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All-solid-state battery is considered as one of the most promising competitors to Li ion batteries. Two widely known performance metrics for solid electrolytes, 
among others, are ionic conductivity and stability. Here it is found that both can be improved by the synergistic effects of chlorine substitution in sulfide-based 
solid electrolytes. Particularly, instabilities arising from both bulk decompositions and interfacial reactions to electrodes can be better inhibited in the chlorine 
substituted sulfide solid electrolytes through the increased susceptibility to the mechanical constriction induced enhancement of voltage stability. As a result, the 
stability window of some chlorine-rich Li-argyrodites can be systematically higher than some other chlorine-deficient or chlorine-free electrolytes, especially under 
the implementation of the mechanical constriction battery assembly and test conditions. Thus, a solid-state battery system of 4 V to 5 V-class cathodes paired with 
lithium metal anode is demonstrated using these chlorine-rich Li-argyrodites without additional coatings. Furthermore, since Cl composition modulates the stability 
and instability of Li-argyrodite at low voltages, it allows us to design a multilayer configuration with a hierarchy of Li metal stabilities to demonstrate the stable 
cycling at relatively high current densities for solid-state batteries. It is found that a moderate Cl composition in the electrolyte is the best to inhibit Li dendrite 
penetration as the central electrolyte layer, emphasizing a slightly increased “instability ” as the hidden performance metric of relevance here, in addition to the 
two well-known metrics of stability and ionic conductivity. The understanding of the chlorine substitution effect in sulfide electrolytes provides an important design 
principle for all-solid-state batteries. 
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. Introduction 

All-solid-state battery is one of the most promising next generation
obile energy storage technologies, due to its potential for high en-

rgy and power densities as well as the mitigation of safety issues of
raditional lithium-ion batteries [1–4] . This is mostly attributed to the
dvances in the development of solid electrolytes [5–7] . Sulfide-based
olid electrolytes have attracted great attention with reported conduc-
ivity values of up to 25 mS cm 

− 1 for Li 9.54 Si 1.74 P 1.44 S 11.7 Cl 0.3 (LSPSCl)
8] , which are comparable and even higher than those of traditional liq-
id electrolytes [9] . Li-argyrodites fall within this type of sulfide solid
lectrolyte, with the general formula Li 7 − y PS 6 − y X y (traditionally: y ≤ 2
nd X = halogen atom) [10] and ionic conductivities beyond 1 mS cm 

− 1 .
11–13] 

The main role of the partial substitution of sulfur by a halogen
tom is to stabilize the high temperature phase in which the pure Li-
rgyrodite, Li 7 PS 6 , crystallizes, as its macroscopic value of ionic con-
uctivity is several orders of magnitude higher than that of the low
emperature phase [ 14 , 15 ]. This substitution has been traditionally re-
tricted to one halogen per formula. Nevertheless, a computational work
erformed by Klerk et al. predicted that the increase of chlorine content
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an lead to an optimum occupancy of Cl over the 4a and 4c sites (1:3
atio) that increases, although not significantly, Li-ion conductivity in
heoretical compositions such as Li 5 PS 4 Cl 2 . [16] From an experimental
oint of view, it has been confirmed that higher amount of halogen sub-
titution can indeed increase the conductivity in the chlorine-rich argy-
odites family of Li 6-y PS 5-y Cl 1 + y ( y < 1), with Li 5.5 PS 4.5 Cl 1.5 (LPSCl1.5)
eing the end member of the series [17–20] , even though Li 5 PS 4 Cl 2 
as predicted to be thermodynamically stable [16] . Nevertheless, this

hlorine-rich Li-argyrodite, LPSCl1.5, exhibits ionic conductivity values
s high as 10 mS cm 

− 1 in cold pressed specimens [ 18 , 19 ]. 
Besides high ionic conductivity, wide stability window is another im-

ortant requirement for solid electrolyte. For LPSCl1.5 and Li 6 PS 5 Cl (LP-
Cl1.0), it has been reported that their experimental voltage windows
re quite narrow, ranging from 1.8 to 2.5 V 

19 and from 1.3 to 2.3 V 

21 , re-
pectively. The 1.3 ∼ 2.3 V of LPSCl1.0 is wider than the computational
rediction of 1.7 - 2.0 V based on thermodynamic convex hull approach
22] . Considering that sulfide electrolytes in the cathode region are of-
en mixed with conductive carbon in these experimental electrochemi-
al tests [ 19 , 21 , 23 , 24 ], this in principle allows the electron transfer to-
ether with certain Li + capacity from the electrolyte. A computational
nvestigation first explored this effect that can possibly expand the volt-
 7 December 2021 
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𝜕

ge window of Li x GeP 2 S 12 to 1.0 - 3.0 V 

25 from the thermodynamic 1.7
 2.1 V of Li 10 GeP 2 S 12 

22 (LGPS). Experimentally, LGPS was later made
s both cathode and anode in a single battery [24] , demonstrating that
he Li capacity does exist in sulfide electrolytes. More recently, it was
hown that by taking into account the Li + capacity effect, the calculated
oltage window can be expanded to 1.1 - 2.2 V 

21 for LPSCl1.0, which
s closer to the 1.3 - 2.3 V measured experimentally in the same work,
ompared with the 1.7 - 2.0 V in simulation without considering this
ffect. 

