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PROGRESS AND POTENTIAL Lithium argyrodites, due to their high room temperature ionic conductivities
and ease of processing, are favorable solid electrolytes (SEs) for all-solid-state batteries. However, the
low preparation efficiency and poor cycling performance arising from continuous side reactions at the SEI
electrode interface hinder their large-scale applications in solid-state batteries. Herein, we successfully
achieve large-scale production (over 1 kg per batch in the lab for the first time) of Lis5PS45Clg.75Bro.7s
(LPSCB) by fast dry mixing followed by annealing, which presents high room temperature ionic conductivities
of 13 mS cm ™" for cold-pressed and 25 mS cm ' for sintered pellets, along with a low activation energy of
0.24 eV. Combining neutron powder diffraction and °Li — “Li tracer-exchange nuclear magnetic resonance
(NMR) spectroscopy measurements, the origin of fast Li* migration in the material is revealed. A significant
quantity of the intercage jumps occurs through the 48h-16e-48h pathway, enabling faster ion conduction in
LPSCB. The assembled cells using LPSCB and a LizBO3-coated single-crystal LiNig g3C0q.11Mng 0602 can be
cycled for over 2,500 cycles at a 0.5 C rate and 1,800 cycles at a 2 C rate without any capacity degradation.
Moreover, a high areal capacity of 2.8 mAh cm 2 is also achieved for the cell after 440 cycles. Our results pro-
vide new insights into the ion transport mechanism of superionic conductors and demonstrate that LPSCB is
one of the most promising candidates for accelerating the commercialization of sulfide-based all-solid-state
batteries.

SUMMARY

Lithium argyrodites with high ionic conductivities are favorable solid electrolytes (SEs) for all-solid-state batte-
ries (ASSBs). However, their low preparation efficiency and poor cycling performance hinder their large-scale
applications. In this work, we demonstrate successful large-scale production (over 1 kg per batch for the first
time) of Lis 5sPS4.5Clo 75Bro.75 (LPSCB) by fast dry mixing followed by annealing, which presents high room tem-
perature ionic conductivities of 13 mS cm " for cold-pressed and 25 mS cm ™ for sintered pellets. Combining
neutron powder diffraction and °Li — “Li tracer-exchange nuclear magnetic resonance (NMR) spectroscopy
measurements, we show that intercage jumps frequently occur through the 48h-16e-48h pathway in LPSCB,
promoting the overall lithium conduction. The assembled ASSBs using LPSCB and a LiNi g3C0g.11Mng 002
electrode can be cycled for over 2,500 cycles at a 0.5 C rate and 1,800 cycles at a 2 C rate without any capacity
degradation. Our results will accelerate the commercialization of sulfide SE for ASSBs.

Matter 8, 102135, September 3, 2025 © 2025 Elsevier Inc. 1
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INTRODUCTION

All-solid-state batteries (ASSBs) implementing non-flammable,
inorganic solid electrolytes (SEs) have emerged as one of the
promising next-generation batteries, given their potential to
achieve higher energy density and enhanced safety.' Devel-
oping highly ionically conductive SEs relying on low-cost precur-
sors and possessing good electrochemical stability against oxide
cathodes would facilitate the realization of high-performing
ASSBs.” "° Inorganic SEs typically include oxides, sulfides, and
halides.”™'* Among them, sulfide electrolytes, especially lithium
argyrodites, have received extensive attention owing to their
high room temperature ionic conductivity, low cost, good ductility,
and high kinetic stability toward the electrodes.’®'” The most
prevalent lithium argyrodites are LisPSsX (X = Cl and Br), reaching
ionic conductivities of 1-4 mS cm~".">"® Anincrease in the disor-
der of the S27/X~ ions occupying the 4a/4d sites in LigPSsX will
change the lithium substructure, thereby enhancing ionic conduc-
tivity. Theoretical calculations indicate that when CI~ occupies
75% of the 4d site, the ionic conductivity of LigPSsCl is the high-
est."® In contrast, LigPSs! exhibits a low ionic conductivity of about
0.001 mS cm~', which is primarily attributed to the absence of
S27/I~ disorder.?° The aliovalent substitution of phosphorus with
elements such as Ge or Si results in an increase of site inversion,
altering the lithium substructure and thereby significantly
improving ionic conductivity, e.g., in LiggP0.4Ge0eSsl (5.4 mS
em™")?" or Lig ¢Sio.6Sb0.4Ss! (14.8 mS cm™").? It is notable that
the ionic conductivity of Lig Sig.6Sbo.4Ssl rivals that of the well-
known Li10GeP2S12 (12 mS cm™").2° However, Ge and Sb are rela-
tively costly, and lithium argyrodites containing Ge, Si, or Sb are
unstable toward the lithium-metal anode and high-voltage oxide
cathodes, which would result in continuous degradation reac-
tions, ultimately leading to cell failure.?*~>°

