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ABSTRACT

LisPSX (X = CI, Br, I) argyrodites possess high ionicndactivity but with rather
scattered values due to various processing condititn this work, LIPSX solid
electrolytes were prepared by solid-state sinterorg mechanical alloying and
optimized with or without excess 4S. Solid-state sintering prefers excessSLi
whereas mechanical alloying prefers stoichiomettiig<S to synthesize high-purity
samples with high ionic conductivity. Solid-statatsring is also more suitable than
mechanical milling for high ionic conductivity. d#SCI with the highest ionic
conductivity among LdPSX was comprehensively characterized for electrocbam
performance and air stability. M@&isPSCI all-solid-state batteries assembled with
LisPSCl-coated Mo$% as cathode and with d8#SCl as solid electrolyte demonstrate
high capacity and good cycling stability.

Keywords. Argyrodites; LsPSCI; All-solid-state batteries; Solid electrolytes;

Sulfides



1. Introduction

Conventional lithium-ion batteries with liquid eteaytes limit their applications
because of the safety concerns regarding flamnhgbliiak, and toxicity of liquid
electrolytes. Solid electrolytes (SEs) possesativantages of good thermal stability,
wide electrochemical windows, absence of leakagad a&asy volumetric
miniaturization [1-5]. Replacing liquid electrolgdy SEs to compose all-solid-state
batteries is thus an effective way to solve thetyassues and a promising strategy
for next-generation batteries with high energy dgn$6-9]. To achieve good
electrochemical properties, an all-solid-state dvgtrequires an SE possessing high
ionic conductivity, low resistance at the electtehelectrode interface, and good
structural and electrochemical stability [10, 1Ainong all promising candidates for
all-solid-state lithium-ion batteries, sulfide-bds8Es are especially attractive due to
their high lithium-ion conductivity and good defaability, thereby making it easy to
fabricate intimate contacts with active materiatsotigh a simple cold-pressing
method without further high-temperature sinteringoess [12-15].

As a series of promising inorganic SEs, halogeredopisPSX (X = ClI, Br, 1)
argyrodites have attracted intensive attention tluetheir relatively high ionic
conductivity and moderate electrochemical stabiiiydow [16-18]. However, the
reported ionic conductivity values of BSX are still rather scattered in the range of
102 to 10° S cm? at room temperature even with the same X elemehigh is
believed to be originated from various synthesitiméques and processing conditions

[19]. The three common methods used to prepafe3IX are (1) mechanical alloying



(ball milling) [20-25], (2) mechanical alloying folwed by annealing to obtain high
crystallinity [26-31], and (3) solid-state sintegifil6, 32]. The first two methods are
more popular because ball-milled powders have fogmtly smaller particle size
than those prepared by hand-ground. Neverthellessticky precursors contribute to
the difficulty of the ball milling process becaysewders strongly adhere to the balls
and jar's wall. On the other hand, solid-stateesing is a facile method feasible for
mass production. This method is thus highly motngtto synthesize kPSX
through solid-state sintering with optimized prces

A large contact area between electrode and SE pewseanother consideration
toward all-solid-state batteries with high electremical performance because a good
electrode—electrolyte contact is favorable for limternal resistivity and can further
increase energy density [15, 33]. However, obtgina good contact through
solid-state mixing is difficult because of the pgooontact between particles. Instead,
SE coating on active materials is an effective wayealize a large contact area.
Electrodes using SE-coated composites have beeartedpto achieve better
electrochemical performance compared to non-coatisle materials. For example,
cathode materials of PSCl-coated LiCoQ [24, 34], LsPSBr-coated
LiCo1/aNi1sMny30y [35], and LiPSCl-coated LS [36] using solution processes
(EtOH as solvent) show higher capacities than thusseg a powder mixing method;
LigPSCl-coated LiTisO;2, using 200#Paint as solvent also shows good
electrode—electrolyte interface and improved etettemical performance [28]. One

of the key points when using solution processet® idevelop solution-processable



SEs, which can be formed from a homogeneous salutBing nontoxic and safe
solvents of low boiling points , thus ensuring higimic conductivity for the final
product.

