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Lincoln J. Miara,*a Naoki Suzuki,b William D. Richards,c Yan Wang,c Jae Chul Kimc

and Gerbrand Cedercd

Li9S3N (LSN) is investigated as a new lithium ion conductor and barrier coating between an electrolyte and Li

metal anode in all solid state lithium ion batteries. LSN is an intriguing material since it has a 3-dimensional

conduction channel, high lithium content, and is expected to be stable against lithium metal. The

conductivity of LSN is measured with impedance spectroscopy as 8.3 � 10�7 S cm�1 at room

temperature with an activation energy of 0.52 eV. Cyclic voltammetry (CV) scans showed reversible Li

plating and striping. First principles calculations of stability, nudged elastic band (NEB) calculations, and

ab initio molecular dynamics (AIMD) simulations support these experimental results. Substitution as a

means to enhance conductivity is also investigated. First-principles calculations predict that divalent

cation substituents displace a lithium from a tetrahedral site along the migration pathway, and reduce

the migration energy for the lithium ions in the vicinity of the substituent. A percolating path with low

migration energies (�0.3 eV) can be formed throughout the crystal structure at a concentration of

Li8.5M0.25S3N (M ¼ Ca2+, Zn2+, or Mg2+), resulting in predicted conductivities as high as s300 K ¼ 2.3 mS

cm�1 at this concentration. However, the enhanced conductivity comes at the expense of relatively large

substitution energy. Halide substitution, such as Cl on a S site (ClcS in Kröger–Vink notation), has a

relatively low energy cost, but only provides a modest improvement in conductivity.
Introduction

The safety problems associated with conventional lithium ion
batteries are largely related to electrolyte decomposition. One
approach to address this problem is to replace the current
liquid electrolyte with inorganic solids. A solid electrolyte must
have high lithium ion conductivity, as well as chemical and
electrochemical compatibility with the electrodes; however,
decades of research have yet to discover a commercially viable
replacement for organic liquid electrolytes. A promising tech-
nique is to use a combination of solid materials instead of a
single material. For example, thin lms of LiPON or LiBH4/LiI
have been used to form a barrier layer to protect the lithium
metal anode,1,2 while LiNbO3 or Li3BO3 have been employed as
protective coatings on the cathode side.3,4 Paired with a highly
conductive separator, a bi- or tri-layer electrolyte offers a
method to meet the intense demands on a solid electrolyte.
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To nd a lithium ion conducting anode barrier coating,
stable towards reduction against lithium metal, we searched
ternary materials made from two binary compounds which are
both stable against Li metal, since this new material is also
expected to be stable against lithium.5 Li2S and Li3N, both
stable against Li metal, combine to form the recently synthe-
sized anti-uorite compound Li9S3N (LSN).6 The structure has
high lithium content, the starting components are inexpensive,
the synthesis route is relatively simple, and like most suldes,
we nd the nal material is so and easy to mix with other
battery components. Therefore, this material is an interesting
candidate for a lithium metal protective layer in all solid state
batteries.

In a recent publication the contribution of the anion
framework towards lithium ion mobility was examined.7 In that
work it was shown that the FCC anion framework has a higher
intrinsic migration barrier as compared to the BCC framework.
The connecting tetrahedral sites in a BCC sulfur framework
allow Li to diffuse with only small coordination changes along
the path leading to a migration barrier as low as 0.15 eV. FCC
and HCP anion frameworks, on the other hand, have an
inherently large migration barrier (>0.5 eV at typical lattice
volumes) as the pathway in FCC structures is composed of a
face-sharing tetrahedral–octahedral–tetrahedral network. The
octahedral site is higher in energy for Li, requiring a large
activation barrier for an ion to pass through this site. The
difficulty for ion mobility in these structures is demonstrated in
J. Mater. Chem. A
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Fig. 1 LSN is formed by substituting one S site in Li2S with N and
charge compensating with a Li at the 6 sulfur coordinated octahedral
site; LSN has an anti-fluorite crystal structure with an FCC anion
sublattice.
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Li2S in which the S ions form an FCC sublattice and shows an
experimental activation energy of 0.74 eV.8