Substituting S with an excess of X in LigPSsX to obtain
halogen-rich lithium argyrodites is another effective method for
improving ionic conductivity by increasing the degree of site
inversion and generating additional Li* vacancies. Literature re-
ports indicate that the room temperature ionic conductivity of
Lis_xPSs_xCli.x (0.5 < x < 0.7) can be as high as 9-10 mS
cm~1,"%27 while for LissP4.5Brys, values of up to 5 mS cm™
have been reported.?® Recently, dual halogen doping of lithium
argyrodites to obtain high-entropy ionic conductors has been
proposed, aiming at further enhancing ionic conductivity.”:*°
Previous studies indicate that Li* ions mainly occupy 24g and
48h sites, and Li* mainly achieves rapid intercage conduction
through 48h-48h pathways, resulting in high ionic conductiv-
ity. 52751 However, it is difficult to explain why the ionic conduc-
tivity of dual-doped halogen-rich lithium argyrodites is higher
than that of the single-doped counterpart. The underlying mech-
anisms responsible for the high ionic conductivity of dual-doped
halogen-rich lithium argyrodites are still elusive and need to be
further revealed by more, deeper characterizations, such as 6
- "Litracer-exchange nuclear magnetic resonance (NMR) spec-
troscopy measurements.

Aside from the ionic conductivity and the cost, the preparation
efficiency and energy consumption during the synthesis of
lithium argyrodites should be considered. Currently, one of the
prevailing methods for synthesizing halogen-rich sulfide electro-
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lytes is a one-step high-energy ball-milling route. However, the
ionic conductivity of SEs prepared using this method is low.*
To further enhance the conductivity, a subsequent heat treat-
ment is usually conducted following the ball milling process,
thereby improving crystallinity.’®?"*® Although adopting this
can help to achieve high room temperature ionic conductivities
of 10 mS cm~" or so, it is usually time consuming and energy
intensive. Typically, more than 10 h of ball milling is required,
and the batch uniformity is poor. The yield obtained via this
way is often limited, ranging from a few to tens of grams.
Liquid-phase synthesis is also a popular method for preparing
lithium argyrodites, involving a precursor suspension in organic
media, stirring, subsequent solvent evaporation, and final heat
treatment. However, the liquid-phase process is also time
consuming, and solvent volatilization could increase costs and
cause environmental issues.***> Consequently, it is necessary
to develop a method to prepare highly conductive sulfide SEs
on the kilogram scale and with high batch consistency, which
plays a vital role in facilitating the commercialization of ASSBs.

Despite the fact that the ionic conductivity of some sulfide
electrolyte systems could reach 10 mS cm™", there are few re-
ports that the capacity retention of ASSBs is higher than 90% af-
ter 1,000 cycles, which is mainly due to the chemo-mechanical
failure inside the composite cathode.**~*® In addition, to prepare
a coating on the surface of the cathode active materials (CAMs),
improving the electrochemical stability of the sulfide electrolytes
could also enhance the cycling stability of the ASSBs.>*" By
subtly controlling the Cl element content in the Lig_xPSs5_xClq,x
(0 < x <£0.7) electrolyte, the interfacial stability of the halogen-
rich sulfide electrolytes against the high-voltage cathodes and
the lithium metal anode can be significantly improved.*®*° How-
ever, there is still a lack of detailed evaluation on the electro-
chemical stability of dual-doped halogen-rich electrolytes
against high-voltage cathodes.

In this study, we use rapid dry mixing followed by heat treat-
mentto prepare lithium argyrodites of a 1 kg batch size for the first
time. The obtained Lis sPS4 5Cly.75Bro 75 (LPSCB) exhibits a high
room temperature ionic conductivity of 13 mS cm™" in the cold-
pressed state and the lowest activation energy of 0.24 eV. Further
hot pressing results in an ionic conductivity of 25 mS cm™, rep-
resenting one of the highest values reported to date. The under-
lying mechanism of the enhanced ionic conductivity is examined
via neutron powder diffraction (NPD), magic-angle spinning NMR
(MAS NMR) spectroscopy, and °Li — “Li tracer-exchange NMR
spectroscopy. Moreover, ASSBs employing a single-crystal
LiNio_ggCOo_ﬁMnQ'OGOZ@LigBO;g (S‘NCMSS) cathode material,
the as-prepared LPSCB, and an In/InLi anode are shown to
deliver high areal capacities and exhibit high capacity retentions
at various C rates. Electrochemical impedance spectroscopy
(EIS) and X-ray photoelectron spectroscopy (XPS) measure-
ments before and after cycling confirm that the interface between
s-NCM83 and LPSCB (or LissPS45Cly5) is indeed kinetically
stable.

RESULTS AND DISCUSSION

To successfully commercialize SEs, not only is a high room tem-
perature ionic conductivity required, but also simple preparation
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Figure 1. Schematic of the preparation process, structure characterization, and morphology of LPSCB electrolyte

(A) The total raw material costs and ionic conductivities of LPSCB and other oxide, sulfide, and halide SEs.