It is worth noting, however, although in the above experiments the
eramic samples were cold pressed with high pressure, the metal an-
de layer was only gently attached to the electrolyte layer without an
dequate press, as lithium or lithium alloy may be squeezed through
he electrolyte layer under high external pressure. Similarly, the elec-
rochemical tests were under no or weak operational stack pressure (a
ew MPa or below) during the battery test. On the contrary, the voltage
indows of LGPS were reported to be up to 5 V 

26 and 10 V 

27 under
 high operational stack pressure (30 to 400 MPa), which is consistent
ith the stable battery cycling performance using 4 - 5 V cathodes tested
nder similar conditions [ 8 , 26 , 28 ]. This suggests that at least the oper-
tional voltage window of sulfide electrolytes tested under a sufficient
tack pressure is much wider than the predictions based on either the
hermodynamic convex hull approach [22] or with the Li + capacity ef-
ect considered [ 21 , 25 ]. 

We showed that without a sufficient stack pressure there is at least 10
o 20% porosity left in the ceramic pellet after the cold press, while with
 stack pressure larger than 25 MPa, the porosity could be minimized to
early zero [27] . We believe the zero-porosity condition in the ceramic
ayers is critical to the implementation of the mechanical constriction
ondition, as the constriction will be lifted at any voids. Our previous
orks show that particles with a close contact can mechanically con-

trict each other locally, providing an effective modulus on the order of
he material’s mechanical modulus at the GPa level to modulate electro-
hemical reactions. The mechanical constriction effect can significantly
iden the voltage window of sulfide electrolytes through metastability
p to around 3.5 to 4 V 

27,29–32 , because in order for a reaction with
ositive reaction strains to happen, it will have to overcome the extra
etastable barrier induced by mechanically constricted local environ-
ent. The effect can further widen the voltage window through kinetic

tability up to 10 V 

27,31 , because the positive reaction strains, if gener-
ted by decompositions that have overcome the metastable barrier, may
ause a local compressive strain field surrounding the decomposition
ront to suppress the local ionic interdiffusion by orders of magnitude.
his ionic passivation will self-limit the propagation of local decompo-
itions. The effect also modifies the decomposition reaction pathway to
orm less reduced valence states in the anode [30] and less oxidized ones
n the cathode [27] for certain elements in the electrolyte, as reaction
athways will be modulated by both metastability and kinetic stability
nduced by the constriction. 

Note that the wide operational voltage window [ 26 , 27 ] and good cy-
ling performance [ 8 , 26 , 28 ] with high voltage cathodes can be demon-
trated no matter with the conductive carbon added to the cathode
8] or not [26–28] , as long as the mechanical constriction is properly im-
lemented [33] , suggesting that ionic passivation dominates over elec-
ronic passivation here. Specifically, the conductive carbon mixed in the
athode [8] , the electronic conductivity of uncoated cathode particles
 27 , 28 ], and the very slow scanning speed of 0.1 mV/s in the cyclic
oltammetry test [27] suggest that the electronic passivation at least
ill not dominate the voltage stability region of 4 to 10 V under a con-

tricted condition. 
Here in this paper, we show that by the application of mechan-

cal constriction condition, the calculated voltage window of the su-
erionic chlorine-doped Li-argyrodite, including LPSCl1.5, LPSCl1.0,
i 6.5 PS 5.5 Cl 0.5 (LPSCl0.5), can be widened by metastability to as wide as
.8- 4.3 V predicted by our unique constrained ensemble computational
latform [ 29 , 33 ]. Interestingly, it was found previously that further in-
485 
reasing Cl composition to Li 5 PS 4 Cl 2 (LPSCl2.0) makes the argyrodite
ubic phase difficult to synthesize, while an orthorhombic phase can
e obtained in experiment [34] . We find here in our calculation that
he orthorhombic LPSCl2.0 shows an even wider voltage window of
.1 - 4.7 V and a significantly reduced decomposition energy at 0 V
ith Li metal. This is due to the higher reaction strains of the chlorine-

elated decomposition products than that of other sulfide electrolytes
ithout or with lower chlorine content in their compositions, such as

rom Li 7 P 3 S 11 (LPS), LGPS and LSPSCl. The higher reaction strain con-
ributes to a larger response of chlorine-doped electrolytes in the voltage
indow expansion to the mechanical constriction effect. Meanwhile, the
egree of electronic passivation is shown to be much less changed by
hemical compositions, based on our circuit model by considering all
he decomposition phases in the calculation. However, our calculated
i ion conductivity peaks at LPSCl1.5, i.e., the end member of the ar-
yrodite phase with Cl doping, and drops at the orthorhombic phase of
PSCl2.0. 

