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Attaining substantial areal capacity (>3 mAh/cm?) and extended cycle longevity in all-solid-state lithium metal
batteries necessitates the implementation of solid-state electrolytes (SSEs) capable of withstanding elevated
critical current densities and capacities. In this study, we report a high-performing vacancy-rich LigN,Cls SSE
demonstrating excellent lithium compatibility and atmospheric stability and enabling high—areal capacity,
long-lasting all-solid-state lithium metal batteries. The LigN,Cl; facilitates efficient lithium-ion transport due
to its disordered lattice structure and presence of vacancies. Notably, it resists dendrite formation at 10 mA/
cm? and 10 mAh/cm? due to its intrinsic lithium metal stability. Furthermore, it exhibits robust dry-air stability.
Incorporating this SSE in Ni-rich LiNig g3C0¢ 11 Mng 060, cathode-based all-solid-state batteries, we achieve sub-
stantial cycling stability (90.35% capacity retention over 1500 cycles at 0.5 C) and high areal capacity (4.8 mAh/
cm? in pouch cells). These findings pave the way for lithium metal batteries to meet electric vehicle perfor-

mance demands.

INTRODUCTION

Lithium-ion rechargeable batteries (LIBs) have revolutionized con-
sumer electronics in recent decades and are becoming increasingly
prevalent in energy storage and power applications globally (I). For
high-performance application in electric vehicles (EVs), LIBs
require sufficient energy density to achieve long driving range
that matches or exceeds that of gasoline cars, as well as high
safety and long cycle life. Lithium metal batteries are widely consid-
ered as promising cells to achieve energy densities above 350 Wh/kg
and up to 500 Wh/kg when using high-capacity cathode materials
and lithium metal anodes (2). Among the commercially available
cathode materials, lithium nickel manganese cobalt oxide (NMC)
cathodes demonstrate high capacity (>200 mAh/g) and high oper-
ating voltage, which enables high areal capacity of >3 mAh/cm? (3).
Lithium metal is recognized as the ultimate anode candidate
because of its high theoretical capacity (3860 mAh/g), low electro-
chemical potential (—3.040 V versus standard hydrogen electrode),
and low density (0.59 g/cm) (4). However, the safety concerns and
fast decay owing to lithium dendrite growth, dead lithium, and fast-
growing solid electrolyte interphase overshadow the promising elec-
trochemical performance (5). Emerging all-solid-state lithium
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metal batteries have the potential to achieve high specific energy,
long cycling life, and high safety by replacing the flammable
liquid electrolytes in conventional LIBs with solid-state electrolytes
(SSEs) (6-9). Some crucial challenges remain unsolved in the prac-
tical application of sulfide, halide, and oxide SSEs in all-solid-state
lithium metal batteries. Because of their unstable characteristics,
sulfides and halides suffer from serious interfacial side reactions
when contacting lithium metal (10, 11). In the case of oxides, the
high electronic conductivity of grain boundaries results in propaga-
tion of lithium dendrites, especially at high current densities (12,
13). As a result, low Coulombic efficiency (CE), rapid capacity
fade, and even battery failure are typically observed (14-17).

It is crucial to develop rational strategies to overcome the inter-
facial challenges posed by SSEs. While coating lithium metal with a
thin protection layer can be a temporary remedy, the ultimate sol-
ution is to develop lithium-compatible SSEs that satisfy low resis-
tance for lithium-ion diffusion and high stability toward lithium
metal during many stripping/platting cycles at high current densi-
ties (18, 19). Among the developed SSEs and others predicted by
theoretical calculations, nitrides are promising candidates that can
stabilize lithium metal anodes (20-22). Until now, several nitride
SSEs have been developed, such as lithium phosphorus oxynitride
(23), lithium nitrides containing carbon elements (e.g., Li,CN,)
(24), lithium silicon nitrides (25), and lithium nitride halides (21,
22). While thin-film all-solid-state lithium metal batteries fabricat-
ed by the sputtering deposition method using LiPON demonstrated
excellent cycling performance (26), no study reports practical bulk
all-solid-state lithium metal batteries with long cycling life (>1000
cycles) using nitride SSEs. A plausible explanation is sluggish diffu-
sion of lithium ions in reported nitride SSEs and nitride SSE—
lithium interfaces, which relies on the lithium vacancy defects as
predicted by theoretical calculations and confirmed by
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experimentation (16, 27, 28). Therefore, it is rational to design and
tune the vacancy defects in nitrides to improve stability toward
lithium metal, especially under high current densities and with
high areal capacities. In the present work, we developed a lithium
nitride halide SSE, LigN,Cl;, which presents high chemical stability
toward lithium metal and demonstrate in high—areal capacity and
long-cycling all-solid-state lithium metal batteries.

Here, we report a vacancy-rich LigN,Cl; SSE with high lithium
compatibility and high air stability, construct stable lithium-SSE in-
terfaces, and demonstrate high—areal capacity, long-cycling all-
solid-state lithium metal batteries. The vacancy-rich LioN,Cl; SSE
exhibits an elevated room-temperature ionic conductivity of 4.3 x
107 S/cm, surpassing previously reported counterparts by an order
of magnitude (21). Through rigorous analysis using synchrotron-
based x-ray diffraction (SXRD), pair distribution function (PDF),
time-of-flight (TOF) neutron diffraction, and density functional
theory (DFT) calculation and ab initio molecular dynamics
(AIMD) simulation, a lattice and vacancy-driven lithium-ion con-
duction mechanism is identified. Notably, this vacancy-rich
LigN,Cl; SSE facilitates high critical current densities (CCDs) and
lithium-stripping/plating capacities (10 mA/cm? and 10 mAh/cm?,
respectively) while exhibiting ultrastable cycling performance for
over 2000 cycles at 1.0 mA/cm?” and 1.0 mAh/cm?. This impressive
lithium compatibility, which mitigates interfacial reactions and Li
dendrite formation, was revealed through in-depth operando
studies involving SXRD, x-ray absorption near-edge structure
(XANES), and DFT calculations. The notable dry-air stability of
this vacancy-rich LigN,Cls, confirmed via in situ and operando
XANES and SXRD studies, substantiates its potential for commer-
cial applications. Because of the high lithium compatibility of LigN,.
Cls, we demonstrate an all-solid-state lithium metal battery design
that showed extremely high cycling stability (90.35% capacity reten-
tion with 103 mAh/g over 1500 cycles at 0.5 C) and delivered high
areal capacity of ~5.16 mAh/cm? (cathode loading of 27.42 mg/cm?)
for small-area pellet type cells (size, 0.785 cm?; thickness of SSE,
~0.55 mm) and 4.8 mAh/cm® (cathode loading of 27.42 mg/cm?)
for all-solid-state lithium metal pouch cells (size, 2 cm by 2.5 cm;
thickness of SSE, ~200 pum).