Transition metal sulfides with nanosheet microdtite are suitable for the
solution-coating method because of the flat 2D rholpgy [37]. Additionally, sulfide
active materials have good interfacial compatipiktith sulfide electrolytes [38].
Especially, transition metal dichalcogenides previthany new opportunities in
energy storage, including supercapacitors, lithisodium-ion batteries, hydrogen
storages, and electrochemical biosensors with adgas of large surface areas,
metallic, semi-conducting electrical capabilitiesd high sensitivity and selectivity
[39, 40]. MoS, as a typical family member of transition metathdilcogenide,
possesses excellent properties in many fields42]L,Previously, Cheest al. reported
all-solid-state MogLisPSBr batteries with a high rate capability of up taCland
good capacity retention of 85% up to 700 cyclesnetv®ugh the microstructure of
MoS; used in this literature has an irregular shapkerathan nanosheet. Even the
positive electrode composite was prepared by balingn the mixture of Mo$ and
LisPSBr instead of a solution-based coating method [43].

The strategy of this work is to optimizesRiSSX with various halogen elements and
synthesis methods. The optimized material then asetbating electrolyte coated on
MoS, nanosheets. Herein, BSCI, LigPSBr, and LsPSl were synthesized by a
facile solid-state sintering method and optimizedhwand without excess i$.

LisPSCI with excess LIS prepared through solid-state sintering is demnatest to



have the highest ionic conductivity. Solid-statetesiing is found to be superior to
mechanical alloying in the current researchgPS,ClI shows good compatibility

toward metallic Li. All-solid-state MofLisPSCl/In-Li batteries assembled using
SE-coated Moghanosheet show higher capacity and better cyclarppnance than

those without SE coating.

2. Experiments

2.1. Synthesis of kEPSX

The LgPSX (X = CI, Br, I) compounds were synthesized usegsolid-state
sintering method [44, 45]. t$ (Alfa Aesar, 99.9%), 835 (Aladdin, 99%), and LiX (X
= Cl, Br, I; Alfa Aesar, 99.9%) powders were typigamixed according to the
stoichiometric ratio followed by hand-grinding in agate mortar. The mixture was
loaded into a glassy carbon crucible, which wasuuaesealed in a carbon-coated
qguartz tube. The mixture was then slowly heate@d0 °C at 0.3 °C/min to avoid
extensive exothermal reaction and cooled down alyun the furnace. The resultant
ingot was ground in an agate mortar for further. égilitionally, LisPSX with 2 wt%
excess LiS was prepared with the same procedure to evatuateffect of Li loss due
to volatilization at high temperatures [46].

Mechanically alloyed LiPSCl was prepared through ball milling stoichiometric
quantities of LiS (and LS with 2 wt% excess),.Bs, and LiCl powders. The ball
milling was carried out using a planetary ball n{firitsch, Pulverisette 7) with a
stainless steel vial and balls. The rotation spe&®d0 rpm, and the milling time is 24

h.



For easy comparison between various compositiorts gmthesis techniques,
LisPSCI, LisPSBr, and LEPS| with excess LiS prepared by solid-state sintering are
designated as LPSC, LPSB, and LPSI, respectivedz,3Cl prepared by mechanical
alloying with and without excess43 are designated as LPSC-MA and LPSC-MA-S,
respectively; LIPSCI with stoichiometric LiS prepared by solid-state sintering is
designated as LPSC-S. Notably, LPSC shows the $ligbeic conductivity and thus
was used for further characterizations.

2.2. Materials characterization

X-ray diffraction (XRD) measurements were carriedit owith a Rigaku
D/MAX-2500/PC (Cu ki, 40 kV 200 mA). Rietveld refinements were perfodme
using the FULLPROF program to determine the lattm@arameters [47]. The
specimens were loaded to holders in a glove bolx Mitatmosphere and then sealed
using Kapton films to prevent reaction with moistuand oxygen. Morphological
characterizations were obtained with a scanningtrele microscope (SEM, Hitachi
S-4800 II FESEM) equipped with an energy dispersamectrometry (EDS)
instrument.