LSN is formed by substituting one of the four sulfur sites in
the unit-cell of Li2S with N and charge compensating with an
extra lithium, as shown in Fig. 1. Like Li2S, LSN also has a
perfect FCC anion sublattice, but unlike Li2S it has an extra
lithium atom in an octahedral site. It is expected that this extra
lithiummay reduce the large tetrahedral–octahedral site energy
difference, lowering the activation energy compared with Li2S.
To further reduce the activation energy, we examine the possi-
bility of substituting other atoms into the structure to signi-
cantly modify the energy landscape. In this work, we investigate
the structural and phase stability of LSN, synthesize and
measure its conductivity, identify substitutions with the lowest
incorporation energy, and identify mechanisms for improving
conductivity using rst principles calculations.
Methods
Computation

All Density Functional Theory (DFT) calculations were performed in
the Perdew–Burke–Ernzerhof (PBE) generalized-gradient approxi-
mation (GGA),9 implemented in the Vienna Ab initio Simulation
Package (VASP).10 The projector augmented-wave (PAW)11 method
is used for representation of core states. An energy cutoff of 520 eV
and a k-point density of at least 1000 per number of atoms in the
unit cell were used for total energy calculations. The initial structure
was obtained from the Inorganic Crystal Structure Database
(ICSD).12 The stability of LSN against the anode and cathode were
calculated by evaluating the potentials of Li at which the compound
decomposes, following the methods of reference.13

Migration barriers were calculated using the NEB method14

in a large supercell comprised of 2 � 2 � 2 conventional unit
cells tominimize the interaction between the periodic images. A
2 � 2 � 2 k-point grid was used and the cutoff of the kinetic
energy was set to 520 eV for all NEB calculations.

The effect of temperature on diffusivity and conductivity were
investigated with AIMD simulations implemented in VASP. The
computational cost was kept to a reasonable level by using a
minimal G-centered 1 � 1 � 1 k-point grid, a plane wave energy
cut-off of 400 eV, and non-spin-polarized calculations. A supercell
J. Mater. Chem. A
containing 2� 2� 2 conventional unit cells was used. The initial
positions and unit cell volumes were obtained from the DFT
relaxation calculations. The Verlet algorithm, as implemented in
VASP, was used to solve Newton's equation of motion. The AIMD
time step was 2 fs and the simulation was run for at least 200 ps to
ensure convergence. The diffusivity (D) was obtained by per-
forming a linear tting of the MSD vs. 2Dt. Simulations were
carried out at temperatures between 600 to 1000 K to determine
the activation energy from Arrhenius plots.15 The room tempera-
ture conductivities (s) were determined by extrapolation to room
temperature and relating the diffusivity to conductivity by the

Nernst–Einstein equation: s ¼ DNq2

kT
; where N is the carrier

density, q the carrier charge, T is the absolute temperature, and k
is the Boltzmann constant.

The Li-ion probability density (IPD) was calculated from the
AIMD atom trajectories at 800 K. The IPD values within a
structure were calculated by assigning the position of each atom
during each time step and then applying a Gaussian lter to
smooth the results. The total ionic probability density isð
U

Pi ¼ N
U
; where N is the number of Li ions in the unit-cell and

the U is the volume of the unit-cell.
To nd the most stable substituents for vacancy generation,

structures with all possible substituents were generated by placing
a supervalent ion on the Li-site, or subvalent ion on the S- or N-site
and then charge balancing the structure by creating lithium
vacancies. The structures were then relaxed with DFT. The most
favorable substituents were determined based on thermodynamic
considerations. This is determined by checking against all possible
linear combinations of compounds in the ICSD in the composi-
tional space, and can be evaluated by the convex hull construc-
tion.16 This construction effectively calculates the driving force for
the substituent to precipitate out into one or more secondary
phases. The analysis requires the energy of all known compounds
in the ternary or quaternary Li–S–N–M (M ¼ substituent) phase
diagram. The substituted energies are calculated as:

Esubstituent ¼ Epure � Esubstituted þ
XN
i

Dnimi

where Esubstituted and Epure are the total energy of the supercell
with and without the substituent respectively, Dni is the number
of atoms of element i added to (or removed from) the supercell
to create and charge balance the supercell, and mi is the
chemical potential of element i. This is summed for all
elements (N) which are added or removed during the substitu-
tion reaction. The chemical potentials for each element i are
determined from the multi-phase equilibrium that contains the
composition of the substituted structure. The soware suite
pymatgen is used to generate the phase diagram and calculate
the chemical potentials of the elements added or removed
during the reaction.17
Experimental procedure

The starting compounds Li2S (99.9% Alfa Aesar) and Li3N
(99.5% Strem Chemicals) were mixed with 50% excess Li3N by
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Rietveld refined XRD pattern obtained from Li9S3N. Fitting
agreement indices are Rp ¼ 4.69, Rwp ¼ 7.40, and c2 ¼ 9.65 (Pseudo-
Voigt fit).

Table 1 Refinement results compared to calculations and prior
reference

Li9S3N
Samples

Lattice constant
(Å)

Volume
(Å3)

d(Li–N)
(1�) (Å)

d(Li–S)
(3�) (Å)

d(Li–S)
(6�) (Å)

Calculated 5.51664 167.8711 2.06883 2.51346 2.75822
Rened 5.52527 168.6788 2.07211 2.5175 2.76263
Ref. 6 5.51513 167.7518 2.09 2.50 2.76
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weight, and mechanically milled for 1000 min at a rotating
speed of 400 rpm using a planetary ball mill (Fritsch Pulveri-
sette 7) with a ZrO2 pot and ZrO2 balls. The mixed compound
was placed in a boron nitride crucible and sealed in an evacu-
ated quartz tube. This assembly was heated to 600 �C for 24 h in
a muffle furnace and slowly cooled to room temperature. The
purity of the phase was checked with XRD using an X-ray
diffractometer (PANalytical, EMPYREAN) with Cu-Ka radiation.
In order to obtain structural parameters, Rietveld renement
was performed using HighScore Plus soware.

The electrochemical impedance spectroscopy was measured
with an impedance spectrometer (Autolab, FRA32M) between 1
MHz and 10 mHz. For this measurement, a blocking electrode
setup was made by pressing LSN powder to 400 MPa into a
pellet of 1.3 cm diameter and ~1 mm thickness. The pellet was
sandwiched between two 0.05 mm thick indium foil electrodes
and pressed to 100 MPa. This assemblage was then placed in a
test cell comprising of a stainless steel outer casing with a
Teon insulator.18

The CV was measured with an AUTOLAB PGSTATM101
controlled by a personal computer at a scan rate of 10 mV s�1.
Due to the modest conductivity of the LSN material, we exam-
ined the electrochemical stability as follows: rst we prepared
amorphous Li3PS4 (a-LPS), which is known to be stable between
0 and 5 V (vs. Li) during a CV scan, by ball-milling a mixture of
Li2S and P2S5 with a 3 : 1 molar ratio. Next, we mixed LSN and
the a-LPS in a 1 : 1 (w/w) ratio and used it as the working elec-
trode. A 0.1 mm thick lithium foil was used for the counter and
reference electrodes, and the a-LPS was used as a solid elec-
trolyte separator. These components were assembled in the
above mentioned test cell. 200 g of a-LSP was pressed to 40 MPa,
and 15 g of W.E. and the lithium foil (C.E.) were affixed to each
side of the pellet. The assemblage was pressed to 400 MPa.

All test cells were fabricated in an Ar-lled glove box due to
the sensitivity of LSN to moisture. Each test cell was sealed in a
laminated bag with Ar gas, and removed from the glove box for
the measurements.

Results and discussion
LSN

The experimental XRD results of LSN are shown in Fig. 2. All
peaks of LSN are observed, and only very minor peaks due to
Li2S are seen. Scale factor, lattice constants, prole parameters,
isotropic temperature coefficients, site occupancy factors,
atomic coordinates were rened step-by-step to obtain the best
t. Site occupancy factors and atomic coordinates for Li were
not rened. Also, it should be noted that anisotropic tempera-
ture factors could not be rened due to the resolution of the lab
XRD. The lattice constant of Li9S3N is 5.5253 Å, which is almost
identical to that in ref. 6 (5.5151 Å). Atomic distances are also
similar: d(Li–N) ¼ 2.07211 Å (1�), d(Li–S) ¼ 2.5175 Å (3�), d(Li–
S) ¼ 2.76263 Å (6�). These results are summarized in Table 1.