RESULTS

Morphology characterization and ionic conductivity
High-energy ball milling a mixture of Li;N and LiCl with a molar
ratio of 2:3 yielded this vacancy-rich LigN,Cl;. A series of LigN,Cl;
SSEs were prepared by varying the ball-milling speeds from 200 to
700 rpm and milling durations from 2 to 70 hours. These samples
are designated as LigN,Cl;-Arpm-Bh, where A represents the
milling speed and B represents the milling duration. Figure 1A
shows the XRD patterns during the structural transformation
with a constant milling speed of 500 rpm. Increasing ball-milling
time from 2 to 24 hours resulted in the gradual formation of pure
LigN,Cl; crystals. Then, lithium-ion conductivity of LigN,Cl; was
evaluated by the ac impedance method using pressed pellets.
Figure S1 (see the Supplementary Materials) summarizes the
ionic conductivity at room temperature (25°C) and the activation
energy as a function of ball-milling time. Among the prepared
SSEs, LigN,Cl;-500 rpm-24 hours demonstrated the highest
room-temperature ionic conductivity of 4.3 x 107> S/cm, which is
around one order of magnitude than that previously reported using
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the annealing method (1.07 x 107% S/cm) (21) and higher than that
of commercial LiCl, Lil, and LisN (LiCl, 7.33 x 10™** S/cm; Lil, 2.22
x 1077 S/cm; and Li3N, 1.86 x 107> S/cm) (fig. S2, see the Supple-
mentary Materials). In addition, the influence of ball-milling speed
on the crystal structures and lithium-ion diffusion was examined
over a range of ball-milling speed (i.e., 200, 300, 400, 500, 600,
and 700 rpm), maintaining a constant ball-milling duration of 24
hours as shown in figs. S1, S3, and S4 (see the Supplementary Ma-
terials). At milling speeds of 200 and 300 rpm, no discernible reac-
tion between Li;N and LiCl was observed. However, milling speeds
ranging from 400 to 700 rpm proved conducive for the synthesis of
LigN,Cl;. Notably, the ball-milling condition of 500 rpm for 24
hours was identified as the optimal parameter, yielding the
highest ionic conductivity at room temperature. Figure 1B shows
the corresponding Arrhenius plot. The activation energy (0.378
eV) is lower than that previously reported (0.49 eV) (2I). Unlike
temperature-dependent impedance that can reflect ionic dynamics
contribution from the bulk materials, grain boundaries, and other
interfaces in the sample, nuclear magnetic resonance (NMR) spec-
troscopy can selectively probe ion motions on a much shorter dif-
fusion length scales in the bulk. We used temperature-dependent
Li spin-lattice relaxation time (7;) of the prepared LigN,Cl;-500
rpm-24 hours to quantify the intrinsic lithium-ion dynamics and
the corresponding energy barrier. The spin-lattice relaxation time
of LigN,Cl3-500 rpm-24 hours was 0.11 s at room temperature.
However, the 1/T, of LigN,Cl5-500 rpm-24 hours does not reach
the maximum due to the temperature limitations of the instrument
used for this work. The 1/T) exhibited a typical Arrhenius behavior
with an activation energy of 0.13 eV for LigN,Cl;-500 rpm-24 hours
as shown in Fig. 1C. The lower activation energy compared to that
deduced from temperature-dependent ionic conductivity (0.13 eV
versus 0.378 eV) suggests that a much faster lithium-ion mobility
exists in the local diffusion length scales of Li9N2CI3-500 rpm-24
hours and existing grain boundaries in the pressed pellets. In addi-
tion, the electronic conductivity of LigN,Cl3-500 rpm-24 hours was
tested using the dc polarization method. As shown in fig. S5 (see the
Supplementary Materials), the dc polarization curves at 0.1, 0.2, 0.3,
0.4, and 0.5 V show initial fast-decay current and stabilize at around
1077 A after 1 hour. On the basis of the linear fit of stable response
current as a function of voltage, the dc electronic conductivity of
LioN,Cl3-500 rpm-24 hours is around 1.7 x 10~° $/cm. The dc elec-
tronic conductivity is around five orders of magnitude lower than
the ionic conductivity, suggesting the pure ionic conducting char-
acteristic of LigN,Cl3-500 rpm-24 hours.

The mechanism of higher ionic conductivity in ball milled
versus annealed LigN,Cl; was investigated through the influence
of heat treatment on ball-milled LigN,Cl;. As shown in fig. S1
(see the Supplementary Materials), LigN,Cl;-500 rpm-24 hours
was heat-treated up to 450°C. Heating to 250°C led to the formation
of another phase, LiyNCI, which is expected to provide lower ionic
conductivity (29). Heating to between 150° and 200°C maintained
the LigN,Cl; crystal structure but with decreased lattice parameters
and lower ionic conductivity, as shown in fig. S1 (see the Supple-
mentary Materials). Because the lithium-ion diffusion in LigN,Cl;
crystals relies on lithium transport between the lithium vacancy sites
(as discussed in detail in the next section), decreased lattice param-
eters present a higher barrier to lithium transport, increase the dif-
fusion gap energy, and lower the ionic conductivity (22, 30). The
morphology of LigN,Cl; SSEs prepared by ball milling was
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Fig. 1. Crystal structure and local disorder characterization and lithium-ion diffusion properties. (A) The x-ray powder diffraction patterns of LigN,Cls as a function
of the ball-milling time, (B) Arrhenius plots, and (C) temperature-dependent “Li spin-lattice relaxation time (T;) changes of vacancy-rich LigN,Cls; (D) SXRD pattern and
corresponding Rietveld refinement and (E) TOF neutron diffraction data (Bank 3) and corresponding Rietveld refinement, and (F) calculated crystal structure of vacancy-
rich LigN,Cls, Li* (cyan), N°~ (yellow), and CI~ (green). (G to 1) PDF G(r) of LiN,Cls and fit for corresponding G(r) for different r ranges. a.u., arbitrary units; h, hours.

studied by scanning electron microscopy (SEM) and showed typical
polyhedral particles (fig. S6, see the Supplementary Materials) with
long dimensions ranging from 100 nm to 3 pm. As ball-milling du-
ration extends from 16 to 70 hours, with a consistent milling speed
of 500 rpm, there is a noticeable decline in particle size. Similarly,
with a fixed milling time of 24 hours, particle size diminishes as
milling speeds increase from 400 to 700 rpm. Specifically, at a
milling speed of 500 rpm, the primary particle size range narrows
from 500 to 900 nm to 100 to 400 nm as milling durations lengthen
from 16 to 24 hours. Beyond this, from 24 to 70 hours, the propor-
tion of particles within the 100- to 400-nm range rises from 51.7 to
64.1%. For a 24-hour milling period at a reduced speed of 400 rpm,
the prevailing particle size enlarges, settling within the 0.6- to 1.4-
pm bracket. Conversely, as milling speeds escalate from 500 to 700
rpm, the dominant particle size contracts to 100 to 400 nm, and its
frequency increases, spanning from 51.7 to 61.1%.

