissimilar from the literature, suggesting that
we made a related but not identical material to the Li10B10S20
reported previously. LiI could not be fit to the data for LBS,
LiI, or 2LiI, suggesting that Li+ and I− from dissociated LiI
were incorporated into the material. Unit cell dimensions and
volumes could be extracted from the Pawley refinement, and
unit cell volume increases significantly between LBS and LBS-
LiI, with smaller increases with more LiI addition after LBS-LiI
(Figure 1c, Table S1). Additionally, the amount of amorphous
LBS material increases as LiI increases, which is evident from
the increase in the size of the amorphous hump centered at
∼12° and the decrease in LBS reflection intensity.

Pair distribution function (PDF) measurements were taken
of the four electrolytes to understand the local structure and
character of the atom−atom distances of the materials (Figure
2a). The data were fit to the Li10B10S20 structure, and LiI could
be fit to the data only in the 4LiI sample (Figure S3),
confirming the same conclusion from the XRD data. From the
literature single-crystal structure (Figure 2b),7 atom−atom
distances within single B10S20 supertetrahedra were matched to
peaks in the PDF data. The peaks in the supertetrahedra do
not broaden, indicating no increase in disorder within the
structure or wider distribution of atom−atom distances,17

implying that iodine does not substitute for sulfur in the
supertetrahedra. The intensities of the peaks within the
supertetrahedra (for example, 1.76, 3.15, and 5.40 Å) decrease
with increasing LiI content. Decreased intensity in PDF could
be due to a decrease in the coordination number of the atoms
in the corresponding pair and lower volume fraction of
Li10B10S20 relative to the glassy species, which generally have
less coherence and lower intensity in PDF.18 A decrease in
coordination of the atoms in the corresponding pair would
suggest replacement of supertetrahedra in the crystalline
Li10B10S20 phase, consisting of BS4

3− tetrahedra where each
sulfur is shared by neighboring BS4

3−, with BS4
3−, B2S7

4−, and
B2S6

4− in the glassy phase, where there are relatively more
isolated BS4

3− tetrahedra with sulfur atoms that have fewer
coordinations.19 B2S7

4− and B2S6
4− also have a greater negative

charge, which would compensate for the addition of Li+ ions
from LiI.19 Previous reports on other classes of solid
electrolytes also indicate the breakdown of large crystalline
units into small glassy units, in many cases corresponding to a
decrease in the intensity of correlations in PDF.19,20,21,22,23

With increased iodine content, new peaks appear at ∼2.1−2.8
and ∼ 3.6−5.1 Å, which are not distances that exists in the
Li10B10S20 unit cell and are absent in the simulated Li10B10S20.
We hypothesize that this could correspond to atom−atom
distances involving iodine; however, without atomic locations
of the structure, it is not possible to confirm this.

To elucidate the local structure in the synthesized materials,
11B and 6Li MAS NMR experiments were conducted. For all
samples, the majority of 11B signal intensity is within two
overlapping resonances located around 0 ppm (Figure 3),
which can be assigned to the edge and corner tetrahedra within
the B10S20 supertetrahedra unit. The expected ratio of
edge:corner BS4

3−tetrahedra in the B10S20 supertetrahedra
would be 6:4.24 However, in these data, the relative ratio of
corner tetrahedra resonances increases with more LiI, from
32% corner tetrahedra for LBS to 45% corner tetrahedra for
4LiI. Less than 40% corner tetrahedra are observed for the LBS
sample, likely owing to the B10S20 supertetrahedra being

connected by the corner tetrahedra in the unit cell. This
finding supports the analyses of the XRD and PDF data that
suggest the breakdown of the supertetrahedra into smaller
units such as isolated BS3

4 and B2S7
4−, which have only corner

tetrahedra.
More 11B resonances can be seen at higher 11B chemical

shifts (δ(11B)). To further deconvolute these signals and their
quadrupolar couplings (CQ), triple quantum magic angle
spinning (3QMAS) NMR experiments were conducted on
each of the materials (Figure S4). MQMAS allowed us to
distinguish three main distinct regions, corresponding to a
BS3

3−coordination region (70−50 ppm), a BO3/BSO2/BS2O
coordination region (50−10 ppm), and a BS4

3− coordination
region, which was described earlier (10 to −10 ppm).25,26 The
BS4

3− region is the majority of the signal at 73−77%, followed
by BS3

3− at 12−16%, and the oxygen-containing region is 9−
12% (Tables S2−S4). The high percentage of oxygen-
containing species is indicative of the difficulty of keeping
LBS materials oxygen-free. There is no trend between the LiI
content and the relative areas of these regions, although with
increasing LiI, both BS4