2.3. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) measemts were performed in a
frequency range of 3 MHz-0.1 Hz at room temperausi,g a Princeton P4000
impedance analyzer. The pellets for the measuremevdre cold-pressed at
approximately 300 MPa with indium foils placed oottb sides of the pellets. The

sandwiched pellets were then mounted on an ait-tigh-electrode cell with two



stainless-steel rods as current collectors. A pe&lieh indium foils placed on both
sides was exposed to the air (with a humidity girapimately 65%) for different
time before the EIS measurements to test theabilisy of the electrolyte.

The cyclic voltammetry (CV) measurements were edrout at voltages ranging
from —0.5 V vs to 2.5 V vs at a scan rate of 0.08 1 in an asymmetric Pt/LPSCILi
cell, where Pt is a working electrode and Li is aurter/reference electrode. To
evaluate the electrochemical stability ofsR&Cl toward lithium metal, lithium
plating—stripping galvanostatic cycling tests wequerformed on a Li/LPSCI/Li
symmetric cell with a constant current density df @A cni? on the LAND cell test
instrument. The direct-current (DC) polarizatiostsewere carried out to determine
the lithium transference number with a constantagd of 0.1 V using Princeton
P4000. The nonblocking Li/LPSC/Li and the blockirgLPSC/Pt cells used for DC
polarization tests were assembled by placing LPbfoils on the two sides of cold
-pressed LPSC pellet. A Faraday cage was used lier electrochemical
measurements.

LisPSCl-coated Mo$ was prepared as follows. First, an as-synthesized
LisPSCI specimen was dissolved in anhydrous ethanol iitnse stirring for 1 h at
room temperature. A homogeneous dark brown EtOMtisol was obtained. MagS
powders were then added to the solution to formispension with a mass ratio of
MoS;:LisPSCl = 9:1. The mixture was finally heated under wanouat 180 °C to
form LigPSCl-coated Mog which was designated as LPSC-MoBor assembly of

MoS,/LisPSCI all-solid-state batteries, the composite positlectrode was prepared



by manually mixing LiPSCl-coated Mog LPSC, and AB powders in a weight ratio
of 42:53:5. A bilayer pellet comprising the compegpositive electrode (14 mg) and
LPSC (120 mg) was obtained by cold-pressing un@®ér lPa. In-Li foil was then
attached to the bilayer pellet by pressing undér @@a. In-Li instead of Li negative
electrode was used because the8Cl electrolyte is finitely stable against metallic
Li. Finally, two stainless steel rods were usedboth sides of the pellet as current
collectors.

The galvanostatic (dis)charge cycling of all-sdidte cells was performed in the
voltage range of 033 V. The capacity was calculated based on the weaifjhctive
material (LsPSCl-coated Mo9). The EIS measurements of the cells were carnigd o
on a Princeton P4000 electrochemical workstatimmfrl MHz to 0.01 Hz by
applying a potential of 10 mV.

3. Resultsand discussion
3.1. Optimization of LgPSX

XRD patterns of LlgPSX where X = ClI, Br, | synthesized by solid-statatsring
are illustrated in Fig. 1a. The halo patterns at lngles are obtained from the
polyimide film used to isolate the samples from diire All the samples are primarily
of the argyrodite structure of F-43m symmetry, ¢fr indicating the successful
synthesis of lgPSX via the solid-state sintering method. This metwéeasible for
mass production and avoids the strong adherenpeeotirsors to the milling jar and
balls during ball milling. The lattice parametersLosPSX are 9.8890, 9.9973, and

10.0377 A for the samples where X = Cl, Br, anek$pectively. The expansion of the



unit cell is expected due to an increased atondi filom ClI, Br, and I. Fig. 1b shows
the XRD patterns of kEPSCI prepared by mechanical alloying or solid-statéesing
with and without excess 1$. Mechanically alloyed samples (LPSC-MA and
LPSC-MA-S) show broader peak-widths than the ssiate-sintered samples due to
the small particle size after ball milling and iraped crystallization of the sintered
samples. Excess 43 demonstrates different effects on the structdrehe final
products. Regarding the samples prepared by sw@lid-ssintering, excess 9
mitigates the impurity phase atd2= 29.0 on the profile for L{PSCI with
stoichiometric LS (LPSC-S). On the contrary, excesgSLiesults in LiS impurity at
26 = 26.9 in mechanically alloyed samples. This result iatks that some Li were
lost during sintering even in a sealed quartz tllbese losses can be compensated by
the Li addition, whereas the mechanically alloyadhgles do not suffer from such
issue.