Li et al., Sci. Adv. 9, eadh4626 (2023) 20 October 2023

Crystal structure and local disorder

The crystal structure and local disorder of LigN,Cl; were studied by
SXRD, TOF neutron powder diffraction, and x-ray total scattering.
Figure 1 (D and E) and figs. S4 and S7 (see the Supplementary Ma-
terials) show the SXRD pattern and TOF neutron power diffraction
data of a series of LigN,Cl; SSEs. These SSEs were synthesized under
varied ball-milling parameters, with speeds ranging from 200 to 700
rpm and durations extending from 2 to 70 hours. The correspond-
ing crystal structure of LigN,Cl;-500 rpm-24 hours was refined
using the Rietveld method as shown in Fig. 1F. The detailed struc-
tural and Rietveld refinement information of these LigN,Cl; SSEs
are shown in tables S1 to S15 (see the Supplementary Materials).
Ball-milled LigN,Cl; is determined to have a defect anti-fluorite
structure with cubic symmetry (space group, Fm3m) and lattice pa-
rameter a = 5.3506 (3) A. In the ball-milled LiyN,Cl, samples with a
constant milling speed of 500 rpm, the concentration of vacancies
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for lithium, nitrogen, and chloride typically increases with milling
time, peaking at 24 hours. However, this concentration declines
when the milling duration extends to 36 and 70 hours, as shown
in fig. S9A (see the Supplementary Materials). The impact of
varying milling speeds—specifically, 400, 500, 600, and 700 rpm
—on vacancy concentrations within the ball-milled LigN,Cl; was
assessed and is depicted in fig. S9B (see the Supplementary Materi-
als). Maintaining a consistent milling duration of 24 hours, the con-
centration of vacancies for lithium, nitrogen, and chloride in the
LigN,Cl; samples also peaks for the LigN,Cl3-500 rpm-24 hours
sample. The LigN,Cl3-500 rpm-24 hours sample, denoted as
vacancy-rich LigN,Cl;, exhibited the maximum vacancy concentra-
tions as Li" occupies tetrahedral sties [Li(N/Cl), tetrahedra] with
14.0(5)% vacancy, and N3* and Cl™ ions take the vertex sites of
the Li(N/Cl), tetrahedral randomly with the atomic ratio of 2:3
and 4.5(5)% vacancy. This formation of vacancies in LioN,Cl; is
due to the crystal structure. The formation energy of single
lithium vacancy in this vacancy-rich LigN,Cl;, B-LisN (2b and 4f
sites), and LiCl was calculated by the DFT method as shown in
fig. S10A (see the Supplementary Materials) (31, 32). The mean
lithium vacancy formation energy in this vacancy-rich LigN,Cl; is
~1.31 eV, which is much lower than that of LiCl (4.82 eV) and close
to that of B-Li3N [0.81 eV for Li (4f) sites and 1.43 for Li (2b) sites].
Therefore, the high-energy ball-milling process enables vacancy-
rich structures in LigN,Cl; crystal structures. However, the defect
concentration in crystals has an upper limit ~14.0(5)% for LigN,Cl;_
-500 rpm-24 hours due to the tolerance factor. Upon analyzing the
correlations between lithium-ion diffusion properties (i.e., room-
temperature ionic conductivity and activation energy), vacancy
concentration, and particle size as illustrated in figs. S1, S6, and
S9 (see the Supplementary Materials), it becomes evident that an
elevated vacancy concentration primarily contributes to the en-
hanced lithium-ion diffusion observed in in the LigN,Cl; SSEs.
The high concentration of vacancies [14.0(5)%] in the lithium sub-
lattice determines the fast lithium diffusion between adjacent tetra-
hedral sites and realizes higher ionic conductivity (21). The lithium
diffusion behavior in vacancy-rich LigN,Cl; was further studied by
AIMD simulation as shown in fig. S10B (see the Supplementary
Materials) (33, 34). Fast lithium diffusion is observed in these
vacancy-rich structures with the activation energy of 0.41 eV and
ionic conductivity of 6.0 x 107> S/cm at 300 K, which is consistent
with our experimental results and suggests that the defects and dis-
order structures accelerate lithium diffusion (35).

In addition to the crystal structure, the local disorder was studied
by x-ray total scattering. The PDF G(r) of this vacancy-rich LigN,Cl;
is shown in fig. S8 (see the Supplementary Materials) along with the
PDF analysis results in Fig. 1 (G to I) and displays interatomic dis-
tances in real space that is consistent with the refined average crystal
structure in Fig. 1F. Detailed PDF fit results can be found in table S3
(see the Supplementary Materials). Starting from the refined crystal
structure in Fig. 1F, the PDF fit result for the r range of 1.6 to 50 A
shows relatively large difference [weighted residual (WR) = 15.1%]
compared with the experimental result. This result indicates high
local displacements inside the prepared materials, as shown in
Fig. 1G. The PDF fit was split into two ranges: 1.6 to 6.0 A
(Fig. 1H) and 6.0 to 50 A (Fig. 1I). The first range corresponds to
one unit cell, and the second range represents supercell. As expect-
ed, the fit result for the r range of 6.0 to 50 A presents better agree-
ment with experimental data with a smaller difference (WR =

Li et al., Sci. Adv. 9, eadh4626 (2023) 20 October 2023

10.5%). This indicates that the atomic displacement, i.e., static dis-
order, is averaged out over the spatial distribution during data col-
lection. Hence, the refined crystal structure by PDF is consistent
with that obtained by the Rietveld refinement of SXRD. However,
as shown in Fig. 1 (H and I), noticeable difference exists between
experimental data and fit result in the r range of 1.6 to 6.0 A
when G(r) is refined against the real space from 1.6 to 50 A, suggest-
ing that the level of static disorder quickly quenches beyond one
unit cell. The peak at 1.97 A is a termination ripple as there
should not be any interatomic distance in the crystal structure of
this vacancy-rich LigN,Cl;. The first informative peak correspond-
ing to molecular bonds is at ~2.37 A, displaying the Li-N/ClI inter-
atomic distance, which is broad and represents a distribution of
bond lengths. The nearest neighboring Li-Li interatomic distance
is around 2.7 A, although the peaks are small with a slight shoulder
on the peak at 2.4 A. Another peak at 3.8 A corresponds to the in-
teratomic distance of CI/N-CI/N. Evidently, there is a notable differ-
ence between the experimental and calculated Li-N/Cl interatomic
distance (the calculated value is ~2.24 A). This is due to the longer
Li-Cl interatomic distance compared to Li-N, owing to stronger
scattering of Cl~, higher element content of CI~ than N*~ and
larger radius of Cl~ compared to N°~. The longer Li—Cl bonds
cause the peak to shift to higher r, while the Li-N contribution gen-
erates a small shoulder at low r. This kind of local displacement also
occurs with CI/N—CI/N bonds. Compared with the perfect average
crystal structure, the local disorder in Li—N/Cl bonds and ClI/N—Cl/
N bonds means that N and Cl should not randomly occupy the
vertex sites of Li(N/Cl), tetrahedra after comparing the local and
global structures.

Chemical stability toward lithium metal

Previous theoretical investigations have predicted that LigN,Cl; is
chemically stable toward Li metal (20, 36, 37). To study this chem-
ical stability at the SSE-Li interfaces, SXRD and XANES with low-
angle (3°) incidence x-ray were used, taking advantage of shallow
probing depths (38). As shown in Fig. 2A, modified coin cells
with a window consisting of Mylar film were used as cells in oper-
ando SXRD and XANES studies. In detail, a pressed vacancy-rich
LigN,Cl; pellet was sandwiched by two pieces of Li metal and
placed in the operando cell using springs and spacers to generate
tight contact between the SSE and Li metal. During the operando
SXRD and XANES studies, x-rays with low-incidence angle (3°)
pass through the Mylar film window and Li metal, the scattered
x-rays and fluorescent x-rays were collected by one Pilatus pixel
area detector and one fluorescence detector, respectively. The
crystal structure evolution and chemical information at the SSE-Li
interface can be evaluated.