3− peaks shift to a lower ppm.
To gain more information about the Li+ substructure, 6Li

MAS NMR spectra were recorded (Figure S6). Here, two
peaks can be observed for all four electrolytes: one broad peak
at higher δ(6Li) and one sharp peak at lower δ(6Li). In the 4LiI
sample, an additional resonance around −4.0 ppm can be
observed, which is assigned to LiI. The presence of the LiI side
phase in this sample is consistent with the XRD and PDF
results. As there are very few previous literature reports on
similar structures, the assignment of 6Li signals is challenging.
However, similarly to 11B MAS NMR, resonances shift to
lower δ(6Li), suggesting increased electron density around the
Li atoms and thus increased coordination of the Li to S/I in
the material.

Raman spectroscopy was also performed to identify the
glassy and crystalline phases in these materials (Figure S7).

Figure 3. 11B solid-state NMR reveals changes in boron structure. (a)
Deconvoluted 11B MAS NMR data for resonances in BS4

3−

environments recorded at 11.75 T with an MAS frequency of 25.0
kHz. (b) B10S20 supertetrahedra unit with tetrahedra colored
according to NMR signal assignment.
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While no exact spectra has been taken of LBS glass-ceramics
prior to this work, similar studies have been undertaken in glass
Li2S-B2S3,

27,28 glass and ceramic lithium thiophosphate,23,29,30

and sodium thioborate31,32 systems, to which we can compare
our system. Although the exact assignment of each peak poses
a challenge due to the coexistence of many species, the region
from 411 to 535 cm−1 can be assigned to the various glassy,
noncrystalline species such as free BS3

3− (433 cm−1) and
B2S5

2− or BS4
3− (497 cm−1).28,31,32 The remainder of the data

can be attributed to the crystalline phase.34 The crystalline
regions remain roughly the same in area between the SSEs, but
there is a clear increase in area of the glassy region.

Electrochemical impedance spectroscopy (EIS) was con-
ducted to understand the impact of LiI on the ionic
conductivity of the electrolytes. LBS, LBS-LiI, LBS-2LiI, and
LBS-4LiI had 25 °C ionic conductivities of 0.177 ± 0.054,
0.248 ± 0.017, 0.350 ± 0.059, and 0.416 ± 0.044 mS cm−1,
respectively (Figure 4a,b). Activation energies (Eas) of LBS,
LBS-LiI, LBS-2LiI, and LBS-4LiI were calculated to be 0.366 ±
0.005, 0.356 ± 0.004, 0.352 ± 0.002, and 0.345 ± 0.002 eV,
respectively (Figure 4c, Figure S8). The −100 °C EIS data
were fitted using an equivalent circuit model to represent two
ion processes with two serial elements containing a resistor in
parallel with a constant phase element and in series with a

Figure 4. (a) 25 °C EIS data in pouch cells. (b) 25 °C ionic conductivity (mS cm−1) of all electrolytes. (c) Activation energies (eV) of all
electrolytes.

Figure 5. (a) SEM cross section of the cell using LBS-LiI as an anode-facing separator, Li3YCl6 as a cathode-facing separator, and an NMC-Li3YCl6
composite cathode. EDS is shown on the right. (b) Specific capacity vs cycle of 0.1C cycling of cells with 1.27, 3.18, and 6.37 mAh cm−2 capacity.
(c) Specific capacity vs cycle of rate-dependent cycling of cells with 1.27, 3.18, and 6.37 mAh cm−2 capacity.
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constant phase element (representing nonideal diffusion)
(Figure S9, Table S5). The Brug capacitance of the first
process is ∼1.6 × 10−10 F, and the second is ∼7.4 × 10−11 F; in
this range of capacitances, both likely correspond to bulk
processes.33 The alpha value of both processes increases with
more LiI, signifying that LiI increases the homogeneity and
reduces surface roughness of the electrolytes, which can occur
even when samples are gold-sputtered.34,35

Saturation recovery 7Li NMR experiments were performed
to probe the local ion transport in the MHz regime. The
measurements reveal a single process with a maximum
relaxation rate around 510 K for all samples (Figure S11).
The average Ea value for this process is 0.278 ± 0.032 eV and
shows no significant change with LiI content. This is in
contrast to the deconvolution of the EIS data into two
processes, where the resistances of both processes decreased
with increasing LiI. Because NMR showed no such changes,
the ion conduction mechanism captured by these NMR
experiments is likely obscured in EIS by other ion conduction
mechanisms in the structure. This discrepancy could be
explained by different conductivities of intracage (short-range)
and intercage (long-range, bulk) Li+ jumps in the unit cell. EIS
measurements were taken at frequencies from 10 to 50 mHz,
capturing the slower intercage jumps, while NMR was taken at
116.64 MHz, capturing the rapid intracage jumps. Since the
data suggest that LiI is dissolved in the glassy phase and does
not substitute into BS4