The ionic conductivity values of §PSX are compared in Fig. 1c. The excesgSLi
effectively improves the ionic conductivity of HSX prepared by solid-state
sintering, especially for kPSl, which has an improvement of two orders of
magnitude. By contrast, the excess,S.ishows a negligible effect on ionic
conductivity for mechanically alloyed samples despihe LS impurity phase
induced by the excess 5. Among L§PSX for either excess k5 or stoichiometric
Li.S, LisPSCl demonstrates the highest ionic conductivity. ldeer, the ionic
conductivity decreases from 1.8 mS¢rfor LisPSCl with 2 wt% excess LS to 0.8

mS cm? for LigPSCl with 4 wt% excess LB (not shown here). Therefore, 2 wt% is



the optimized value for EPSCIl prepared by solid-state sintering. The room
-temperature ionic conductivities ofegBSCI, LigPSBr, and LsPSI with excess LiS
are 1.8, 1.3, and 0.015 mS C¢mrespectively, which are comparable to those of
mechanically alloyed and annealed samples prewiousported [17, 29]. The
different ionic conductivities of kEPSX with different X can be attributed to the
ordered/disordered structures induced by X elem@®s32]. The ionic conductivity
of all mechanically alloyed kPSCI samples is 0.61 mS ¢ The low values may
be correlated to a large grain-boundary resistamzk partial amorphization during
ball milling [25]. The ionic conductivity of the nsbanically alloyed samples may be
improved by further annealing [30]. Given the higbnic conductivity of
solid-state-sintered kPSCI with excess LJS, the morphology, air stability, and
electrochemical characterization were performedguitiis sample (LPSC).

SEM images of the kPSCl morphology are displayed in Fig. 2. The
morphologies of LPSC (Fig. 2a, b) and LPSC-BM-S3(Fic, d) samples show a
lamellar-like shape, but the sintered sample shawse agglomeration than the
mechanically alloyed sample. The average partickeis 12um for the former and 8
um for the latter sample, thus leading to higherdoronductivity of the sintered
sample than that of the mechanically alloyed samplereover, the latter shows
smaller grains than the former, which agrees withXRD results.

3.2. Characterization of ¢ SClI

Fig. 3a shows the Arrhenius plot of the total iocanductivitys for LPSC in the

temperature range from 25 °C to 80 °C. The totaici@onductivity is read from the
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local minimal resistance at the intersection of thmpedance spectra, which are
displayed in the inset of Fig. 3a. The impedancecsp of the samples measured
below 50 °C were fit with the equivalent circuRsQ)Q. The resultingRs is listed in
Table 1. The fitting values are in accordance whitd values directly read from the
impedance spectra. Small semicircles were obseatbith frequencies of impedance
spectra and gradually disappeared with increasamgpérature. This observation
indicates that the overall resistance is dominabgd bulk component at high
temperatures. The steep linear spike at low fregjgenndicates a behavior of typical
ionic conductor. The linear dependence ofclogersus (1/T) follows the Arrhenius
law, thereby confirming high purity and good thelmstability of LPSC over the
measured temperature range. The ionic conductinieases from 1.7 mS chat
room temperature to 15 mS Tmat 80 °C. The activation energy, for Li*
conduction was calculated from the slope of thedmArrhenius plot using the
following simplified equation [48]:6 = A exp(EdksT), where A is the
pre-exponential parametef, is absolute temperature, ahg is the Boltzmann
constant. The calculated activation energy of LRSQ.35 eV, which is comparable
to the previously reported results [17, 26]. Thghhionic conductivity and low
activation energy of LPSC are favorable for allidaitate lithium-ion batteries with
high electrochemical performance.