Figure 2B shows the operando SXRD study result. The pristine
SXRD pattern shows a mixture of crystal patterns belonging to
LigN,Cl; and Li metal with no additional peaks. After ~8 hours,
the SXRD patterns relatively unchanged, indicating no formation
of additional crystalline phases at the vacancy-rich LigN,Cl;-Li in-
terface. To detect the possible formation of amorphous phases at the
interface, XANES was performed, which is sensitive to the evolution
of chemical and electronic structure, as shown in Fig. 2 (C to E).
Figure 2D shows the operando XANES spectra at the Cl K-edge.
The pristine sample presents the main absorption edge with the
white line peaks at ~2826.0 and ~2828.7 eV, due to the electron
transition from the 1 s orbitals to 4p orbitals. Contact between
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Fig. 2. Operando SXRD and XANES studies of chemical stability toward lithium metal. (A) Schematic illustration of the operando SXRD and XANES studies of chem-
ical stability of vacancy-rich LigN,Cl3 upon contact with Li metal and the configuration of the operando cell. (B) Operando SXRD pattern evolution and (C) XANES spectra
at Cl K-edge with (D) first derivative mapping of LigN,Cl; during contact with Li metal for several hours. (E) N K-edge XANES spectra comparison of LigN,Cl; before and

after contact with Li metal.

the vacancy-rich LigN,Cl; pellet and Li metal for 6 hours resulted in
no feature change in the XANES (Fig. 2C and fig. S11). In addition,
the first derivative mapping (Fig. 2D) of the Cl K-edge confirmed
that no additional XANES feature was formed during the 6 hours.
Moreover, ex situ N K-edge XANES study showed no change
between the pristine SSE powder and the SSE after contact with Li
metal. Combining the operando SXRD and XANES results, we con-
clude that LigN,Cl; is chemically stable toward Li metal during tight
contact process.

The chemical stability of this vacancy-rich LigN,Cl; SSE toward
Li metal was further confirmed by carrying out operando XANES
during the lithium-plating and stripping processes (Fig. 3). As
shown in Fig. 3A, operando XANES study was performed in one
vacuum x-ray absorption spectroscopy chamber using the same op-
erando cell as used above. Because of the low angle of incidence x-
rays, the fluorescent x-rays mainly come from the interfaces that are
the interesting areas. Figure 3C shows the discharge/charge voltage
profiles during lithium plating and stripping at current densities of
0.1, 0.2, 0.3, and 0.4 mA/cm” with 1 hour plating/stripping time.
During plating and stripping processes, XANES was collected in
real time. Several typical lithium-plating and lithium-stripping
states are marked in Fig. 3C, and the corresponding XANES
spectra at Cl K-edge are displayed in Fig. 3B. There is no feature
evolution during the total 8 hours of plating and stripping process-
es. The first derivative mapping for the XANES feature evolution
during the overall process also shows no feature evolution as
shown in Fig. 3D, indicating intrinsic stability of this vacancy-rich

Li et al., Sci. Adv. 9, eadh4626 (2023) 20 October 2023

LigN,Cl; toward lithium metal. This stability is further corroborated
by nanoindentation testing as shown in fig. S12 (see the Supplemen-
tary Materials), which reveals a Young's modulus (E = 42.43 GPa) of
this vacancy-rich LigN,Cl; greater than the bulk Young's modulus
(E = 7.8 GPa) of lithium metal (39, 40). This high Young's modulus
underlines its ability to prevent lithium dendrite growth.

Air stability study by operando SXRD and in situ XANES

Air stability or dry-air stability is an important characteristic in the
practical application of SSEs for large-scale manufacturing of solid-
state batteries (41). Operando SXRD and in situ XANES were used
to confirm the chemical stability of this vacancy-rich LioN,Cl;
toward dry air as shown in Fig. 4 (42). Figure 4A shows the oper-
ando SXRD study of the crystal structure evolution of this vacancy-
rich LigN,Cl; upon exposure to ambient air. The collection time for
each pattern is around 10 min. This pristine vacancy-rich LioN,Cl;
was initially covered by Kapton tape to prevent the decomposition
in ambient air with humidity of ~20%. SXRD patterns were then
collected after LigN,Cl; was exposed to ambient air by cutting the
Kapton tape with a slit. Several additional XRD peaks were observed
that gradually increased intensity with the exposure time. Exposing
to ambient air for ~140 min results in mixed phases of LigN,Cl; and
by-products, indicating chemical instability in ambient air. The
compositions of by-products are further confirmed by analyzing
the reaction products between LigN,Cl; and deionized water by
XRD as the following in situ XANES results suggest that moisture
results in decomposition (fig. S13, see the Supplementary
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Fig. 3. Operando XANES studies of chemical stability toward lithium metal. (A) Schematic illustration of the operando XANES studies of chemical stability of vacancy-
rich LigN,Cl3 during lithium-plating/stripping process and the configuration of the operando cell for XANES. (B) Operando XANES spectra at Cl K-edge with (C) the
corresponding discharge/charge voltage profiles of the Li cycling in the operando cell at several current densities (i.e., 0.1, 0.2, 0.3, and 0.4 mA cm~?) and (D) with
first derivative mapping of vacancy-rich LigN,Cls during lithium-plating/stripping process.

Materials). The gas by-product is NHj, and the solid by-products
are LiyCI(OH); and NH4CI. The reaction between LigN,Cl; and
moisture is confirmed as below

4 LigN,Cls 4 27 H,0(g) = 9 Liy(OH);Cl + 3 NH,Cl 4 5 NH;(g)

The chemical stability of this vacancy-rich LigN,Cl; toward dry
air was studied by in situ XANES carried out using several specific
gases, including ambient air, mixture of dry air and moisture, dry
air, and mixture of Ar and moisture (42). The vacancy-rich LigN,Cl;
samples were first stored in one XANES chamber filled with He gas
to prevent the influence of ambient air outside of chamber. Then,
the test gases were introduced to the chamber and to expose the
vacancy-rich LigN,Cl; sample to these gases. After a controlled
time, the chamber was purged with He gas for at least 10 min to
remove all test gases (e.g., air, Ar, or moisture). After this purge
with He, the Cl K-edge XANES spectrum evolution with the expo-
sure time was collected using the fluorescence yield (FLY) mode.
Figure 4B shows the Cl K-edge XANES spectrum evolution upon
exposure to ambient air. After exposure to ambient air for 5 min
and up to 2 hours, one additional peak at 2827.7 eV was observed,
related to the formation of two additional phases [Li,(OH);Cl and
NH,CI] confirmed in operando SXRD study. The same in situ
XANES studies were performed with other target gases (i.e.,
mixture of dry air and moisture, dry air, and mixture of Ar and
moisture). As shown in Fig. 4 (C to E) and fig. S14 (see the Supple-
mentary Materials), the mixture of dry air and moisture and the
mixture of Ar and moisture lead to the same decomposition of

Li et al., Sci. Adv. 9, eadh4626 (2023) 20 October 2023

this vacancy-rich LigN,Cl; as seen with ambient air. However,
this vacancy-rich LigN,Cl; shows extremely chemical stability in
dry air, as shown in Fig. 4D and fig. S14. This indicates that moisture
leads to the decomposition of LigN,Cl; in ambient air, which is
further studied by ex situ N K-edge XANES studies as shown in
fig. S15 (see the Supplementary Materials). The N K-edge XANES
spectra maintain almost the same during exposure to dry air, sug-
gesting excellent chemical stability of LigN,Cl; in dry air. In addi-
tion, the main features at ~397.9 eV undergo evolution during
exposure to ambient air, the mixture of Ar and moisture, and the
mixture of dry air and moisture, confirming the serious reaction
between LigN,Cl; with moisture and the formation of by-products
of NH,CI (43). When exposing Lio)N,Cl; to the atmosphere in dry
rooms with low dew points of around —50° to —60°C (<0.3% relative
humidity), the ionic conductivity of this vacancy-rich LigN,Cl; is
preserved at around 4.15 x 10> S/cm during exposures up to 200
hours (Fig. 4F). Even when the relative humidity increased to
around 3 to 5%, it can still maintain at around 3.65 x 10> S/cm
after exposure for 200 hours. The excellent chemical stability in
dry room makes this vacancy-rich LigN,Cl; promising for large-
scale manufacturing applications in battery dry rooms without
the required use of inert atmosphere glove boxes.