Furthermore, previously we demonstrated that superionic chlorine-
ich Li-argyrodite of LPSCl1.5 can show good cycling performances even
n a direct contact with lithium metal anode and high voltage cathodes
28] . The wide voltage window for LPSCl1.5 down to around 0 V and
eyond 4.3, i.e., beyond the predicted metastable voltage window of 0.8
 4.3 V in our calculation, indicates the general importance of kinetic sta-
ility due to ionic passivations [ 27 , 28 ]. This is also why in our recent
ork that combines LPSCl1.5 with LGPS into a multilayer configura-

ion, LPSCl1.5 is considered as a more stable electrolyte with Li metal,
hile LGPS is the less stable one [28] . Here in this work a further com-
arison of LPSCl1.5 with LPSCl1.0, LPSCl0.5, LPS and LGPS electrolytes
ith different Cl compositions shows that LPSCl1.5 can be considered as

unctionally stable with Li metal, while others cannot, likely suggesting
he additional importance of the compositional proximity of cubic LP-
Cl1.5 to orthorhombic LPSCl2.0, as the orthorhombic LPSCl2.0 shows
n outstanding voltage window in the series of LPSCl x ( x = 0, 0.5, 1.0,
.5, 2.0) with our constrained ensemble prediction. 

Since the multilayer configuration utilizes a combination of more
table and less stable electrolyte layers to Li metal for the Li dendrite
uppression, we thus combine the more stable LPSCl1.5 with the other
wo LPSCl x ( x = 1.0 and 0.5) electrolytes, all within the argyrodite cu-
ic phase, into various multilayer configurations, to demonstrate a su-
erior cycling performance of solid-state batteries at high current densi-
ies up to 5 to 10 mA/cm 

2 . Furthermore, we show that similar cathode-
lectrolyte interface decompositions can give different cycling perfor-
ances, which instead emphasizes the importance of the anode inter-
hase to the cycling performance of solid-state batteries when LPSCl1.5
s used as the cathode electrolyte. 

The understanding here provides new insights into the chemical de-
ign and optimization of solid electrolytes for all-solid-state batteries.
he synergistic effect of chlorine substitution in Li-argyrodite leads to a
oncomitant process that not only increases the ionic conductivity but
lso widens the electrochemical voltage window. The results also unveil
ow different interface reaction strains and decomposition energies, as
ell as their multilayer combinations control the solid-state battery per-

ormance. 

. Results and discussion 

.1. The synergistic effects of Cl substitution 

As mentioned, two important criteria for solid electrolytes are high
onic conductivity and wide stability window. Fig. 1 a shows the calcu-
ated stability window and ionic conductivity values of different sulfide-
ased solid electrolytes (SEs) as a function of Cl content in their com-
ositions. The stability window has been calculated based on the Gibbs
ree energy differential form of 𝐺 

′( 𝑥 𝐷 ) : 

 𝑥 𝐷 
𝐺 

′ = 𝐺 𝐷 − 𝐺 SE + 𝜕 𝑥 𝐷 
𝐺 stra in (1) 
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Fig. 1. (a) Voltage window and ionic conductivity as a function of chlorine content for different sulfide-based solid electrolytes, including Li 7 P 3 S 11 , Li 3 PS 4 , 
Li 20 Si 3 P 3 S 23 Cl (LSPSCl), Li 6 PS 5 Cl (LPSCl1.0), Li 5.5 PS 4.5 Cl 1.5 (LPSCl1.5), Li 5 PS 4 Cl 2 (LPSCl2.0). Space groups for Li 7-x PS 6-x Cl x have also been labeled. LPSCl1.0 and 
LPSCl1.5 are the cubic F-43 m phase, while for LPSCl2.0, the C2mm phase is represented by solid lines and the F-43 m one is represented by dashed lines. (b) reac- 
tion strain (at K eff = 0 GPa) versus voltage window for sulfide-based SEs with different chlorine contents in the composition. (c) Exact stability window at different 
mechanical constrictions (K eff = 0, 10 and 20 GPa) for Li 7 P 3 S 11 (Cl 0 ) and Li 7-x PS 6-x Cl x ( x = 0.5, 1.0, 1.5, and 2.0). The color represents the level of reaction energy, 
where darker color corresponds to higher reaction energy. (d) Decomposition energies of Li 7 P 3 S 11 (LPS), LGPS, LSPSCl, Li 7-x PS 6-x Cl x ( x = 0.5, 1.0, 1.5, and 2.0) at 
0 V at 20 GPa. (e) Electrostatic energy of Li 7-x PS 6-x Cl x ( x = 1.0, 1.5, and 2.0). (f) Lithium ion probability density distribution (light blue) in Li 7-x PS 6-x Cl x , x = 1.0 (f1), 
1.5 (f2) and 2.0 (f3), from 900 K AIMD simulations with an isosurface value of 0.0015 a 0 

− 3 (a 0 is the Bohr radius). Note that for LPSCl2.0, except for (a), where both 
cubic and orthorhombic phases are presented, all other panels only consider the synthesizable orthorhombic phase. 
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hich is determined by the chemical term ( 𝛿𝐺 

0 = 𝐺 𝐷 − 𝐺 𝑆𝐸 ) and the
train term ( 𝜕 𝑥 𝐷 𝐺 𝑠𝑡𝑟𝑎𝑖𝑛 = 𝑉 𝜖𝑅𝑋𝑁 

𝐾 𝑒𝑓𝑓 ) , where 𝜖𝑅𝑋𝑁 

and 𝐾 𝑒𝑓𝑓 are the re-
ction strain and the effective bulk modules, respectively. The stability
indow is decided by the intrinsic decomposition energy change, which

s related to the composition and structure of solid electrolytes. In prac-
ice, we want to emphasize that solid electrolytes are usually constrained
n a rigid local environment during battery testing, thus this mechani-
al constriction effect leads to a metastable state ( 𝜕 𝑥 𝐷 𝐺 

′( 𝑥 𝐷 = 0 ) > 0 ).
he reaction strain and the exact stable window for Li 7 P 3 S 11 (LPS) and
PSCl x family at different K eff are shown in Figures 1b and 1c, respec-
ively. 