Air stability of LisPSCIl was tested because sulfides are generally sendi
moisture. Fig. 3b shows XRD patterns of LPSC beéorg after exposure to air with a
humidity of approximately 65% for 10 min. Sevemalpurity peaks appeared after air

11



exposure due to the decomposition ofFSCl. Surprisingly, the decrease in ionic
conductivity is not as bad as expected even akgosure to air for 24 h and shows a
nonlinear dependence with exposure time, as depictEig. 3c. The value decreases
from 1.8 mS crt for the pristine sample to 1.56, 1.43, and 0.87 en$&' for air
exposure for 10 min, 1 h, and 24 h, respectivetgntthis viewpoint, LPSCI can
be sustained in air for a short time.

Apart from the ionic conductivity, the electrochealiwindow is also important for
practical applications. Fig. 4a shows the CV cuo¥ehe Pt/LPSC/Li cell with a
potential range of —0.5 V to 5 V versus Lifldt a scan rate of 5 mV's No reaction
is observed up to 5 V other than lithium depositmd dissolution, which appeared
nearby 0 V during cathodic and anodic scans. Thossevere decompositions of
LisPSCI over the measured voltage range are observed.

The symmetric cell of Li/LPSC/Li was assembled taleate the cyclability and
long-time compatibility of LiPSCI to metallic Li, as shown in Fig. 4b. The cellava
cycled at room temperature with a current densftY).4 mA cm? The resulting
voltage remained constant at approximately 17 m¥ro4000 min (66 cycles),
thereby indicating a stable interface and a smatériacial resistance between
LisPSCl and Li under the measured conditions. Althougk theoretical study
revealed that kPSCI is unstable toward Li [49], the 43 buffer layer formed from
electrolyte decomposition during the first few @glcan protect the electrolyte from
further decomposition due to the electrically irgumlg and ionically conductive
feature of the buffer layers [50-53]. Although teame phenomenon cannot be

12



confirmed, the decomposed products ofS.iLisP, and LiO were detected in Ref.
[54]. Unfortunately, detecting this decompositioh sulfide SE through CV and
symmetric tests may be difficult [50].

Unlike liquid electrolytes, the anions are fixedtire frame of the structure in an
inorganic SE; thus, only cations and electronséhotmntribute to the total
conductivity. The DC polarization tests on symntetells at a constant voltage of 0.1
V were carried out to determine the lithium transfee number, as shown in Fig. 4c.
According to the nonblocking (LI/LPSC/Li) and thdotking (Pt/LPSC/Pt) test
conditions, the overall conductivity and electroe@nductivity of the LPSC were
calculated to be 4.2xIHS cm® and 2.3x10° S cm’, respectively, which are
comparable to those previously reported [55]. Thexteonic contribution is five
orders of magnitude lower than the ionic contribatithereby indicating that the
lithium transference number of LPSC practicallyctess unity. Thus, LPSC is a pure
ion conductor. The conductivity measured by DC poddion is reasonably lower
than that obtained by the AC impedance method dudifferent electrodes and
contact conditions for the assembled cells [50].

3.3. Performance of MeB.PSC/In all-solid-state batteries

Fig. 5 displays the SEM images and EDS mappinghef tPSC-coated MaS
powders (Figs 5a and c, respectively) compared witse of the pristine MeS
powders (Fig. 5b). The morphology of Mo&mains nearly unchanged before and
after LPSC coating, which shows a spherical shafie avdiameter of approximately
2.5 um comprising nanosheets. Moreover, the uniformriistions of P, S, Cl, and

13



Mo elements are observed from the EDS mappingssel hesults verify the uniform
deposition of LiPSCI electrolyte on MogSnanosheets.