Electrochemical performance of lithium symmetric cells
and all-solid-state lithium metal batteries

As discussed in Fig. 5, most common SSEs are instable against
lithium metal anodes, including oxynitride, oxides, sulfides, and
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Fig. 4. Air stability studies of this vacancy-rich LigN,Cl3 SSE. (A) Operando SXRD patterns of this vacancy-rich LigN,Cl3 SSE during exposure process to ambient air for
140 min. In situ Cl K-edge XANES studies of this vacancy-rich LigN,Cl3 SSE during exposure process to (B) ambient air, (C) the mixture of dry air and moisture, (D) dry air,
and (E) the mixture of Ar and moisture for 2 hours. (F) The lithium-ion conductivity evolution at 25°C of this vacancy-rich LigN,Cl3 SSE upon exposure to dry air.

chlorides. In contrast, this vacancy-rich LigN,Cl; shows unique
stability in contact with lithium metal. However, its anodic limit
is only up to 0.5 V, and the oxidation of N*~ ions would happen
at increase voltage (fig. S16A, see the Supplementary Materials).
In summary, the phase equilibrium calculation result not only con-
firms that this vacancy-rich LigN,Cl; is compatible with Li metal
but also indicates that this vacancy-rich LisN,Cl; would decompose
at higher applied voltage. Therefore, the reasonable working full-
battery configuration needs an SSE that had high room-temperature
ionic conductivity and compatibility with vacancy-rich LigN,Cl;
SSE and the cathodes. The cathode-compatible Li, ;3Ho; 9Clg
SSE was used to couple cathode materials, which presents high
room-temperature ionic conductivity of 4.78 x 10~* S/cm with
the activation energy of 0.42 eV (fig. S17, see the Supplementary
Materials) (44). The Li, 73Ho, 99Clg SSE shows poor chemical stabil-
ity toward Li metal (fig. S18, see the Supplementary Materials) and
tends to decompose into Ho metal or Li-Ho alloy and LiCl at the Li
metal interface according to the Ho L;-edge and Cl K-edge XANES
(fig. S18, C and D). Time-dependent electrochemical impedance
spectroscopy (EIS) of the Li/Li, ;3Ho; ¢9Cls/Li cell shows gradually
increasing impedance after contact between the SSE and Li metal
after 60 hours, and the Li metal turns black after 30 hours, suggest-
ing the continuous formation of interface with lower ionic conduc-
tivity (fig. S18A, see the Supplementary Materials). In addition, as
shown in fig. S18E, the overpotential of symmetric all-solid-state Li/
Li, 73Ho1 0oCle/Li cell undergoes gradual increase during the initial
20 hours and then decrease after 600 hours, which confirms the
continuous decomposition of Li, 73Ho, 09Cls at first, followed by

Li et al., Sci. Adv. 9, eadh4626 (2023) 20 October 2023

lithium dendrite growth in the grain boundaries. In sharp contrast,
the time-dependent EIS of the Li/LigN,Cl3/Li cell remains almost
unchanged for 60 hours, and the Li metal retains its lustrous
metal color with residual this vacancy-rich LigN,Cl; powder on
the surface after 30 hours (fig. S18B, see the Supplementary Mate-
rials). The compatibility of Li, ;3Ho4 9Clg toward the vacancy-rich
LigN,Cl; SSE was also confirmed by the time-dependent EIS and N
K-edge and Ho L;-edge XANES as shown in fig. S17 (B to D) (see
the Supplementary Materials). The time-dependent EIS of the of
thin LigN,Cl; layer—Li, ;3Ho; g9Clg—thin LigN,Cl; layer (LNC-
LHC-LNC) SSE layers maintains stable for 60 hours. In addition,
the N K-edge and Ho L;-edge XANES spectra of the mixture of
LigN,Cl; and Li, 73Ho, 0oClg present no obvious change compared
to that pure LigN,Cl; and Li, ;3Ho, ¢9Cle, respectively. Therefore,
all-solid-state lithium metal batteries are demonstrated next with
a configuration of the LNC-LHC-LNC as the SSE.

Figure 5 presents the voltage profiles of a Li-LNC-LHC-LNC-Li
symmetric all-solid-state cell (small-area pellet type; size, 0.785
cm?) during Li-stripping and Li-plating processes at 0.1 mA/cm?
and 0.1 mAh/cm”. This cell is constructed with one LHC (weight,
100 mg; thickness, approximately 0.45 mm) SSE layer and two LNC
(weight, 5 mg; thickness, approximately 0.05 mm) layers. The sym-
metric cell shows steady overpotential of around 50 to 60 mV, and
no unexpected overpotential change related to short circuit is ob-
served over 3000 cycles. In addition, tested with a step increase in
current density and a fixed stripping/plating time of 1 hour, the
lithium symmetric cell demonstrated consistent potential profiles
and impedance within a threshold of 10 mA/cm?® and 10 mAh/
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100 mg) with (B) a current density of 0.1 mA/cm? and a fixed capacity of 0.1 mAh/cm? and (C) step-increased current densities and capacity (fixed 1 hour time for Li
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cm?, as depicted in Fig. 5 and figs. $19 and S20 (see the Supplemen-
tary Materials). However, when the current density ascended to a
range of 10.5 to 12 mAh/cm?, the lithium symmetric cell exhibited
a precipitous decline in overpotential and impedance, an indication
of lithium dendrite proliferation, yet devoid of internal short circuit.
When the current density returned to 1 mA/cm?, the lithium sym-
metric cells demonstrated stable cycling with a steadily decreasing
overpotential. This indicates continued lithium dendrite growth
due to interface damage from exceeding the CCD of 10 mA/cm®.
Figure 5 summarizes the comparison with reported all-solid-state
lithium symmetric cells using sulfides, nitrides, or oxides. The Li-
LNC-LHC-LNC-Li symmetric cell presents a breakthrough in
terms of CCDs and lithium-stripping/plating capacity. To achieve
the target of high areal capacity, the lithium-stripping/plating be-
havior under higher current densities was tested at 0.5 and 1 mA/
cm? with a fixed stripping/plating time of 1 hour, as shown in Fig. 5.