In Fig. 1 (and Supplementary Figure S1) it is observed that under
echanical constriction, the voltage stability windows can be classified

nto three categories, the narrow type of no-Cl or low-Cl compositions
LPS, LGPS, LSPSCl) of up to around 2.0 at%; the medium type of LPSCl x 
 x = 0.5, 1.0, 1.5) with Cl content from 3.7 to 12 at%, which covers all
he synthesizable Li-argyrodites; and the wide type of LPSCl2.0 with
 Cl content of 16.7 at%. The widened stability window is attributed
o both the intrinsic stability of cubic argyrodite and the orthorhombic
tructures under mechanical constriction, and the higher reaction strain
aused by Cl doping at low and high voltages at no constriction ( Fig. 1 b),
here the Cl-free Li 7 P 3 S 11 is compared with other Cl-rich compositions.

More detailed comparisons between Li 7 P 3 S 11 and Cl doped LPSCl x 
 x = 1.0, 1.5, 2.0) , together with another common electrolyte LGPS, can
e found in the Supporting Information (SI), including their decompo-
ition energies and strains (Figure S1), and the exact reaction equations
f decomposition products (Table S1 - S3), within each voltage range at
ifferent K eff . In Table S1 - S3, we also calculated the pseudo-bandgap
nd pseudo-resistivity for the decomposition interphase based on our
ircuit model (Figure S2) using the data of band gaps and molar vol-
me of each decomposition product (Table S4). As included in Table
4, in the high voltage range, the decomposition products of the Cl-rich
486 
olid electrolyte, LPSCl1.5, consist of Cl-related compounds (PCl 3 , SCl,
Cl 4 ) that generally have higher molar volume than those decomposi-
ion products of Cl-free electrolytes, such as phosphorous sulfides, i.e.
i 2 PS 3 and P 2 S 7 . Consequently, the reaction strain in the high voltage
ange is higher in the Cl-rich solid electrolytes, as demonstrated in Fig-
res 1b and S1. 

This voltage stabilization effect is more notable at high mechanical
onstrictions, represented by the effective bulk modules ( K eff) ( Fig. 1 a
nd 1c, Figure S1). It should be noted that sulfide electrolyte solid state
atteries usually work with an external pressure applied, which is on
he order of MPa. Such an external pressure, however, can generate a
echanically constrictive environment due to the reduction of porosity

f the ceramic pellet to nearly 0% [27] . The effective modules ( K eff) are
herefore on the order of the mechanical modulus of solid electrolytes,
hat is at GPa level, experienced by any local electrolyte decompositions
ith a positive reaction strain. This concept is discussed in depth in our
revious works [ 27 , 29-32 ]. Depending on the mechanical constriction
ondition, systems can range from isobaric ( K eff = 0) to isovolumetric
 K eff = infinite) conditions, where the expected values of K eff in real bat-
ery systems are on the order of 10 - 20 GPa based on the bulk modulus
f sulfide ceramics (20–40 GPa) and cathode materials ( > 100 GPa), and
he battery assembly and test procedures [ 29 , 33 ]. 

For instance, the stability window for LPSCl x ( x = 0.5, 1.0, 1.5)
s widened from around 1.8 - 2.4 V at K eff = 0 GPa to 0.8 - 4.3 V at
 eff = 20 GPa ( Fig. 1 c). Importantly, for K eff in the range from 20 GPa

o 0 GPa, the reaction energy of LPSCl1.5 at 0 V varies from 0.25 to
.5 eV/atom, which is much smaller than that of Li 7 P 3 S 11 and LGPS in
he range from 0.5 to 2–2.5 eV/atom. This results in a much more stable
nterphase with Li metal for LPSCl1.5, which is generally true for LPSCl x 
t x = 0.5 - 1.5, as shown in Fig. 1 d and S1. It is worth noting that the
oltage window of LPSCl2.0 is the widest (0.1 - 4.7 V at K eff = 20 GPa),
nd the decomposition energy of 0.024 eV/atom at 0 V is also the low-
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st among LPSCl x . This is mainly due to the experimental orthorhombic
hase, as the corresponding values for the cubic argyrodite LPSCl2.0 are
.7 - 4.4 V and 0.145 eV/atom at 0 V at K eff = 20 GPa. This also sug-
ests that as the end member of argyrodite LPSCl x , the LPSCl1.5 phase
s likely to show a wider experimental voltage window and enhanced
oltage stability due to the proximity to the orthorhombic LPSCl2.0, as
ny Cl composition fluctuation in LPSCl1.5 is likely to generate the more
table LPSCl2.0 nano-phase locally. 