3− tetrahedra, it appears that LiI impacts
primarily long-range intercage jumps and not intacage
jumps.36,37 Similar findings where ionic substitution impacts
intercage jumps but not intracage jumps have been reported
before.38 These combined findings suggest multiple ion
conduction pathways, and additional NMR dynamic measure-
ments at more extreme temperatures and different frequencies
would be required to extract the Ea of additional ion
conduction mechanisms.

Taken together, the XRD, PDF, NMR, and Raman data
indicate that LiI breaks into Li+ and I− ions, inducing the
formation of a glassy phase containing species such as free
BS4

3−, B2S7
4−, and BS3

3−, where each sulfur has lower
coordination than BS4

3− in the supertetrahedra. The Li+
from LiI in the electrolyte increases the overall Li+ content
in the electrolyte. The additional Li+ would be compensated by
negatively charged species such as B2S7

4− and B2S6
4− in the

glassy phase. The I− is also likely among the glassy phase,
where there could be weaker correlation of Li+ to I− than S2−,
accelerating Li+ transport. The increased glassy phase is
correlated here to faster bulk ionic conductivity.

To validate the utility of these SSEs in practical all-solid-
state batteries, we assembled cells using a LBS-LiI as a
separator. LBS-LiI was chosen as a representative example
electrolyte. Single-crystal LiNi0.8Mn0.1Co0.1O2 (NMC 811) was
used as the cathode active material, and a Li−In alloy foil was
used as the anode material. LBS-LiI performed poorly as a
catholyte when mixed with NMC (Figure S12), and Li2ZrCl6
was shown to be a good catholyte in combination with LBS
separators previously,9 so we proceeded to use Li3YCl6, a well-
studied halide catholyte that has performed well with sulfide
electrolytes.39 The utility of using a halide catholyte, which has
extremely small particle size compared to LBS electrolytes, can
be seen in the cross-sectional SEM; the rough LBS-LiI with
large and nonuniform secondary particle size would not
effectively contact the small NMC 811 single-crystal particles
(Figure 5a). In contrast, the cathode has a homogeneous

distribution of NMC and Li3YCl6 and intimate contact
between particles.

Cells with theoretical capacities of 1.27, 3.18, and 6.37 mAh
cm−2 were used to demonstrate cyclability at industrially
relevant capacity loadings. Cycled at 0.1C (0.127, 0.318, and
0.637 mA cm−2), 25 °C, and 40 MPa pressure, 1.27, 3.18, and
6.37 mAh cm−2 cells showed reasonable initial discharge
capacities of 185, 179, and 113 mAh g−1, respectively (Figure
5b). The specific capacity at the 50th cycle for all three cell
capacities ranged from 82 to 91 mAh g−1, indicating a
semistable decomposition of the cell during cycling. Rate-
dependent cycling showed similar results with 1.27 mAh cm−2

cells showing the best rate capabilities (Figure 5c).

■ CONCLUSIONS
In this study, we provide a comprehensive overview of LiI-
modified Li10B10S20, from structure to performance in cells. We
developed a rapid synthesis for these Li10B10S20 SSEs,
characterized the materials, and used one representative LBS
material in cells with NMC cathodes. The electrolytes were
found to be glass-ceramic with some local and long-range
order. XRD, PDF, Raman, and NMR indicate that addition of
LiI disrupts the supertetrahedra in the unit cell of Li10B10S20,
breaking the B10S20 into smaller, isolated BS4

3−, B2S7
4−, and

BS3
3− units in the glassy phase. The unit cell volume increased,

and crystallinity decreased with increasing LiI content. NMR
and EIS revealed multiple ion conduction mechanisms in the
unit cell, and bulk ionic conductivity increased with more LiI,
likely owing to the increasing Li+ from LiI, larger unit cell, and
higher glassy phase content. Because this is a relatively
understudied class of materials, it is not clear what structural
factor has the largest impact on ionic conductivity since
comparisons cannot immediately be drawn to other sulfur-
based SSEs. In-depth structural studies should be performed in
follow-up work to obtain precise lithium and iodine locations
and occupancies. Cells with NMC cathodes using LBS-LiI as
the anode-facing separator cycled stably at high theoretical
capacities up to 6.37 mAh cm−2, showing promise for these
electrolytes as SSEs. Our work demonstrates that with proper
optimization, the conductivity of LBS and other electrolytes
can be increased and proper cell design can enable stable
cycling of high-capacity batteries.