Li et al., Sci. Adv. 9, eadh4626 (2023) 20 October 2023

The Li-LNC-LHC-LNC-Li symmetric cell displays long-term stable
lithium-stripping/plating cycling for over 2000 cycles at 0.5 mA/
cm” and 0.5 mAh/cm® and over 2000 cycles at 1 mA/cm?* and 1
mAh/cm?. To further demonstrate the capability of LigN,Cl; SSE
to stabilize lithium metal, the Li-LNC-Li symmetric all-solid-state
cells (small-area pellet type; size, 0.785 cm?) also display stable Li-
stripping and Li-plating processes up to 10 mA/cm* and 10 mAh/
cm? and long-term stable lithium-stripping/plating cycling for 2000
cycles at 0.1 mA/cm* and 0.1 mAh/cm?® and at 1 mA/cm?® and 1
mAh/cm? (figs. S16, B to D, see the Supplementary Materials). In
addition, compared to commercial LiCl, Lil, and Li;N, this LigN,Cl;
SSE demonstrates much more stable lithium-stripping and lithium-
plating processes (LiCl and Lil, not available for lithium-stripping
and lithium-plating processes at 0.1 mA/cm* and 0.1 mAh/cm? due
to low ionic conductivity; LisN, continuously decreasing
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overpotential at 0.1 mA/cm? and 0.1 mAh/cm?) (fig. S2, Dto F, see
the Supplementary Materials).

All-solid-state lithium metal batteries (small-area pellet type;
size, 0.785 cm?) were then demonstrated using Ni-rich LiNig g3
Cop 11 Mng 060, (NCMS83) as cathode, LHC-LNC as the SSE
(LHC: weight, 100 mg; thickness, approximately 0.45 mm; LNC:
weight, 10 mg; thickness, approximately 0.1 mm) and lithium
metal as anode, giving the NCM83-LHC-LNC-Li configuration as
shown in fig. S21 (see the Supplementary Materials). The solid sec-
tions reveal a firm contact between each layer, including the LHC,
LNC, and cathode layers. Figure 6 presents the voltage profiles of
full cells with a capacity loading of 4.46 mg/cm?, cycled at 0.1 C
(where 1 C = 200 mA/g) between 2.7 and 4.3 V versus Li‘/Li at
room temperature (25°C). The corresponding areal current
density of 0.1 C, approximately 0.0892 mA/cm?, is near to 0.1

mA/cm”’. This value is lower than the CCD of lithium symmetric
cells, thereby mitigating the risk of lithium dendrite formation as
shown in tables S16 and S17 (see the Supplementary Materials).
The initial reversible capacity is 208.2 mAh/g with a high initial
CE of ~89.3% when cycled at 0.1 C. In the following cycles, the
CE reaches nearly 100%. Rate performance was tested with
cycling rates up to 1.0 C to demonstrate the stability toward
lithium metal and the suppression of lithium dendrites by this
vacancy-rich LigN,Cl; in full cells at high current densities
(Fig. 6). When cycled at 0.2, 0.4, 0.5, and 1.0 C, the full cells dis-
played smooth voltage profiles, which indicated no lithium dendrite
growth in the SSE layers. The long-term stability of LigN,Cl; toward
lithium metal in full cells was also confirmed by long cycling at 0.1
and 0.5 C (Fig. 6). As shown in Fig. 6, the full cell delivered stable
capacity retention of 87.98% with 183 mAh/g after 250 cycles when
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Fig. 6. Investigation of all-solid-state lithium batteries. Long-term electrochemical performance of the NCM83-LHC-LNC-Li all-solid-state lithium metal batteries at
25°C with an operating voltage window between 4.3 and 2.7 V and the cathode loading of 4.46 mg/cm?. (A) The charge/discharge curves at 0.1 C. (B) Charge-discharge
capacity and the CE as a function of cycle number for all-solid-state lithium metal batteries cycled at 0.1 C. (C) The charge/discharge curves at incremental cycling rates up
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cycled at 0.1 C. At a higher current density of 0.5 C, it demonstrated
extremely stable long-term cycling with capacity retention of
90.35% and reversible capacity of 103 mAh/g over 1500 cycles
(see Fig. 6). Given the economic constraints imposed by the utiliza-
tion of the Ho element, it becomes imperative to resort to other con-
ventional SSEs for cathode materials, such as commercially
accessible sulfide SSEs. All-solid-state lithium metal batteries, con-
figured as NCM83-LisPS;Cl-LNC-Li, have demonstrated impres-
sive electrochemical stability at both 0.1 and 0.5 C. Specifically,
these cells exhibit a high capacity retention of 96.43% with an
energy capacity of 201.5 mAh/g over 50 cycles at 0.1 C and
95.01% capacity retention with an energy capacity of 107.7 mAh/
g over an extended 350 cycles at 0.5 C as shown in fig. S22 (see
the Supplementary Materials). To circumvent potential interfacial
reactivity between NMC83 and LisPSsCl, we strategically coated
NMC83 cathode particles with protective LiNbOx layers, with a
thickness of approximately 5 nm, using the atomic layer deposition
technique (45).

To effectively demonstrate the potential for long driving range in
EV applications, it is crucial to increase the areal capacity to at least
3 mAh/cm?® and develop all-solid-state lithium metal pouch cells (3,
46). To achieve this target of the areal capacity, we increase the
NMC83 cathode loading to 27.42 mg/cm?, as shown in Fig. 6 and
fig. S23 (see the Supplementary Materials). When cycled at 0.1 C,
the cell delivered a high reversible areal capacity of 5.16 mAh/cm?
and a specific capacity was 188.14 mAh/g. The cell delivered good
cycling stability with high reversible areal capacity (4.49 mAh/cm?
over 100 cycles) and high capacity retention (86.91% over 100
cycles). In addition, all-solid-state lithium metal pouch cells have
also been demonstrated by adopting dry-film processes (see
Fig. 6) (47). A NCMS83 cathode film (a mixture of NCM83 and
Li, 73Ho4 oClg with cathode loading of 8.92 mg/cmz), Liy 73Hoy g9.
Clg (100 pm in thickness), and vacancy-rich LigN,Cl; (100 pm in
thickness) SSE thin films have been prepared as shown in fig. S24
(see the Supplementary Materials) and assembled into all-solid-
state lithium metal pouch cells. This pouch cell delivered high
initial capacity of 1.67 mAh/cm” and maintained 1.52 mAh/cm?
after 50 cycles at 0.1 C (see Fig. 6). To further amplify the areal ca-
pacity of the pouch cell for practical application, all-solid-state
lithium metal pouch cells with a heightened cathode loading of
27.42 mg/cm” were prepared as shown in fig. $25 (see the Supple-
mentary Materials). These exhibited a high initial areal capacity of
4.8 mAh/cm?, which was maintained at 4.27 mAh/cm? after 50
cycles at 0.05 C. This stable cycling performance of all-solid-state
lithium metal configuration suggests the excellent compatibility of
this vacancy-rich LigN,Cl; SSE with the lithium metal anode.

Regarding practical all-solid-state lithium metal batteries, the
enhancement of the CCD in all-solid-state lithium symmetric
cells to 10 mA/cm* and 10 mAh/cm? is a substantial breakthrough
that has the potential to unlock higher energy density and faster
charging capabilities. However, there are still some limitations of
this vacancy-rich LigN,Cl; for all-solid-state lithium metal batte-
ries, particularly at high current densities. The high resistance of
overall SSE layers in the lithium symmetric cells results in high over-
potential as shown in table S16 (see the Supplementary Materials).
For instance, the LHC layer (weight, 100 mg; thickness, ~0.45 mm)
has a resistance of approximately 200 ohms, while each LNC layer
(weight, 5 mg; thickness, ~0.05 mm) has a resistance of around 140
ohms. Cumulatively, the LNC-LHC-LNC layer (thickness, 0.55
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mm) results in a resistance of about 500 ohms. This high overpoten-
tial compromises the capacity and energy density, rendering them
unacceptable for practical batteries and could even lead to negligible
capacity, as seen in the high overpotential (~3.7 V) of the lithium
symmetric cells at 10 mA/cm?.