The electrochemical window of LSN was measured with CV.
At a 10 mV s�1 scan rate, Fig. 3, lithium plating and striping is
seen. At about 0.5 V a small reduction peak is observed, but then
no further reaction is seen out to 5 V. The small peak at 0.5 V
This journal is © The Royal Society of Chemistry 2015
likely corresponds to the decomposition of Li3N. It has been
shown that at a voltage of 0.45 V vs. Li, Li3N forms N2.19

However, with the loss of nitrogen, it is likely that Li2S forms a
passivation layer, as was shown to occur in thio-phosphate
materials in previous DFT studies.20 This passivation layer
extends the anodic stability out to about 2 V before Li2S
reduction occurs.21,22 Beyond 2 V in the CV scan, it is likely that a
surface insulating layer of sulfur prevents further reaction.

The conductivity results measured with EIS are shown in
Fig. 4. The room temperature conductivity was estimated to be
8.3 � 10�7 S cm�1, and the activation energy was 0.52 eV. We
attempted to extract a second semicircle related to grain
boundaries using the equivalent circuit shown in the inset of
Fig. 4; however, no evidence of a grain boundary contribution
was evident even at �10 �C. It is possible that the presence of
Li2S lowers the measured impedance, but the amount (based on
XRD results) is exceedingly low and the impedance results are
likely dominated by LSN.

To understand the origin of the lithium ion conductivity and
diffusivity in LSN, NEB and AIMD simulations were performed.
The calculated migration barrier from NEB calculations for one
Li vacancy and compensated by a uniform background charge is
0.5 eV (Fig. 5). For bulk type solid electrolytes this value is
relatively high (compare to 0.21 eV for Li10GeP2S12, 0.2 eV for
argyrodite-type suldes, or 0.34 eV for Li7La3Zr2O12 (ref. 23–26)).
In this system it is not possible to stabilize a cation vacancy in
the tetrahedral site since it will move to the octahedral site upon
geometry relaxation as conrmed in the DFT calculation. The
vacancies are relatively stable in the octahedral site coordinated
by 6 sulfur atoms (as compared to the tetrahedral vacancies).
The lowest energy path for the vacancy to migrate to the
neighboring octahedral site is through two neighboring
J. Mater. Chem. A
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Fig. 3 CV performed with a 10 mV s�1 scan rate. Li plating and strip-
ping occurs, a small reduction peak is evident at about 0.5 V, but no
further reaction is seen out to 5 V.

Fig. 4 Nyquist plot of the EIS results at 25 �C. The conductivity was
extracted from the inset equivalent circuit. Results from other
temperatures are plotted as an Arrhenius plot in the inset; the blue
dashed line is AIMD simulation results for comparison.

Table 2 Comparison of calculated and experimental results from LSN

NEB
(eV)

Ea-AIMD
(eV)

Ea-Expt.
(eV)

s300 K-AIMD
(S cm�1)

s300

K-Expt. (S cm�1)

LSN 0.5 0.55 0.52 2.4 � 10�6 8.3 � 10�7
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tetrahedral sites, Fig. 5. In the low vacancy limit, a highly
coordinated lithium migration is required involving three
moving lithium ions with a migration barrier of 0.5 eV. This
barrier is mainly due to the energy of the Li passing through the
triangular face shared between the tetrahedral and octahedral
Fig. 5 (Left) Calculated NEB barrier for vacancy migration along oct–
migration pathway identified from NEB calculations. A coordinated thre