Fig. 6 shows the first six cycles of CV curves floe MoS/LPSC/In cell at a scan
rate of 0.05 mV ¥ in a potential range 6f0.5-2.5 (Fig. 6a) and 0.1-3.1 (Fig. 6b) V
versus In corresponding to the voltage of-3.1 (Fig. 6a) and 0-8.7 (Fig. 6a) V
versus Li/Li, respectively, considering the potential differeraf 0.6 V between In
and Li. The two cells demonstrate similar electenital behaviors despite different
voltage ranges. This finding indicates that thé cah be activated in the measured
voltage range. The characteristic peaks of the @Ves for both potential ranges are
in good agreement with the results based on prelyiawported liquid electrolytes
[56]. The CV curves measured in the potential ranfg@.1-3.1 V versus Li/Li (Fig.
6a) are provided as an example. Two reduction patksound 1 V and 0.48 V and
oxidation peaks at around 1.6 V and 2.25 V canlisewved during the first cycle. In
the cathodic sweep, the broad cathodic peak abappately 1 V corresponds to the
intercalation of Li into MoS interlayers, thus resulting in the formation ofMdS;;
the peak at 0.48 V is attributed to the converdimm MoS, to Mo and LS
regarding the conversion reaction ofkMbS, + (4-x)Li + (4-x)é— Mo + 2Li;S,
which is in accordance with Mg$lata based on liquid electrolytes. In the follogvin
reverse scan, the weak peak at approximately is6dde to the incomplete oxidation
of Mo metal and the other pronounced peaks at ¥.2%an be explained by the
delithiation of LS (Li,S - 26 — 2Li* + S). For the cathodic sweeps in the
subsequent cycles, the peaks at 0.48 V and 1 Wglgddisappeared along with the

14



appearance of new reduction peaks at approximéatély and 1.1 V induced by the
formation of LpS through the new stepwise electrode reactions. [li3¢ nearly
overlapped CV curves between 3rd and 4th scansataligood reversibility of the
MoS,/LPSC/In-Li cell.

The galvanostatic charge—discharge profiles of M&S,/LPSC/In-Li cell with
SE-coated Mogas positive electrode are shown in Fig. 7a. Basethe CV results,
the cell was tested in the voltage range of 0.1~&Mus In-Li at a current density of
0.13 mA cm? based on the area of the In-Li at room temperafmenitial discharge
capacity of 520 mAh g is achieved, and 79% of the inserted Li can bensfly
delithiated with a charge capacity of 410 mAFR.¢The capacity decay can be
attributed to the volume expansion inside the battkie to the redox reaction of
MoS; + 4Li— Mo + 2Li;S [43] and the formation of SEI film and Li incomation
into SEI, which were observed in Mp8ells based on liquid electrolytes [57, 58].
The second lithiation delivers a capacity of 374l and 90.7% is reversible in
the second charging process. The charge—dischaafiiep are nearly overlapped
from the third cycle, thereby indicating a stalifleition and delithiation process.

The rate capability and cycling stability tests g(Fi7b) were performed on
MoS,/LPSC/In-Li cells between 0.1 V and 3 V at room pemature. Fig. 7c magnifies
the curves for the rate capability tests. The delivers a stable capacity of 350 mAh
gt at the current density of 0.13 mA ¢mand a slight decrease when the current
density is doubled. The capacity is still maintairs 241 mAh g when the current
density increases to 1.04 mA ¢rand recovers back to 346 mAR'gvhen the
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current density turns back to 0.13 mA émMoreover, the cell demonstrates a
superior cycling stability with a capacity of 200amg ™ at a current density as high
as 1.04 mA cnf.

EIS measurements were employed to understand gegisurate capability of the
MoS,/LPSC/In-Li cell. Fig. 8 shows the Nyquist plots thie cell before and after
cycling tests (259 cycles). The solid symbols repn¢ the experiment data, and the
lines represent the fits based on the equivaleatitiR(RQ)W. The curves comprise
the following three parts: (1) the intercepts o€ tburves on the-axis at high
frequencies related to the bulk resistaReg(2) the depressed semicircles at middle
frequencies associated with charge-transfer resisf&;; and (3) the straight lines at
low frequencies associated with the Warburg impeéasorresponding to the mass
transfer resistance [59Rs (Table 1) decreases from flto 28Q after 259 cycles,
which is beneficial for the reduced resistance uan activated sulfide cathode and
the presence of Mo metal after cycling [57, 60].