(B) Schematic representation of the synthesis of LPSCB, including fast dry mixing followed by annealing.

(C) Neutron powder diffraction (NPD) pattern of LPSCB with the corresponding Rietveld refinement profile. Dark gray circles represent the experimental data, the
black line the calculated pattern, and the light gray line the difference profile. Vertical tick marks denote the position of expected Bragg reflections.

(D) Crystal structure of LPSCB, with the different Wyckoff positions and elements indicated in the legend below.

(E) Raman mapping image of an LPSCB pellet.

(F-J) SEM image of the LPSCB particles (F) and corresponding elemental maps for sulfur (G), phosphorus (H), chlorine (I), and bromine (J).

processes and low costs are required. Therefore, we have calcu-
lated and compared the total raw material costs of some typical
sulfide, oxide, and halide SEs (Figure 1A).'%?172%40743 The
detailed cost calculation process is shown in Tables S1 and
S2. Our designed LPSCB material presents one of the lowest
costs and exhibits one of the highest ionic conductivities among
the different inorganic SEs. A facile solid-state reaction method,
including fast dry mixing followed by annealing, is adopted to
synthesize the Lis sPS4.5Cl; 5, Lis 3PS4.3Cly 7, and LPSCB mate-
rials (Figure 1B). Compared with high-energy ball milling followed
by annealing (10 g per batch at most), fast dry mixing followed by
annealing is a highly efficient and energy-saving method that al-
lows preparing SEs with over 1 kg per batch. To the best of our
knowledge, this is the first report on the manufacturing of sulfide
SEs on the hundred-gram scale in the lab.

X-ray diffraction (XRD) was conducted to confirm the phase pu-
rlty of the Li5_5PS4_5C|1_5, Li5_3PS4_3C|1_7, and LPSCB SEs. As
shown in Figure S1, it can be observed that all the synthesized
electrolytes exhibit main reflections that can be assigned to the
argyrodite phase, except for Lis 3PS, .3Cl4 7, revealing the pres-
ence of some minor LiCl impurities. NPD measurements were
also conducted on the LPSCB sample to gain a better under-
standing of the crystal structure, especially the lithium substruc-
ture. Figure 1C shows the NPD pattern of LPSCB at 298 K and
the corresponding Rietveld refinement profile. The pattern can
be indexed in the F43m space group with a refined lattice param-
etera=9.8921(3) A. Full structural information is givenin Table S1.
Figure 1D depicts the calculated crystal structure, where the
“free” S?~, CI~, and Br™ ions form a face-centered cubic sublat-
tice at Wyckoff positions 4a and 4d. The additional S2~ ions
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occupy the 16e Wyckoff site surrounding the P site (4b), thus
creating PS,3~ tetrahedra. Moreover, the lithium ions occupy
two Wyckoff sites, including 24g and 48h. Additionally, the ClI™/
Br~ ions residing on the Wyckoff position 4a are usually mixed
with S2~ ions at the 4d site, commonly denoted as S%~/Cl~/Br~
site inversion. The shared S27/CI~/Br~ occupancy on both the
4a and 4d sites was quantified via Rietveld analysis of the NPD
data. On the 4a site, 18% S, 18% ClI, and 64% Br are found, while
on the 4d'site, 33% S, 57% ClI, and 11% Br are present (Table S3).

In addition, it can be observed in Figure S2 that the Raman
spectra of 600 points in the scan range are similar. These peaks
correspond to the PS,3~ group from the LissPS45Cl s,
Lis 3PS4.3Cly 7, and LPSCB SEs, and there is no peak related
to the P,Sg*~ or P,S;*~ group arising from impurities, indicating
that the synthesized SEs are uniform without any impurities.
In addition, it can also be seen from the Raman mapping
(Figure 1E) that within the observation range of 100 x 70 pm?,
the main peaks are concentrated at 421-425cm ™', correspond-
ing to the PS,%~ group from the LPSCB. The main reason for the
slight difference in color at different positions is that there are
pits on the surface of the SE pellets, resulting in a slight shift in
the peak position. The LPSCB particle morphology and
elemental distribution were also probed using scanning electron
microscopy (SEM) in combination with energy-dispersive X-ray
(EDX) spectroscopy (Figures 1F-1J and S3). As shown, the par-
ticles have a size of several microns, with a homogeneous
element distribution on a micrometer level.

EIS was performed in a temperature range of 10°C-60°C to
determine the ionic conductivity and activation energy for con-

4 Matter 8, 102135, September 3, 2025

EIS show an inverse correlation with the
activation energy. For Lis sPS4 5Cl 5, the
ionic conductivity is calculated to be
10.6 mS cm ™. Further substituting S with Cl, the ionic conduc-
tivity declines to 7.1 mS cm™", which is most likely due to the
presence of LiCl as an impurity in Lis3P4.3Cli7. The highest
room temperature ionic conductivity of 13.1 mS cm™" is ob-
tained for LPSCB.