On the other hand, based on our circuit model (Figure S2) that con-
iders the volume ratio and related percolation of each decomposition
hase, the overall interphase formed by decomposition products show
 similar global electronic resistivity for LSPCl x , Li 7 P 3 S 11 and LGPS in
he entire voltage range, and they are largely insulating electronically
t low voltages and become more conductive at high voltages (Tables
1- S3). The careful computational examination here suggests that elec-
ronic passivation is much less susceptible to chemical compositions
han the mechanical constriction effect in governing the different volt-
ge stabilities of sulfide electrolytes. That is, a lower stability at 0 V
s most probably not caused by the lack of electronic insulation, but
ather a weaker effect of mechanical constriction induced voltage sta-
ility; while a higher stability at cathode voltages is most probably not
aused by an electronically less conductive decomposition interphase,
ut rather a stronger effect of mechanical constriction induced voltage
tability. Such constriction induced stabilities at both cathode and an-
de voltage ranges could include the effects of metastability and kinetic
tability, as described previously [ 27 , 30 ]. 

We further study the effect of Cl substitution on the ionic conduc-
ivity. A series of long-time simulations based on ab initio molecu-
ar dynamics (AIMD) at elevated temperatures were performed for the
i-argyrodite family, Li 7-x PS 6-x Cl x ( x = 1.0, 1.5), and the orthorhom-
ic phase at x = 2.0. The AIMD calculated activation energies E a for
i 7-x PS 6-x Cl x ( x = 1.0, 1.5 and 2.0) are 325.48, 230.24 and 292.62 meV,
espectively, and the corresponding room-temperature conductivities
re estimated to be 0.43, 14.55 and 1.69 mS cm 

− 1 (Figure S3). The
onic conductivities first increase and then decrease with Cl substitu-
ion, showing a maximum at x = 1.5. Note that the space group for 1 ≤ 

 ≤ 1.5 is F-43 m, whereas for x = 2 it is C2mm. These data, along with
he calculated conductivity values of other solid electrolytes in Fig. 1 a,
re in a good agreement with those reported in the literature by either
xperiment or computation listed in Table S5. However, it is noteworthy
hat certain dispersion of experimental data for a given electrolyte can
e attributed to different experimental synthesis and test conditions. 

To further understand the atomistic diffusion mechanisms and path-
ays of the Li-argyrodite family, we calculated the electrostatic en-

rgy of each lithium atom and the Li ion probability density distri-
ution and direction projected mean square displacement (MSD) of
i ion from 900 K AIMD simulations, as shown in Figures 1e, 1f and
4. The normalized electrostatic energy is calculated by counting the
nteraction of lithium with all surrounding anions and then dividing
y the amount of lithium. Monovalent halogen anions interact more
eakly with lithium cations than divalent sulfur anions, which leads

o the decrease of the normalized electrostatic energy with Cl substitu-
ion [35] . Theoretically, the activation energy of the electrolyte should
e linearly decreased correspondingly. However, it can be seen from
he lithium ion probability density distributions that structurally there
re only cage-like local lithium-ion diffusions in Li 6 PS 5 Cl (LPSCl1.0)
 Fig. 1 f1), while in Li 5.5 PS 4.5 Cl 1.5 (LPSCl1.5) there are abundant inter-
age jumps ( Fig. 1 f2), responsible for the significantly enhanced macro-
copic lithium ion diffusion. The main reason may be that the higher
mount of monovalent chlorine anions occupies the 4 c sites in LPSCl1.5,
hich are fully occupied by divalent sulfur anions in LPSCl1.0, leading

o weaker interactions with lithium ions and consequently weakening
he cage-like local lithium-ion diffusions. 

Nevertheless, when the amount of Cl substitution is higher, such as
n Li 5 PS 4 Cl 2 (LPSCl2.0), based on the DFT simulations by S. P Ong et al.
36] , the ground state crystal structure is changed to the space group
487 
2mm that is also lower in energy than LPSCl1.0 and LPSCl1.5, as indi-
ated in Fig. 1 a. This implies that lithium ion diffusion in LPSCl2.0 along
he c direction is much faster than those in the a-b plane, exhibiting one-
imensional lithium diffusion, as evidenced from lithium ion probability
ensity distribution (Figures 1f3 and S4). In summary, different elec-
rostatic energies and diffusion pathways induce the ionic conductivity
hanges in the range 1 ≤ 𝑥 ≤ 1.5, while for x > 1.5 a phase transition
rom 𝐹 ̄4 3 𝑚 to C2 mm is expected to happen, promoting one-dimensional
iffusional pathway and, therefore, decreasing the ionic conductivity.
ote that if 𝐹 ̄4 3 𝑚 is adopted for LPSCl2.0, the calculated ionic conduc-

ivity can reach up to 26.6 mS cm 

− 1 , as also shown in Fig. 1 a. 
In light of these results, LPSCl1.5 is of a particular interest here, sug-

ested by our computations, because it not only presents the highest
alue of ionic conductivity, but more importantly, may also possess the
ighest voltage window within the Li-argyrodite phase, due to the prox-
mity to the orthorhombic LPSCl2.0. This suggests that a layer of LP-
Cl1.5 may form a more stable primary interface to the Li metal layer.
owever, as we will show in the next section, LPSCl x ( x = 1.0 and 0.5)
re also of interest, and LPSCl1.0 can show a more stable cycling when
erved as the central or inner layer in a more complicated battery con-
guration that is not in a direct contact with the Li metal layer. This is

ikely due to the enhanced “instability ” of LPSCl1.0 that balances well
ith the stability, as an additional counterintuitive metric of a particular

elevance here in suppressing the Li dendrite penetration. 