■ METHODS
LBS Synthesis. All materials were handled inside an argon

glovebox (O2 < 0.1 ppm, H2O < 0.5 ppm). Samples were synthesized
by ball-milling Li2S (Alfa Aesar, 99.9%), B (Merck, > 99%), S (Acros
Organics, 99.999%), and LiI (Thermo Fischer, 99%). Ball-milling was
carried out for 2 h in an argon atmosphere using 5 mm zirconia balls
with a 30:1 mass ratio of milling media:solids. The powders were
pelletized and placed into carbon crucibles and then placed in quartz
ampules that had been dried at 800 °C for 2 h. The ampules were
sealed under 100 mbar pressure and placed vertically in an oven. The
samples were heated using a 2 h rise to 800 °C followed by a 2 h dwell
at 800 °C. The samples were quenched in liquid nitrogen and brought
into an argon glovebox for use and characterization. Triplicate
syntheses were made to ensure repeatability of the synthesis.

Li3YCl6 synthesis. Li3YCl6 was made by ball-milling LiCl
(ChemPur, 99.99%) and YCl3 (Alfa Aesar, 99.999%) in a
stochiometric ratio. Ball-milling was carried out for 300 h alternating
10 min milling with 10 min rest in an argon atmosphere using 5 mm
zirconia balls with a 30:1 mass ratio of balls:solids.

Electrochemical Measurements. All cells were assembled in a
custom-made cell consisting of a PEEK cylinder with an inner
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diameter of 10 mm surrounded by a brass casing. Stainless-steel
stamps were used as current collectors.40

EIS. Pellets of ∼100 mg were densified under 330 kN for 1 h in an
isostatic press, sputtered with gold on both sides, and sealed in pouch
cells. Measurements were taken on an Alpha-A impedance analyzer
from Novocontrol Technologies. EIS was taken from −100 to 60 °C
with no external pressure applied. A frequency range was 10−50 mHz.
To extract bulk resistances, data were fit using a simple R1/
CPE1+R2/CPE2+CPE3 model using Relaxis software.

Ionic conductivity was calculated using the equation given below
(eq 1):

=
·
L

A R (1)

σ is the ionic conductivity (S cm−1), L is the pellet thickness (cm),
A is the pellet area (cm2), and R is the resistance (Ω).

Activation energies (Ea) were calculated using the Arrhenius eq (eq
2):

=T e E k T
0

/a b (2)

σ is the ionic conductivity (S cm−1), σ0 is the pre-exponential
factor, Ea is the activation energy (kJ mol−1), T is the temperature
(K), kb is the Boltzmann’s constant (J (mol K)−1).

The capacitance of both ion processes was calculated using the
Brug formula (eq 3) to account for the effect of the surface
heterogeneity and contact with the electrodes:41

=C
Q

R1

1/i

k
jjj

y

{
zzz (3)

C is the Brug capacitance (F), Q is the constant phase element
value (F), R is the resistance (Ω), and α is the exponential parameter
defining capacitive behavior (perfect capacitor = 1).

Cell Assembly. Single-crystal LiNi0.8Mn0.1Co0.1O2 (NMC 811)
NMC with a particle size of 1−5 μm was used as the cathode active
material. A composite mixture containing 70:30 mass ratio
NMC:Li3YCl6 was loaded into a 5 mL zirconia ball-milling cup
with 10 zirconia balls for every 100 mg material. The mixture was
milled in a frequency ball mill for 15 min at 15 Hz. Cells using NMC
were cycled in the homemade press cells described above. First, 60 mg
of LBS-LiI was loaded into the press cell and hand-densified, followed
by 15 mg of Li3YCl6, and the appropriate amount of cathode
composite to correspond to 1.27, 3.18, and 6.37 mAh cm−2 capacity.
The powders were then densified under a 3 ton load (∼375 MPa) for
3 min. A 1 mm thick indium foil (chemPUR, 9 mm diameter,
99.999%) and a 6 mm diameter Li foil were added to the anode side.
The cell was pressurized under 40 MPa and cycled by using a Maccor
battery cycler.

Pair Distribution Function Analysis. Total scattering data was
collected using a Stoe STADI P diffractometer (Ag Kα1 radiation: λ =
0.55941 Å, Ge 111 monochromator) in Debye−Scherrer geometry
with four Dectris MYTHEN2 1K detectors. The samples were
measured in sealed borosilicate glass capillaries (Hilgenberg) with a
diameter of 0.3 mm over a Q-range of 0.8−80 Å−1. Data reduction
was carried out using PDFgetX3 with a Q-range cutoff of Qmax = 12
Å−1. Small box modeling was performed using the TOPAS-Academic
V7 software package.42 The data were fitted over an r-range of 2−20
Å where (1) scale factor, (2) correlated motion factor, (3) lattice
parameters, (4) atomic positions, and (5) isotropic atomic displace-
ment parameters were refined.