To eliminate grain boundary resistance, the LPSCB powder
was hot pressed. The resistance of the sintered LPSCB is found
to be half that of cold-pressed pellets, corresponding to an ionic
conductivity of 25 mS cm™" at 25°C (Figures 2D and S5). Of note,
this is one of the highest reported values for sulfide SEs.”** The
electronic conductivity of LPSCB from DC polarization measure-
ments was determined to be (3.2 £2) x 10~ ¥ Scm™" (Figure S6),
indicating that the lithium transfer number is close to one.

NMR spectroscopy has been proven to be a suitable probe to
gain information about the local structure and the origin of fast
ion conduction.”>™*" Well-resolved solid-state ®’Li and 3'P
NMR spectra were acquired under MAS of a 10 kHz rate in
3.2 mm rotors. 3'P spectra and corresponding simulations are
shown in Figures 3A-3C. Three local configurations around the
central P atom occupying the four neighboring 4d Wyckoff posi-
tions (Figure 3A) are observed for Lis 3sPS,3Cly 7, with S,Cly,
SCls, and Cl, at 86, 84, and 82 ppm, respectively.*® Their occu-
pancies were determined to be 6%, 25%, and 69%, respec-
tively. In the case of Lis sPS,45Cl4 5, the resonance positions do
not alter (Figure 3B); however, the relative occupancies changed
to 12%, 38%, and 50%, respectively. For the LPSCB SE, the 3'P
signals shift to higher frequencies and become broader with
indistinct peak intensities (Figure 3C). However, it is difficult to
distinguish the contributions from the S27/CI~/Br~ disorder

25
Z'(Q)
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Figure 3. Local structure and ionic transport pathways of lithium argyrodites

Solid-state MAS NMR spectra and corresponding simulations.

(A-F) 31p (A-C) and 5L (D-F) NMR spectra of the pristine Lis 3PS, 3Cl1 7, Lis sPS4.5Cly 5, and LPSCB SEs, respectively.
(G-1) °Li NMR spectra of the SEs after ®Li — "Li tracer exchange. The gray curves represent the measured data and the dashed lines in purple are the sum of

simulations.

(J-L) Comparisons of Li site fractions in Lis sPS4.5Cly 7 (J), Lis.sPS4.5Cl1.5 (K), and LPSCB (L) SEs before and after Li — ’Li tracer exchange.

because of 15 possible compositions (e.g., Cls, S4, Brs, CIBrs,
SoCly, S3Br, and S,CIBr) on the four neighboring 4d sites. Over-
all, the broader 3'P spectrum of LPSCB indicates a large-degree
occupational disorder of anion, leading to enhanced ionic
conductivity, which is similar to Lig.xPSs5_xX1.x (X = Cl and
Br).'1821.2731 The fundamental reason for the high ionic con-
ductivity of LPSCB needs to be investigated in combination
with more in-depth characterization, such as °Li — Li tracer-ex-
change NMR spectroscopy measurements.

Solid-state “Li NMR spectra of the studied conductors show
lower resolution due to strong quadrupolar interactions, as
shown in Figure S7. Therefore, we turned to ®Li NMR data of bet-
ter resolution due to smaller quadrupolar coupling. As shown in

Figure 3D, two contributions from the Li sites (24g and 48h) are
clearly observed for the pristine Lis 3PS, 3Cl4 7, with relative oc-
cupancies of 14% and 86%, respectively. When the Cl content
is decreased (LissPS45Clqs), the Li* ions solely occupy the
48h site (Figure 3E). After additionally introducing Br, a new inter-
stitial Li site (16e) is observed, which enables fast intercage
movement through 48h-16e-48h pathways, resulting in a higher
ionic conductivity (Figure 3F). The occupancies of Li* ions on the
16e, 24g, and 48h sites in LPSCB were calculated to be 1%, 8%,
and 91% (Table S4), respectively, in good agreement with the re-
sults from the NPD analysis. Given the low occupancy of the 16e
site, it is challenging to detect the lithium with room-temperature
NPD. Low-temperature NPD may be more suitable in this case.
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However, NMR is sensitive to the local atomic structure, making
it an effective method for detecting the 16e site.