4. Conclusions

The argyrodite LgPSX (X = CI, Br, 1) SEs were synthesized by solidtsta
sintering or mechanical milling and optimized wéthd without excess £$. Different
SEM morphologies were observed in samples prepangid different synthesis
methods. The excess,Biin raw materials is beneficial to obtain highipusamples
with high ionic conductivity by the solid-state ®ring method, but it leads to S
impurity in samples synthesized by mechanical nglieven if the LiS impurity does
not affect their ionic conductivity. The loss of8ishould be compensated during the
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high-temperature heat treatment, especially fgP&jl. LisPSCl shows the highest
ionic conductivity among LPSX. LisPSCl synthesized by solid-state sintering
shows a higher ionic conductivity than those by hamical milling. Although
LisPSCI is hydrolyzed in air, the ionic conductivity m®t severely degraded after air
exposure for 24 h. The electrochemical characteéoizs revealed that FPSCI is a
pure ionic conductor with a large electrochemicahdew and relatively good
stability toward metallic Li. All-solid-state cellassembled using ¢PSCl-coated
MoS, as cathode and dRSCI as electrolyte have high capacity and good oycli

stability.
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Figure Captions

Fig. 1. (a) XRD patterns of PSCl (LPSC), LsPSBr (LPSB), and LiPSI (LPSI)
with excess LIS prepared by solid-state sintering. (b) XRD pateof LsPSCI
prepared by mechanical alloying or solid-stateesing with and without excess,S.
(c) lonic conductivities of LLPSX (X = Cl, Br, 1) with and without excess 4S. The
inset scales out theaxis of LkPSl.

Fig. 2. (a,b) SEM images of solid-state sinteredPHCI with excess LS. (c,d) SEM
images of mechanically alloyedsBSCI.

Fig. 3. (a) Arrhenius conductivity plot of LPSC fno25 to 80 °C. The inset displays
the impedance spectra of LPSC measured at diffaemperatures. The spectra
measured at 25 and 40 °C were fitted with the @i¢RsQ)Q). (b) XRD patterns of
LPSC before and after exposing to air for 10 miRSIC-AIR). (c) lonic conductivity
of air-exposed LPSC as a function of exposure tifrfee inset shows the Nyquist
impedance plots and fit results gRQ) of LPSC exposed to air for different time.

Fig. 4. (a) Cyclic voltammogram of Pt/LPSC/Li caell a scanning rate of 2 mV/s
between —0.5 and 5 V. (b) Galvanostatic cyclinglidfPSC/Li symmetric cell with a

current density of 0.1 mA cf(c) DC polarization current as a function of timith

a constant voltage of 0.1 V under blocking (Pt/LAEC lower panel) and

nonblocking (LI/LPSC/Li, upper panel) conditionsrabm temperature.

Fig. 5. SEM image of LPSC-coated Mo&) and compared with that of pristine
Mo$S; (b). (c) EDS mapping of LPSC-coated MoS

Fig. 6. Cyclic voltammograms of the all-solid-st&te-coate MogLPSC/In-Li cell at
a scanning rate of 0.05 mV} in a voltage range of -0.5-2.5V vs. In-Li (a) @reBV
vs. In-Li (b).

Fig. 7. (a) Galvanostatic charge-discharge problieselected cycles for the cells with
SE-coated MoSelectrodes tested at current densities of 0.13am&. (b) Cycling
performance and Coulombic efficiency for the celith SE-coated MoSelectrode
tested at various current densities .(c) Magnificabf the cycling performance and
the Coulombic efficiency from 1 to 25 cycles.

Fig. 8. Impedance spectra and fits of the all-setate batteries with SE-coated MoS
tested before and after 259 cycles at the room deayre.
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Table 1 The total resistances obtained from fit resuRg) @nd directed readR{cad

from the local minimal resistance at the intersecdf the impedance spectrum.

Measured Temperature Air exposure time Cycling
In the inset of Fig. 3a In the inset of Fig. 3c In Fig. 8

25°C 40°C 50°C 10min 1h 24 h Before After
Rs(QQ) 140+1 69+1 42+1 187+1 192+1397+1 41+1 28+l
Read®) 134 68 42 182 194 399 - -
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LisPSsX is compared for various X elements and synthesis methods.

The strategy toward excess of Li,Sisilluminated.

The morphology of LigPSsX is controlled by various synthesis techniques.
LigPSsCl can sustain air exposure for acertain time.

LisPSsCl-based all-solid-state batteries show good el ectrochemical performance.