.2. Stability and instability of LPSCl x at low voltages using lithium metal 

s anode 

The stability and instability of Li 5.5 PS 4.5 Cl 1.5 (LPSCl1.5), Li 6 PS 5 Cl
LPSCl1.0), Li 6.5 PS 5.5 Cl 0.5 (LPSCl0.5), and Li 7 P 3 S 11 (LPS) are further in-
estigated using DFT simulations, electrochemical methods and analyt-
cal characterizations. More details about sample preparation and basic
haracterization can be found in SI (Methods and Figures S5-S6). Ac-
ording to the simulation results presented in the above section, strong
echanical constriction would stabilize more efficiently Cl-rich solid

lectrolytes (SEs) due to higher reaction strains. Therefore, asymmetric
atteries with a configuration of Li/SE/Stainless Steel (SS) were assem-
led and discharged to deposit Li metal on the surface of SEs, both with
nd without stack pressures. The deposition surface thus corresponds to
pproximately a local mechanical constriction 𝐾 𝑒𝑓𝑓 values of approach-
ng 20 and 0 GPa, respectively, with and without a stack pressure. Fig. 2 a
ompares the XRD data of the discharged asymmetric batteries of LP-
Cl1.5 (Cl-rich SE) with those of Li 7 P 3 S 11 (Cl-free SE). When testing
ith no external pressure applied, the XRD pattern of Li 7 P 3 S 11 suffers
 dramatic change with respect to its pristine one, indicating that the
aterial undergoes severe decompositions, with the production of the

i 2 S phase [37] among other products that could not be identified eas-
ly. In contrast, the decomposition of LPSCl1.5 is much more limited,
here just a few minor decomposition peaks emerge, mainly attributed

o Li 2 S and elemental phosphorus [38] . These results are also in good
greement with the XRD data shown in Figures S7 a and b, where the
hemical stability of LPSCl1.5 versus Li 7 P 3 S 11 with Li metal was stud-
ed by mixing the electrolyte with Li metal and annealing them at 100
C for 6 h under a protective argon atmosphere [39] . This result agrees
ith our discussion in the previous section that chlorine-rich solid elec-

rolyte possesses better stability than those with lower Cl ratio in their
ompositions. 

In order to gain more insights about the nature of decomposition
roducts of LPSCl1.5 at the Li deposition surface with and without a
tack pressure, XPS measurements after Li deposition were conducted
nd compared with DFT simulations, as shown in Figures 2b and 2c,
espectively. Note that Cl 2p spectra does not experience any change, as
t was also observed and discussed elsewhere [ 38 , 40 , 41 ], thus it is not
hown. Both P 2p and S 2p spectra are very similar to those of pristine
PSCl1.5 (Figure S7 c). Particularly, the P 2p spectra in pristine LPSCl1.5
an be described by two doublets at approximately 131.7 and 133 eV,
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Fig. 2. (a) Ex-situ XRD patterns of LPSCl1.5 and Li 7 P 3 S 11 (LPS) after Li deposition in asymmetric batteries (Li/SE/SS)) with and without mechanical constrictions. 
The operating stack pressure is applied at 100 MPa. SS: stainless steel. (b) P 2p and S 2p XPS spectra in Li/LPSCl1.5/SS cells after Li deposition with and without 
mechanical constrictions. (c) Decomposition reaction pathways at K eff = 0 and 20 GPa and predicted decomposition products in different phase equilibria within 
each voltage range. All decomposition products are the ground state phases within each voltage range. (d-f) Stripping/plating behavior in (d) Li/LPSCl1.5/Li cell, (e) 
Li/LPSCl0.5/Li cell, and (f) Li/LPSCl1.0/Li cell at a current density of 0.1 mA cm 

− 2 and continuous 1 h plating/stripping durations. (g-l) Stripping/plating behavior 
in Li/G-SE-G/Li cell at a current density of 0.25 - 10 mA cm 

− 2 with the capacity of 0.25 mAh/cm 

2 for each half cycle: SE = (g) LPSCl1.5, (h) LPSCl0.5, (i) LPSCl1.0, 
(j) LPSCl1.5-LPSCl0.5-LPSCl1.5, (k) LPSCl1.5-LPSCl1.0-LPSCl1.5, and (l) LPSCl1.0, where (j-l) are tested for 10 cycles up to high current densities at 55 ◦C. 
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hich are associated with PS 4 
− tetrahedral units and the presence of

olysulfide species (P 2 S x ), respectively. The S 2p spectra of pristine LP-
Cl1.5 is also composed by two doublets, the main one at 161.3 eV
ccounts for the Li-S-P bonds of Li-argyrodites, whereas the doublet at
63 eV is related to the presence of polysulfide compounds with bridg-
ng (-S-) and terminal sulfur bonds (P-S x -P) [ 38 , 40-43 ]. These polysul-
des species may include some remaining P 2 S 5 from the synthesis, that
annot be detected by XRD. After the electrochemical deposition of Li
n both cells, with or without pressure applied during battery testing,
ome reductions are observed as shown in Fig. 2 b, and as also predicted
n Fig. 2 c (see also Table S2). Note that the presence of sulfites SO 3 