To probe the Li pathways across the electrolytes, symmetric
BLi|SE|CLi cells were assembled and polarized, and solid-state
5P MAS NMR measurements were carried out afterward. As
shown in Figures 3G-3l and S8, the spectra collected after po-
larization are similar to those of the pristine materials, indicating
no structural changes during the measurements. During polari-
zation of the symmetric cells, the 8Li atoms will replace the Li
and/or SLi on their way. Figures 3J-3L show a comparison of
Li-site fractions for the three SEs before and after 5Li — “Li tracer
exchange. For Lis3PS45Cli7, the occupancy of 6Li on 48h
increased from 86% to 93% after polarization (Figure 3J), indi-
cating that it acts as a transition site, enabling fast lithium con-
duction. In the case of Lis sPS4.5Cls 5, the amount of °Li on 48h
is enriched after tracer exchange (Figure 3K), again suggesting
that the 48h sites are frequently visited by Li* in ion conduction
and that they play a pivotal role in long-range migration. How-
ever, as mentioned previously, introducing Br alters the lithium
substructure and migration pathways. After polarization, the oc-
cupancies of Li* ions on the 16e, 24g, and 48h sites in LPSCB
were determined to be 8%, 8%, and 84%, respectively
(Figure 3L). As already suggested, various jump processes
contribute to lithium movement, including intra-cage jumps,
doublet jumps (within cages), and intercage jumps (between ca-
ges). Among these, intercage jumps play a predominant role by
providing a shorter route for lithium movement between the ca-
ges.”® The redistribution of the proportion indicates that both 48h
and 16e are involved in migration during the electrochemical
cycling. It is obvious that the Li* ions frequently migrate through
the 16e sites via 48h-16e-48h pathways, promoting facile inter-
cage mobility. In contrast to Lis sPS4.5Cli.5 and Lis 3PS,4.3Cl4 7,
the interstitial 16e site in LPSCB is found to also play an impor-
tant role in achieving higher ionic conductivity. Collectively, we
can state that the Li* migration pathways in halogen-rich, argyr-
odite SEs can be tailored by varying the anion composition, as
clearly confirmed by °Li — “Li tracer-exchange measurements
on the atomic level.

To explore the electrochemical performance of the halogen-
rich, argyrodite SEs, ASSBs with s-NCM83(coated) as the
CAM and In/InLi as the anode were assembled to explore the
electrochemical performance of SEs. The cells were cycled in
a potential range of 2.2-3.65 V vs. In/InLi, corresponding to
2.8-4.25 V vs. Li*/Li at room temperature. The composite cath-
odes consist of 70 wt % s-NCM83(coated) and 30 wt % SE.
Figures 4A and S9A show the long-term cycling performance
of In/InLi|Lis sPS4.5Cly.5|s-NCM83(coated)-Lis sPS45Cly 5 cells
with an areal loading of 7.1 mgcam cm™2 at room temperature.
The cells delivered first-cycle specific charge and discharge ca-
pacities of 218 and 177 mAh g’1, respectively, at 0.1 C, resulting
in a coulomb efficiency of 81.1%. After some initial cycles, the
coulomb efficiency increased to over 99.5%, indicating the high-
ly reversible cycling of the s-NCM83(coated) CAM with minor
detrimental side reactions (SE degradation). The specific capac-
ity stabilized at 180 mAh g~ after 100 cycles at 0.1 C. Subse-
quently, upon increasing the C rate to 1 C, the reversible specific
capacity decreased to 116 mAh g~'. However, the cells dis-
played a high capacity retention of 96% at 1 C, maintaining a
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specific capacity of 112 mAh g~ after 7,500 cycles with a high
average coulomb efficiency of ~99.98%.

The LPSCB ASSBs also exhibited good rate performance and
long-term cycling performance. As shown in Figures 4B and 4C,
the cells delivered initial specific charge and discharge capac-
ities of 227 and 183 mAh g~ ', respectively, at 0.1 C, correspond-
ing to an initial coulomb efficiency of 81%. With an increasing C
rate, they delivered specific discharge capacities of 167, 146,
129, and 103 mAh g’1 at 0.2, 0.5, 1, and 2 C, respectively.
Upon returning to 0.1 C, a specific capacity of 184 mAh g’
was achieved, corresponding to a capacity retention of
100.5% compared to the first cycle, thus demonstrating excel-
lent rate capability and stability. After the C rate increased to
0.5 C in the 32" cycle, the specific capacity initially declined
to 140 mAh gq, then increased, and finally stabilized around
152 mAh g~ after 2,500 cycles, as shown in Figure 4D. The
voltage profiles of the LPSCB cells at different cycles (0.5 C)
are depicted in Figure 4E. Good overlap between the 1,000™
and 2,500" charge/discharge curves further demonstrates
high capacity retention during long-term cycling. Such superior
cycling performance surpasses that of most previously reported
ASSBs using coated NCM CAMs paired with sulfide SEs. Minor
capacity fluctuations are due to temperature variations and/or a
sudden power outage in the laboratory.

To showcase the excellent cycle life of the ASSBs at high cur-
rent densities, cells containing the LPSCB SE were cycled at a
high rate of 2 C (3.13 mA cm~2). As shown in Figures 4F and
S9B, they delivered a specific discharge capacity of 122 mAh
g~ without any notable capacity fading after 1,800 cycles. It
should be noted that the areal loading of the above-described
cells was 7-8 mgcam cm 2. Increasing the loading is beneficial
for achieving higher areal capacities comparable to those of
commercial lithium-ion batteries. Figures 4G and S9C show
the cycling performance of a cell with a high CAM loading of
21.4 mg cm~2. As is evident, it delivered, in fact, a stable areal
capacity of 2.8 mAh cm~? at room temperature and a 0.1 C
rate for 440 cycles.