J. Mater. Chem. A
sites, and partly from the S- and N-bonds between the two
tetrahedral sites, Fig. S1.† Another pathway exists through the
octahedral site coordinated by 4 sulfur and 2 nitrogen atoms.
This pathway only requires a two atom coordinated motion;
however, the migration barrier in this path is about 0.8 eV,
Fig. S2.† AIMD calculations were performed on a structure with
a single vacancy charge compensated with a positive charge
background. The activation energy is calculated to be 0.55 eV
(Fig. 4) and the room temperature conductivity is extrapolated
as 2.4 � 10�6 S cm�1 (Table 2). This is in excellent agreement
with the conductivity measured experimentally.
Outlook to improve conductivity of LSN

LSN is an attractive material for an anode barrier layer due to its
stability against lithium metal; however, its conductivity is too
low for use as an electrolyte in a bulk type solid state battery. We
investigated the possibility of substituting the material to
improve the conductivity.

Using rst principles methods, we computed the energy of
all possible non-transition metal substituents that create
lithium vacancies including S-on-N substitution. The 20 lowest
energy substituents are shown in Table 3. The most stable
substituents are ClcS and BrcS on the sulfur sites. The energy for
ClcS substitution is only 115 meV per substituent, and is an
attractive means for producing vacancies in the LSN material.
The lowest energy cation substituents are divalent cations on
the Li-site ðMc

LiÞ. CacLi is the lowest with a substitution energy of
848 meV per substituent. In all of these structures the lowest
energy lithium vacancies reside in the octahedral sites, close to
the substituent. Ca and Zn prefer the tetrahedral site, with one
nearest Li atom displaced away from the center of the neigh-
boring tetrahedral site towards the octahedral site (Fig. S1†).
tet–tet–oct pathway with and without Ca. (Right) oct–tet–tet–oct
e lithium movement is required.

This journal is © The Royal Society of Chemistry 2015
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Table 3 Stability of substituents in the LSN structure

Substituent
(Kröger–Vink)

Chemical
formula

Esubstituted (eV
per substituent)

Volume
(Å3)

Density
(g cm�3)

— Li72S24N8 — 1333.61 1.71
ClcS Li71S23N8Cl 0.115 1341.79 1.71
BrcS Li71S23BrN8 0.330 1348.51 1.75
ScN Li71S25N7 0.452 1365.32 1.69
IcS Li71S23IN8 0.528 1356.85 1.80
CacLi Li70CaS24N8 0.848 1358.04 1.72
Znc

Li Li70ZnS24N8 0.908 1339.69 1.78
FcS Li71S23N8F 0.974 1330.59 1.70
MgcLi Li70MgS24N8 0.985 1343.53 1.72
BrccN Li70S24BrN7 1.188 1372.28 1.73
Cdc

Li Li70CdS24N8 1.254 1351.83 1.82
SrcLi Li70SrS24N8 1.501 1369.70 1.76
IccN Li70S24IN7 1.681 1386.36 1.77
Incc

Li Li69InS24N8 1.848 1347.53 1.82
LaccLi Li69LaS24N8 1.938 1363.72 1.83
BeccLi Li70BeS24N8 2.299 1330.11 1.72
BaccLi Li70BaS24N8 2.363 1382.5 1.81
Ycc
Li Li69YS24N8 2.415 1354.18 1.78

ScccLi Li69ScS24N8 2.668 1343.49 1.74
GaccLi Li69GaS24N8 2.858 1338.81 1.77
GecccLi Li68GeS24N8 3.057 1335.33 1.77
AlccLi Li69AlS24N8 3.575 1334.96 1.73

Table 4 Summary of AIMD results for Ca and Cl substituted LSN

Ea (eV) s300 (S cm�1)

Li9S3N
0.545 2.35 � 10�6

Li9�xS3�xClxN
x
0.125 0.530 3.57 � 10�6

0.250 0.486 1.18 � 10�5

0.625 0.444 5.90 � 10�5

Li9�2yCayS3N
y
0.125 0.409 7.76 � 10�5

0.250 0.295 2.27 � 10�3

0.625 0.268 9.64 � 10�3
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This displacement moves the Li along the migration pathway
and places it in the triangular face between the tetrahedral and
octahedral sites.