2- 

167 eV) may be explained by the strong tendency of Li 2 S to be oxidized
 − 1.756 eV/atom) [44] , as samples were shortly exposed to air before
he transfer to the vacuum chamber of XPS. 

The most important result from the combined analysis of XPS and
omputational prediction is that the mechanical constriction effect may
artially inhibit the decomposition and change the decomposition reac-
ion pathway. Particularly, when at no mechanical constriction ( 𝐾 𝑒𝑓𝑓 =
 𝐺𝑃 𝑎 ), the low voltage decomposition results in products of lithium
inaries ( Fig. 2 bc, Figure S7c), such as Li 2 S, Li x P y and LiCl. These prod-
cts are in good agreement with previous experimental and theoreti-
al predictions [ 22 , 38 , 40 ]. In contrast, under mechanical constriction
 𝐾 𝑒𝑓𝑓 ≈ 20 𝐺𝑃 𝑎 ), the production of lithium phosphides-related com-
488 
ounds, Li x P y , are suppressed, favoring the decomposition into poly-
ulfide compounds which are likely to be Li 2 PS 3 with lower decomposi-
ion energy (Figures 2b-c and Tables S1). Furthermore, the application
f mechanical constriction also suppresses the decomposition peak of
 2 S x , indicating a further limit of the decomposition. 

We further assemble symmetric batteries of Li/SE/Li with the cen-
ral SE layer being LPSCl1.5, LPSCl1.0 and LPSCl0.5, respectively, and
erform cycling tests. We believe this is a more relevant approach to
valuate their functional stabilities for electrochemical performance.
ig. 2 d shows a stable long cycling performance of symmetric LPSCl1.5
attery operating at a low current density of 0.1 mA/cm 

2 , where the
verpotential is just 15 mV after 1400 h of operation. In comparison,
PSCl0.5 shows a quick voltage increase after 30 h at the same cycling
ate ( Fig. 2 e), induced by decompositions with Li metal, indicating a
orse electrochemical stability against Li metal than LPSCl1.5. LPSCl1.0

s more stable than LPSCl0.5, but it also shows a voltage increase after
ycling for about 100 h ( Fig. 2 f), suggesting that LPSCl1.0 is less stable
han LPSCl1.5 in a direct contact with Li metal. 

We then apply the Li/Graphite-SE-Graphite/Li structure to avoid the
irect contact of Li metal layer with the SE layer in battery assembly and
o test higher current densities. The graphite layer in the Li-graphite
node here also acts as a protection to avoid Li penetration induced
hort circuit when external pressure is applied, while for those unsta-
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le electrolytes with Li metal, the graphite protection layer also plays
he role to delay the interface contact from the step of initial battery
ssembly, where no local mechanical constriction exists, to the step of
lectrochemical cycling, where Li sufficiently mixes with graphite to
ventually contact the electrolyte under a local mechanic constriction
ondition with suppressed decompositions [45] . LPSCl1.5 quickly shows
 short circuit induced sudden drop of polarizations, when the current is
ncreased to 0.25 mA/cm 

2 ( Fig. 2 g), consistent with our recent finding
hat an elctrochemically more stable electrolyte to Li metal can more
asily allow the Li dendrite to penetrate through cracks, as there is no
ufficient decompositions to fill the cracks [28] . In contrast, the phe-
omenon of short circuit does not happen for LPSCl0.5 or LPSCl1.0 at
.25 mA/cm 

2 ( Fig. 2 h, 2i). Instead, the decomposition induced voltage
ncrease similar to the case without the graphite protection can still be
bserved from the Li/G-LPSCl0.5-G/Li battery at 1.25 mA/cm 

2 ( Fig. 2 h),
onfirming that LPSCl0.5 is electrochemically the least stable with Li
etal among the three types of LPSCl x . 

Interestingly, LPSCl1.0 at the same testing condition ( Fig. 2 i) shows
 longer cycling than LPSCl0.5 and LPSCl1.5, indicating that LPSCl1.0
hows a moderate stability against Li between LPSCl1.5 and LPSCl0.5,
r a better balance of stability and instability. That is, LPSCl1.0 is more
table than LPSCl0.5, so it does not show the severe decomposition in-
uced resistance and polarization increase. While it is less stable than
PSCl1.5, so LPSCl1.0 can avoid the Li dendrite penetration induced
hort circuit through sufficient but self-limiting local decompositions to
ll microcracks but without consuming more pristine electrolytes [28] .
he finding here is also consistent with the fact that LPSCl1.0 electrolyte
an show superior cycling with both Li metal and high voltage cathode
46] . 