To monitor the evolution in interfacial resistance, EIS spectra
were collected from both the Lis sPS45Cli5 and LPSCB cells
before and after cycling. The corresponding Nyquist plots are
shown in Figures 5A and S10. The total impedance of the cell
was deconvoluted into the bulk resistance of SE (Ry), the grain
boundary resistance of SE (Rgp) in the composite cathode, and
the S-NCM83ISE (RNCM83|SE) and InL||SE (RInLi|SE) interfacial re-
sistances by fitting the spectra using the equivalent circuit de-
picted in Figure 6A. For the cells containing Lis sPS4.5Cl4 5, the
interfacial resistance between the CAM and SE changed notably
in comparison with the anode side. The R\, decreased slightly
from 23 to 15 Q after 7,540 cycles, while the Rycmssise increased
from 7.7 to 43.9 Q, still allowing for good long-term performance.
By contrast, for the cells containing LPSCB, the Ry, Rgp, Rncmss
se, and RinLiise were found to be lower after 440 cycles. This can
be attributed to the densification of the cathode and separator
and the formation of a kinetically stable CAM|SE interface, with
the latter ensuring stable cycling of even high-loading ASSBs.

Ex situ XPS measurements were further conducted on the
LPSCB SE and the composite cathodes at various states of
charge. Detail spectra of the S 2p, P 2p, Cl 2p, and Br 3 days
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Figure 4. Electrochemical performance of the ASSBs

Cycle number

(A) Cycling performance of an In/InLiLis sPS,.5Cl1 5|s-NCM83-Lis sPS, sCl1 5 cell at 0.156 mA cm 2 over the first 100 cycles and at 1.56 mA cm 2 for the following

cycles.

(B and D) Rate capability (B) and following cycling performance (D) at 0.78 mA cm 2 of an In/InLi|LPSCB|s-NCM83-LPSCB cell.

(C and E) Corresponding voltage profiles for various cycles.

(F and G) Cycling performance of LPSCB cells at a high C rate (3.13 mA cm~2) and with 8.0 mgcam cm 2 areal loading (F) and at a high CAM loading of 21.4 mg

cm~2(0.25 mA cm~?) (G).

regions are shown in Figures 5B, 5C, and S11. For LPSCB, the
contributions centered at 161.4 eV in the S 2p spectrum and at
131.9 eV in the P 2p spectrum can be assigned to the PS,3~ in
the argyrodite phase.“® The S 2p and P 2p data were unchanged
after blending the LPSCB with the s-NCM83 CAM, suggesting
that LPSCB SEs do not decompose during mixing. During the

first charge to 4.25 V vs. Li*/Li, the PS,3~ signals decrease, while
contributions related to the formation of S,, P-S-P, and LizPO,4
species appear, indicative of interfacial side reactions.”® The
appearance of signals located at higher binding energies is typi-
cally attributed to the formation of various thiophosphate spe-
cies, such as P,S;*~, P»,Sg2~, P,Se*~, and polysulfides. Apart
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Figure 5. Electrochemical reversibility of NCM83-LPSCB interface using EIS and XPS analysis
(A) Nyquist plots together with the equivalent circuit of In/InLi|LPSCB|sNCM83-LPSCB cells before cycling and after the 440™ charge and corresponding fitting

plots.

(B and C) XPS spectra of the S 2p (B) and P 2p (C) core levels for pristine and cycled composite cathodes using LPSCB after surface cleaning.

from that, it is difficult to identify the existence of LiCl and LiBr,
which might originate from the interfacial decomposition of
LPSCB, due to minimal binding energy differences between
the Cl (Br) in LiCl (LiBr) and LPSCB (Figure S12).¢ Upon dis-
charging the cell to 2.8 V vs. Li*/Li, the signals related to S,
and Li;PO, decrease slightly, pointing toward partially reversible
degradation of the argyrodite SE. The S,, P-S-P, and PS,*~
contributions in the S 2p data remained almost unaltered after
440 cycles (relative to the charged state in the initial cycle),
and the LizPO, contribution slightly increased, thus indicating
suppressed interfacial reactions between the s-NCM83 CAM
and the LPSCB SE. This, in turn, helps explain the superior
cycling performance and high capacity retention of ASSB cells
using LPSCB.