Based on the results in Table 3, we evaluated the effect of ClcS
and CacLi substitution for improved conductivity using rst
principles methods. We created substituted structures with 1-,
2-, and 5-substituents in the 8 formula unit supercell by
substituting with Cl and Ca, and charge compensating with
lithium vacancies.

The AIMD results are shown in Fig. 6. The vacancies created
by ClcS have a modest effect on conductivity. The activation
energy is reduced from 0.53 eV to 0.44 eV and room temperature
conductivity improves an order of magnitude to 5.9 � 10�5 S
cm�1 (Table 4). This value is considerably better than LiPON,
Fig. 6 AIMD simulation results; left, Cl- and; right, Ca-substituted LSN.
The Cl has limited effect on diffusivity while Ca-substitution beyond y
¼ 0.25 shows a rapid diffusivity and little change with further
substitution.

This journal is © The Royal Society of Chemistry 2015
and, considering the low substitution energy, may be an
attractive means to improve conductivity.

From Fig. 6 it is clear that Ca substitution can improve the
conductivity signicantly. The AIMD simulation results shown
in Fig. 6 indicate that the activation energy decreases from 0.41
eV to 0.27 eV as Ca substitution is increased from 0.125 Ca per
formula unit (pfu) to 0.625 Ca pfu. The latter of which would
make Ca-substituted LSN a superionic conductor with a room
temperature conductivity predicted to be nearly 10 mS cm�1,
Table 4. The substitution energy for CacLi is 0.848 eV atom�1,
which is considerably higher than ClcS. This suggests that
synthesis of the highly substituted compounds may be difficult
and would tend to form LiCaN, Li3N, and Li2S, requiring a
highly non-equilibrium synthesis method to obtain these
materials.

We performed NEB calculations on the Li8.5Ca0.25S3N struc-
ture to understand the origin of the improved conductivity in
this material. The low energy migration pathway follows the
same 3-Li atom coordinated oct–tet–tet–oct pathway as LSN, but
the movement occurs in sites adjacent to the Ca (Fig. S1†). The
migration barrier is 300 meV (Fig. 5). The presence of the Ca
displaces the lithium along the migration pathway and thus the
higher energy of the equilibrium site reduces the barrier to pass
through the triangular face.

For further insight we examined the trajectories of the AIMD
simulations, Fig. 7. In the non-substituted structure there is
little movement of the Li atoms. For Ca substitution, the AIMD
results, Fig. 6, show a large improvement (30�) in room
temperature conductivity as the concentration of Ca changes
from 0.125 to 0.25 pfu, whereas the improvement is much
smaller between 0.25 and 0.625 Ca pfu (4�). The marked
decrease in activation energy between the 0.125 and 0.25 Ca-pfu
structures can be explained by examining the probability
density. In Fig. 7, it is seen that the lithium away from the Ca
substituents are relatively immobile with the highest probabil-
ities in their ground state locations; however, in the vicinity of
the Ca atoms, the situation changes. The probability density is
nearly continuous in the oct–tet–tet–oct pathway around the Ca
atoms. Furthermore, at Li8.5Ca0.25S3N a 3-dimensional
J. Mater. Chem. A
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Fig. 7 Isosurfaces of the ionic probability density determined from 800 K AIMD simulations.
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conduction channel is formed from the connection of the
migration pathway between adjacent Ca forming a percolation
network. This explains the large improvement in conductivity
seen when going from 0.125 to 0.25 Ca-pfu.

Conclusions

In this work we studied Li9S3N, with and without substituents,
as a potential anode barrier layer for all solid-state batteries.
LSN is attractive since our results show it is stable against
lithium metal. LSN was synthesized and shows an ionic
conductivity of 8.3 � 10�7 S cm�1 at room temperature with an
activation energy of 0.52 eV, in excellent agreement with NEB
and AIMD calculations. We explored the possibility of
improving conductivity through aliovalent substitution. ClcS
substitution was found to have a low incorporation energy, and
marginally improves conductivity. CacLi substitution to a
concentration of Li8.5Ca0.25S3N leads to a very high percolated
conductivity, but at a cost of high incorporation energy. LSN has
the potential to be a cheap anode barrier layer for use in all solid
state batteries.
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