X-ray Powder Diffraction. A Stoe StadiP powder diffractometer
in Debye−Scherrer with Mo Kα radiation (λ= 0.70930 Å) was
utilized for X-ray diffraction measurements. The 2θ collection ranged
from 2 to 40°, with a step size of 0.015° and a counting time of 60 s
per step. To avoid material degradation when exposing them in air,
samples were prepared and sealed in 0.3 mm glassy capillaries in an
argon glovebox (O2 < 0.1 ppm, H2O < 0.5 ppm). Pawley fittings using
TOPAS Academic V742 were completed to obtain the lattice
parameters of each material synthesized. Only the lattice parameters,
zero error, and peak shapes were refined. The background was fit

manually using ≥10 line segments, and the peak shapes were fit using
a pseudo-Voigt function. The lattice parameters and space group
(monoclinic C2/c) obtained by zum Hebel et al.7 through single
crystal diffraction were used as a starting point for each refinement.
The 4LiI sample was only fit up to 11.2° 2θ as the intense peaks
associated with the LiI would otherwise be fit by the model for LBS
resulting in nonphysical values. This remains true even when a LiI
phase was also included in the refinement.

For phase identification XRD (Figure S1), samples were analyzed
on a Bruker D8 Venture instrument with Mo Kα radiation
(wavelength of 0.70926 Å). The samples were loaded into a
polyimide capillary tube and sealed to be airtight.

MAS NMR. Single-pulse 6Li and 11B magic-angle spinning (MAS)
NMR and 11B 3QMAS NMR experiments were performed on a
Bruker DSX 500 spectrometer equipped with a wide-bore super-
conducting magnet operating at 500.39 MHz (11.75 T) by using a
VTN broadband probe. The powder samples were packed inside
zirconia rotors with a 2.5 mm outer diameter packed under an Ar
atmosphere and an MAS frequency of 25.0 kHz was used. Larmor
frequencies of the studied nuclei were 73.6 MHz (6Li) and 160.4
MHz (11B). For single-pulse experiments, pulse lengths and flip angles
of 5 μs, 90° (6Li), and 0.75 μs, 15°. Recycle delays of 30 and 1 s were
used for 6Li and 11B, respectively. For 11B MQMAS NMR, pulse
lengths of 2.55 and 0.93 μs for excitation and reconversion of triple
quantum coherences and a read-out pulse of 20 μs were used with a
recycle delay of 1 s. All pulse lengths were optimized on the sample
material. The spectra were referenced to 6Li-enriched Li2CO3 (0.1
ppm) and BF3·Et2O (0 ppm). To process 11B MQMAS NMR spectra,
shearing transformation was applied using TopSpin software.
Deconvolution of all spectra resonances was performed using
ssNakesoftware package.

Raman. Inside an argon glovebox (O2 < 0.1 ppm, H2O < 0.5
ppm), powder samples were placed onto a microscope slide, framed
with silicone vacuum grease, and sealed airtight with a microscope
glass cover. Measurements were taken on a Bruker SENTERRA II
spectrometer, using a 532 nm laser, a laser power of 2.5 mW, an
integration time of 1000 s, and an objective lens with 20×
magnification. Three spots were measured per sample.

Static VT NMR. Single-pulse static 7Li NMR experiments with
varying temperature were performed on a Bruker Advance III 300
spectrometer equipped with a wide-bore magnet, which operates at
300.15 MHz (7.05 T) using a VTN broadband probe. Samples were
packed quartz glass tubes with outer diameter 7 mm packed under Ar
atmosphere and flame-sealed under vacuum. All experiments were
conducted at a resonance frequency of 116.6 MHz (7Li) with a pulse
length of 9 μs for a 90° pulse. The temperature of the sample was
regulated by using a nitrogen gas flow and electrical heating in the
temperature range between 300 and 670 K. 81Br NMR spectra of KBr
were recorded to calibrate the temperature via the change of chemical
shift in the signal frequency.

SEM. Samples for SEM were prepared by breaking the assembled
pellet in half to obtain a cross section. SEM images were obtained on
an FEI Magellan 400 XHR Scanning Electron Microscope. Images
were taken at either 5.00 kV and 50 pA for regular imaging or 1.6 nA
and 100 pA for EDS.
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