Conclusions

In summary, we have successfully prepared the superionic
conductor LPSCB by altering the degree of anion disorder
(S27/X") via halogen mixing. LPSCB exhibits high room temper-
ature ionic conductivities of 13 mS cm™" in the cold-pressed
state and 25 mS cm ™ after sintering, together with a low activa-
tion energy of 0.24 eV. Using fast dry mixing followed by anneal-
ing, the preparation of LPSCB at the level of 1 kg per batch is
achieved for the first time. In addition, the origin of fast Li* migra-
tion in the material is revealed through combined EIS, NPD, MAS
NMR, and ®Li-Li tracer-exchange NMR spectroscopy measure-
ments. A former overlooked partially occupied 16e site in LPSCB

8 Matter 8, 102135, September 3, 2025

is more frequently accessed by Li* via 48h-16e-48h intercage
jump processes, enabling faster ion conduction in comparison
to Li5_5PS4_5C|1_5 and Li5'3PS4_3C|1_7.

Finally, ASSBs with s-NCM83 as the CAM, LPSCB as the elec-
trolyte, and In/InLi as the anode are found to exhibit a remarkable
electrochemical performance, displaying superior rate capability
and long-term stability (over 2,500 cycles at 0.5 C and 1,800 cy-
cles at 2 C with virtually no capacity fading). Furthermore, the
cells are capable of delivering a high areal capacity of 2.8 mAh
cm™2 after 440 cycles. Such excellent cycling performance is
due to the formation of a kinetically stable interface between
s-NCM83 and LPSCB, as evidenced by ex situ XPS and EIS
measurements. Because LPSCB exhibits very high ionic con-
ductivity, low activation energy, and good electrochemical sta-
bility, combined with low raw material costs, compared with
most other inorganic SEs, including oxides, other thiophos-
phates, and halides, it is considered to be one of the most prom-
ising candidates to accelerate real-world applications of sulfide-
based ASSBs.

METHODS

SE synthesis

The LPSCB, Li5_5PS4_5C|1_5, and Li5_3PS4_3C|1_7 SEs were pre-
pared by solid-state reactions. Li,S (Wuhan Tianshikefeng New
Energy Technology, 99.9%), P>Ss (Wuhan Tianshikefeng New
Energy Technology, 99%), LiCl (Auhui Hengli New Materials,
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99.9%), and LiBr (Acros, 99%-+) as the starting materials were
weighed in a stoichiometric ratio and then mixed using a pulver-
izer (Fangtai Electric Appliance) at 35,000 rpm for 3 min. The
photograph of the pulverizer is shown in Figure S12. Afterward,
the mixtures were sealed in a quartz container and annealed at
450°C-500°C for 8 h with a heating rate of 90°C h~" in a furnace
in the glovebox. Then, the furnace was cooled down to room
temperature, and finally, the products were pulverized into fine
powders.

Laboratory XRD

The XRD patterns of the SE samples were collected using a
diffractometer (SmartLab SE, Rigaku Corporation) equipped
with a Cu-K,, radiation source at a scan rate of 1° min~" over a
20 range of 10°-90°. The SEs were sealed in an airtight holder
covered by a Kapton polyimide film to isolate them from ambient
atmosphere.

NPD

A cylindrical vanadium container was filled with approximately
2 g of sample. Measurements were carried out at the PEARL
neutron powder diffractometer at TU Delft’s research reactor,
utilizing a germanium monochromator and a wavelength of
1.667 A. The diffraction data were analyzed via Rietveld refine-
ment using the FullProf Suite software.”’ An empty vanadium
container sealed under identical conditions was used to mea-
sure the background contribution.

The instrumental contribution to peak shape broadening was
calibrated using the Thompson-Cox-Hastings pseudo-Voigt
function, with Al,O3 serving as the reference standard. An ab-
sorption correction was applied during the refinement process.
The background was determined by linear interpolation between
selected data points in non-overlapping regions. Initially, the
zero shift, lattice parameter, and peak shape parameters were
determined by Le Bail fitting. The subsequent Rietveld analysis
was conducted via sequential refinement of the scale factor,
peak shape parameters, lattice parameters, shared S2~/Cl~/
Br~ occupancies on the 4a/4d sites, atomic coordinates, individ-
ual isotropic atomic displacement parameters, and lithium
occupancies. The zero-shift parameter was refined last, and
any positions yielding unreasonable occupancy or displacement
factors were excluded. Finally, all parameters were refined
simultaneously to ensure the stability of the calculated structure.

Raman spectroscopy

Spectra were collected in the wavelength range of 100-
800 cm™ ' using a Raman spectrometer (LabRAM Odyssey,
Horiba) with an excitation wavelength of 532 nm. The SE pellets
were placed on sample holders inside a glovebox, covered with
quartz glass, and sealed airtight with epoxy resin to keep an inert
atmosphere during measurements.