It is evident that full cells with a capacity loading of 4.46 mg/cm®
exhibit low overpotential, delivering a high capacity of ~208 mAh/g
and good cycling at 0.1 C (0.0892 mA/cm?). However, when the
current density is raised to 1.0 C (0.892 mA/cm?), the full cells
only provide around 100 mAh/g. This underscores the point that
the high overpotential arising from the notable resistance of the
SSE layers can constrain the capacity and energy density at elevated
current densities, especially for fast charging applications. In light of
these findings, it seems plausible to use thin LNC layers and other
cathode-compatible SSEs with high ionic conductivity [e.g., Lijo.
GeP,S,,; (48); room-temperature ionic conductivity, 12 mS/cm]
to help enhance the electrochemical performance at high current
densities.

DISCUSSION

In summary, this study presents the vacancy-rich LigN,Cl;, an SSE
demonstrating high lithium compatibility and dry-air stability.
Compared to earlier research on LigN,Cl; (21, 22, 28, 49), our
study offers a more extensive analysis and innovative advancements
in the understanding of its structure, synthesis, lithium-ion diffu-
sion mechanisms, and electrochemical performance as shown in
table S18 (see the Supplementary Materials). A lattice and
vacancy-driven lithium-ion migration mechanism, corroborated
via SXRD, PDF, TOF neutron diffraction, DFT calculation, and
AIMD simulation, is central to its superior functionality. Notably,
this SSE exhibits a room-temperature ionic conductivity an order of
magnitude higher (4.3 x 10~ S/cm) than previous records (~1 x
107° S/cm), with an activation energy of 0.378 eV. Operando
studies [operando SXRD and XANES studies with low-angle (3°)
incidence x-ray] and theoretical calculations shed light on its intrin-
sic stability toward lithium metal, effectively preventing lithium-
SSE interfacial reaction and dendrite formation. These features un-
derpin its utility in high-performance all-solid-state lithium sym-
metric cells and lithium metal batteries, capable of achieving high
CCDs and lithium-stripping/plating capacity of 10 mA/cm? and 10
mAh/cm?, respectively. Furthermore, these cells display ultrastable
cycling over 2000 cycles at various densities (0.1, 0.5, and 1.0 mAh/
cm?®) with a fixed lithium-stripping/plating time of 1 hour. The
vacancy-rich Li9N2CI3 SSE's impressive dry-air stability and excel-
lent performance in battery dry rooms cement its potential for prac-
tical applications in modern battery industries. The excellent
stability of vacancy-rich LigN,Cl; toward lithium metal produced
high-performance all-solid-state lithium symmetric cells and all-
solid-stable lithium metal batteries. Because of the high lithium
compatibility of this vacancy-rich LigN,Cls, all-solid-state lithium
metal batteries with Ni-rich NCM83, in the configuration NCM83-
LHC-LNC-Li, delivered excellent electrochemical performance
with long cycling life at low and high current densities (87.98% ca-
pacity retention with 183 mAh/g over 250 cycles at 0.1 C and
90.35% capacity retention with 103 mAh/g over 1500 cycles at 0.5
C). Moreover, these cells enable high areal capacity of ~5 mAh/cm®
(cathode loading of 27.42 mg/cm®) for small-area pellet type cells
(size, 0.785 cm?; thickness of SSE layers, 0.55 mm) and 4.8 mAh/
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cm? (cathode loading of 27.42 mg/cm?) for all-solid-state lithium
metal pouch cells (size, 2 x 2.5 cm?; thickness of SSE layers, 200
pm). Our findings establish the vacancy-rich LigN,Cl; as a high-
performance SSE demonstrating exceptional stability toward
lithium metal anodes, essential for achieving high—areal capacity
and longevity in all-solid-state lithium metal batteries. As such,
this SSE presents a viable candidate for addressing the escalating
demands of the rapidly evolving EV market.

MATERIALS AND METHODS

Preparation of the LigN,Cl; SSE through ball-

milling method

Lithium nitride (Li;N; Alfa Aesar, 99.4%) and lithium chloride
(LiCl; Alfa Aesar, 99.9%) were weighed to the stoichiometric
molar ratio. The mixtures were mechanically mixed in a ZrO, pot
with ZrO, balls (¢ = 5 mm, the mass ratio of balls to mixtures was
40). The mixing process was performed using a planetary ball-
milling apparatus. All the preparation processes were carried out
with an Ar atmosphere.

Characterizations

Powder XRD patterns were collected on a Bruker AXS D8 Advance
with a Cu Ka radiation (\ = 1.54178 A) with a special holder to
avoid exposure to air during test. The morphology was character-
ized with by a Hitachi S-4800 field-emission SEM for SEM and
energy-dispersive x-ray spectroscopy mapping.

Nanoindentation tests

In situ Berkovich indentation tests were performed on an Alemnis
Nano indenter within an Apreo-2S field-emission gun SEM, con-
trolled by AMICS software. Tests were conducted under vacuum
at room temperature to maintain environmental consistency. Five
indentations were performed per sample, ensuring indenter place-
ment away from residual surface particles via SEM. The indenter
was programmed for a constant displacement rate of 5 nm/s, reach-
ing a total indentation displacement of 9 um. After attaining
maximum displacement, a dwell time of 5 s was implemented
before retraction. SEM imaging parameters were set to a 20-keV
electron beam energy, a 6.4-nA beam current, and a 25-mm
working distance.

Solid-state NMR measurements

Variable temperature spin-lattice relaxation time (T;) was measured
on the same machine as our previous work [Nano Energy 69 (2020)
104396, Energy Storage Materials 30 (2020) 238-249]. The "Li
Larmor frequency was 155.248 MHz, and the n/2 and n pulse
lengths were determined to be 2.1 and 4.4 ps, respectively. Chemical
shifts were referenced with respect to a 1.0 M LiCl solution. Spectra
were acquired in the temperature range of 20° to 150°C. The “Li
spin-lattice relaxation times (T;) were determined using an inver-
sion-recovery NMR method where the experimental data were fit to
a three-parameter inversion-recovery equation using the Chemag-
netics Spinsight NMR software package.

Synchrotron-based x-ray powder diffraction, x-ray total
scattering and XANES

The synchrotron-based x-ray powder diffraction and x-ray total
scattering were carried out at the Very Sensitive Elemental and
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Structural Probe Employing Radiation from a Synchrotron and
Brockhouse X-ray Diffraction and Scattering-High Energy
Wiggler Beamline beamlines at the Canadian Light Source. The N
K-, Cl K-, and Ho L;-edge XANES spectra were collected at the
Spherical Grating Monochromator (SGM) beamline and Soft X-
ray Microcharacterization Beamline at the Canadian Light Source.
X-ray FLY mode was used to collect the XANES spectra.