XPS

Data for the pristine and cycled cathodes were obtained using an
XPS spectrometer (AXIS Supra*, Kratos Analytical) equipped
with a monochromatic Al-K, source (hv = 1,486.6 eV) to deter-
mine the chemical state of elements. The samples were trans-
ferred from the glovebox to the spectrometer without exposure

¢? CellPress

to air. The sample surface was cleaned via Ar* sputtering at an
acceleration voltage of 2 kV for 300 s. Calibration of the binding
energies was accomplished by referencing to the Cl 2p3/2 signal
at 198.5 eV.

SEM with EDX spectroscopy

The morphology of the SE particles was probed using field-emis-
sion SEM (JSM-7610F) at an acceleration voltage of 5 kV with
EDX at 15 kV.

MAS NMR spectroscopy

8L, 7Li, and 3'P MAS NMR experiments were performed on a
9.4 T Bruker MHz spectrometer (AVACE NEO) with Larmor fre-
quencies of 58.8, 155.5, and 162 MHz, respectively. A spinning
rate of 10 kHz was used for all measurements. Pulse lengths of
5,2.2, and 2.0 ps were set for polarizing °Li, ’Li, and *'P, respec-
tively. Chemical shifts were calibrated to LiCI(l) at 0 ppm for ®7Li
and 85% H3PO,(l) at 0 ppm for 3'P. All spectra were analyzed
and processed using the Topspin software (v.4.1.4) together
with simulation using the DMfit software.*?

Li-’Li exchange NMR spectroscopy

120 mg of SEs was pressed into pellets of 10 mm diameter at
120 MPa. Symmetric ®Li/SE/®Li cells were assembled by
pressing °Li foils on both sides of the pellets followed by an
indium foil. Finally, the cells were pressed at 150 MPa for
2 min. Polarization of the symmetric cells was achieved at a
constant current density of 0.1 mA cm 2 on a LANHE battery
testing system for 10 days at room temperature. After cycling,
the SLi and indium foils were removed, and then the SE
pellets were ground into fine powder for solid-state NMR
characterization.

Electrochemical measurements

To determine the temperature-dependent ionic conductivity
and activation energies, ~120 mg of SEs was placed into a
polyether ether ketone (PEEK) cylinder and pressed into pel-
lets of 10 mm diameter at 5 tons. Two stainless-steel rods
were attached to the pellets as blocking electrodes. AC
impedance measurements were performed using an imped-
ance analyzer (Zahner, Zennium Pro) in the frequency range
from 1 MHz to 1 Hz with a 10 mV voltage amplitude. The
impedance spectra were collected from 10°C to 60°C with
1 h of temperature equilibration prior to data acquisition. For
the ionic conductivity measurements of sintered pellets,
400 mg of the annealed LPSCB SE was compressed at
1 ton in a 10 mm pellet die. The pellets were sintered at
1 ton and 400°C for 5 h. After that, two pieces of indium foil
were attached to both sides to ensure good contact, and
room temperature EIS measurements were conducted at
150 MPa.

For electronic conductivity measurements by DC polarization,
150 mg of SEs was pressed into 10 mm pellets at 150 MPa using
a customized Swagelok cell. Two stainless-steel disks were
used as current collectors. Voltages of 0.2, 0.4, 0.6, 0.8, and
1.0V were applied for 6 h to determine the partial electronic con-
ductivity of SEs.
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Electrode preparation, cell assembly, and testing

The sNCM83 coated with LizBO3; (LBO) was provided by BASF
Shanshan Battery Materials. The sNCM83@LBO was hand
ground with Lis sPS45Cly 5 or LPSCB in a mass ratio of 70:30
for 1 h to obtain the sSNCM83@LBO-SE composite cathodes.
No carbon was added to alleviate the decomposition of SE.
The detailed assembly process is as follows: first, ~80 mg of
Lis sPS45Cly 5 or LPSCB was pressed into a pellet at 100 MPa
in a 10 mm diameter PEEK cylinder. Then, 8-9 mg of the com-
posite cathodes were uniformly spread on one side of the sepa-
rator layer and pressed at 30 MPa. Next, an indium foil (9 mm
diameter, 100 pm thickness) and a lithium foil (4 mm diameter,
10 pm thickness) were sequentially attached to the other side
of the separator and pressed at 100 MPa. Finally, the whole
cell was compressed at 150 MPa. Galvanostatic cycling of the
ASSBs was performed in a potential range of 2.2-3.65 V vs. In/
InLi, corresponding to 2.8-4.25 V vs. Li*/Li at various current
densities and room temperature using a LANHE battery testing
system (CT3001A). A stack pressure of ~100 MPa was applied
to the cells during cycling. The impedance before and after
cycling was measured at room temperature using a ZENNIUM
PRO potentiostat in the frequency range of 1 MHz to 10 mHz.
The C rate was varied from 0.1 to 2 C, with 1 C = 220 mA
gsNCM8371- All assembly and cycling of the cells were conducted
in a glovebox. The in situ impedance of the cells was measured
using a VMP-3 Biologic potentiostat/galvanostat in the fre-
quency range of 1 MHz to 100 mHz at room temperature.
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