Neutron total scattering

The room-temperature neutron diffraction was performed at the
Nanoscaled Ordered Materials Diffractometer (NOMAD) beamline
(BL-1B) at the Spallation Neutron Source at Oak Ridge National
Laboratory. Powdered (~0.15-g) samples were packed into 3-mm
quartz capillaries and sealed with epoxy in a glove box filled with
dry argon. The acquisition time was 1 hour for each sample. The
background was subtracted from the acquired data followed by nor-
malization against the vanadium rod.

lonic conductivity measurements

Ionic conductivities were measured by ac impedance spectroscopy.
Typically, powder samples were placed between two stainless steel
rods with 10-mm diameter and pressed at 3 tonnes (~380 MPa). The
thickness of the pellet was between 0.8 and 1.0 mm depending on
the amount of powder sample used. The procedures were per-
formed inside an Ar-filled glove box. EIS was performed with in
the temperature range —5° to 75°C using versatile multichannel po-
tentiostat 3/Z (VMP3) from 7 MHz to 1 Hz with an amplitude of
10 mV.

Electrochemical characterizations

All the cell preparation processes were conducted inside an Ar-filled
glove box with the in-house fabricated all-solid-state cells (fig. S26).
For Li-LigN,Cl;-Li, 73H0, 09Cls-LigN,Cl3-Li symmetric cells, ~100
mg of Li, ;3Ho, 9Clg and 5 mg of LigN,Cl; were placed into a poly-
tetrafluoroethylene (PTFE) die with diameter of 10 mm and pressed
at 3 tonnes. Then, two lithium foils (diameter, 10 mm; thickness,
250 um) were attached to both sides of the SSE layers. For the Li-
LigN,Cl;-Li symmetric all-solid-state cells, 20 mg was placed into a
PTFE die with diameter of 10 mm and pressed at 3 tonnes as the SSE
layer. Then, two lithium foils (diameter, 10 mm,; thickness, 250 pm)
were attached to both sides of the SSE layers. For cathode compos-
ites fabrication, commercial Ni-rich LiNigg3C0¢ ;11 Mng o602
(NCM83) cathodes and as-prepared Li, ;3Ho, ¢9Clg were hand-
milled for 5 min with weight ratio of 70:30 without carbon additives.
For Li/LigN,Cls/Li, 7,3H0, 49Cls/NCM83 full-cell fabrication, ~100
mg of Li, 73Ho, goClg powder was placed into a PTFE die with di-
ameter of 10 mm and pressed at 3 tonnes. Subsequently, 5 mg of the
cathode composite powder was dispersed on one side of the electro-
lyte and pressed again at 3 tonnes. Before attaching lithium metal
anode (diameter, 10 mm; thickness, 250 um) on the other side of
the electrolyte layer, a thin layer of LigN,Cl; (10 mg) was set to
face lithium metal anode. For Li/LigN,Cls/LigPS;Cl/NCMS83 full-
cell fabrication, ~100 mg of LicPSsCl powder was placed into a
PTFE die with diameter of 10 mm and pressed at 3 tonnes. Subse-
quently, 5 mg of the cathode composite powder was dispersed on
one side of the electrolyte and pressed again at 3 tonnes. Before at-
taching lithium metal anode (diameter, 10 mm; thickness, 250 pm)
on the other side of the electrolyte layer, a thin layer of LigN,Cl; (10
mg) was set to face lithium metal anode. The full cells were cycled in
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the voltage range of 2.7 to 4.3 V (versus Li*/Li) without external
stack pressure using a Neware battery test system (Shenzhen,
China) and a Land cycler (Wuhan, China) at room temperature.
The galvanostatic charge-discharge studies of NCM83 cathodes
were conducted at different current densities.

All-solid-state lithium metal pouch cells

All the cell preparation processes were conducted inside an Ar-filled
glove box. Dry-film processes were used to prepare SSEs and
cathode films (47). Then, SSEs and cathode films and lithium
metal foils were stacked together to form pouch cells, sealed with
aluminium bags under vacuum.

Computation

DFT calculation

All the calculations are carried out using Vienna Ab initio Simula-
tion Package (50) based on DFT. The projector augmented-wave
(51) approach and generalized gradient approximation of Perdew-
Burke-Ernzerhof functional (52) were used for the energy calcula-
tions. The plane-wave energy cutoff and k-points density used in the
calculations were consistent with that of Materials Project (53).
Structural ordering

The LigN,Cl; has a cubic anti-fluorite structure with space group of
Fm3m. In the anti-fluorite structure, Li partially occupied the tetra-
hedral 8¢ sites, and N and Cl co-occupied the vertex 4a sites. To
determine the atomistic configurations of disordered structure, we
performed the structural ordering as our previous works (11, 31).
On the basis of experimental refined structure, we used a 2 x 2 x
2 supercell model with a formula of Lis;N;,Cl;g to generate a
total of 50 symmetrically distinctive structures, of which 30 struc-
tures were generated by minimizing the electrostatic energies from
three thousands of random configurations and the other 20 were
generated by randomizing the disordered occupancies. All the
structures were statically relaxed in the DFT calculations, and the
structure with lowest energy was identified as the ground state struc-
ture for other calculations.

Li vacancy formation energy

We calculated vacancy formation energy for each single Li in the
ordered supercell model of LisyN;,Cl;g. A single neutral Li atom
was removed the supercell, and, then, the formation energy of Li
vacancy at different sites was calculated as

AE,,. = E[Li53N;,Clyg] + E[Li] — E[Li5yN1,Clyg]

where E[Lis4N;,Cl;g] represents the total energies of the pristine su-
percell, E[Li53N;,Cl;g] represents the defected supercell with a
single Li vacancy, and E[Li] is the energy of Li metal. Similarly,
the Li vacancy formation energy is calculated in LiCl and B-LizN
as comparison. The supercell model of LiCl (32 formula units
and a total of 64 atoms) and B-Li;N (36 formula units and a total
of 144 atoms) is used.

AIMD simulation

We performed AIMD simulations in the supercell model of Lis, N .
Cl,g using NVT ensemble with Nosé-Hoover thermostat (33). Non-
spin mode, time step of 2 fs, and I'-centered k-point were used. In
each simulation, structures were first heated from 100 K to the target
temperatures (600 to 100 K) at a constant rate during a period of 2
ps. Then, the AIMD simulations last from 80 to 300 ps until the
ionic diffusivity converged with a relative standard deviation
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between 20 and 30% according to our work (34). The ionic diffusiv-
ity D was calculated as the mean square displacement over the time
interval At

N

D (it + 81) = ri(0)]%),

i=1

1
"~ 2NdAt

where d = 3 is the dimension of the diffusion, N is the total number
of diffusion ions, r;(t) is the displacement of the ith ion at time . The
ionic conductivity was calculated according to the Nernst-Einstein
relationship

2
nq
0c=—D
kgT
where # is the mobile ions volume density and q is the ionic charge.
Arrhenius relation is used to get activation energy and to extrapolate
ionic conductivity at desired temperature

—E
oT = opexp (k—;)
B

where E, is activation energy and o is the pre-exponential factor.
Electrochemical window

The phase equilibria were evaluated along the energy minimum
using the decomposition energy AEp with the chemical potential
p; referenced to Li metal in the previous studies (54, 55). The de-
composition reaction energy at a given chemical potential yy; of
element Li is calculated as

AE(I))Pen (phase, IlLi) = Eeq[ceq(cv PLi)] - E(phase) - AnLi * Mo

where Co(C, uy;) is the phase equilibria of a given phase composi-
tion C at the given chemical potential.

Supplementary Materials
This PDF file includes:

Figs. S1 to 526

Tables S1 to S18
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