In our recent paper [28] , it shows that the multilayer configuration
f “more stable ”| “less stable ”| “more stable ” solid electrolytes against Li
etal can prevent the dendrite penetration through a self-limiting local
ecompositions that happened in the inner less-stable electrolyte layer,
ith the outer more stable layer to provide a better primary interface

o Li metal anode layer. Here, the approach is for the first time applied
ith Li 7-x PS 6-x Cl x ( x = 0.5, 1.0, and 1.5) of different Cl compositions,

o that the stability and instability levels in correlation with the Cl com-
osition in the argyrodite phase can be evaluated in experiment by the
nique multilayer approach. LPSCl0.5 as the inner layer and LPSCl1.5
s the outer layer in the multilayer structure ( Fig. 2 j) can enable the
igh-rate cycling up to 5 mA/cm 

2 , performing better at high current
ensities than any single layer configurations. However, the multilayer
attery fails after 130 h cycling, which might be due to the propagation
f decompositions in LPSCl0.5. 

Furthermore, although LPSCl1.0 shows a similar decomposition en-
rgy to LPSCl0.5 ( Fig. 1 d), it can serve as a relatively better inner layer in
he multilayer configuration for a stable cycling of up to 5 to 10 mA/cm 

2 

 Fig. 2 k). However, without multilayer the single layer LPSCl1.0 fails im-
ediately when the current density is higher than 3 mA/cm 

2 ( Fig. 2 l),
ndicating that it is the utilization of the multilayer rather than solely
he chemistry of LPSCl1.0 that enables the high current density capa-
ility above 3 mA/cm 

2 . The failure in Fig. 2 l above 3 mA/cm 

2 shows
 significant increase of polarization after the high current test, sug-
esting a propagation of decompositions driven by the large current.
he solid batteries after 100-hour cycling were disassembled and cross-
ection SEM images were taken for the batteries with a single solid elec-
rolyte layer and multiple layers (Figure S8). It is found that more cracks
ccur in the LPSCl1.5 layer while a very limited number of cracks can be
bserved from the LPSCl1.0 layer. An impedance measurement was con-
ucted before and after cycling (Figure S9). The battery shows a slight
ncrease in the impedance after cycling, which indicates that local de-
ompositions, instead of the short circuit, accumulate during cycling
47] . 

The comparison between LPSCl0.5, LPSCl1.0 and LPSCl1.5 in Fig. 2 ,
evertheless, suggests that LPSCl1.0 at the material chemistry level
hows a better balance of stability and instability with Li metal when
489 
erving as the central or inner layer, so that local decompositions can
e used to suppress Li dendrite while without inducing excessive de-
omposition propagations, for a superior cycling stability ( Fig. 2 i, 2k).
n the contrary, LPSCl1.5 is too stable with Li ( Fig. 2 d) and can only

erve as the outer layer to form a stable primary interface with the Li
etal anode layer ( Fig. 2 d, 2j, 2k). At a slightly higher current density

 Fig. 2 g), internal short circuit happens quickly with cycling, most prob-
bly due to the Li dendrite penetration through cracks in LPSCl1.5 with
n insufficient obstruction from local decompositions. LPSCl0.5, on the
ther hand, seems to be on the side of higher decomposition energy than
PSCl1.0, and hence shows an obvious off-balance toward excessive in-
tability compared with LPSCl1.0, with a worse cycling stability induced
y excessive decompositions ( Fig. 2 e, 2 h, 2j). 

Note that LGPS as the central [30] or inner [28] layer can show cy-
ling performance of several thousand hours and up to 10 - 20 mA/cm 

2 ,
hich is superior to both LPSCl1.0 and LPSCl0.5 as the correspond-

ng layers, while LGPS shows a higher decomposition energy than LP-
Cl0.5 at 0 V ( Fig. 1 d). The result here thus suggests a few possibili-
ies: i) LPSCl0.5 and LPSCl1.0 may exhibit a weaker self-limiting ability
or the decompositions than LGPS, as described by the thermodynamic
etastability metric of critical modulus in our recent work [48] , or ii)
 weaker kinetic ionic passivation ability at low voltages, as these elec-
rolytes are all largely insulating electronically at low voltages, as we
iscussed in the previous section regarding the circuit model (Figure
2), or iii) LGPS may show a more complicated structural inhomogene-
ty to lower the actual decomposition energy, similar to what may have
appened in LPSCl1.5. These may result in a better balance of stabil-
ty and instability in LGPS than LPSCl1.0. However, a more detailed
omparison of LGPS with LPSCl x is beyond the scope of the current
aper. 

Therefore, the above discussion also suggests that a complicated
unctionality of solid electrolytes in solid state batteries often cannot
e decided by a single parameter, but rather should be evaluated by a
alance of multiple metrics. Specifically, higher decomposition energy
ay not be the only metric for selecting “less stable ” electrolytes as

he inner layer in the multilayer configuration [28] , as demonstrated in
he comparison of LPSCl1.0 and LPSCl0.5; while lower decomposition
nergy should not be misunderstood as the golden metric for the appli-
ation of Li metal anode, as illustrated by the comparison of LPSCl1.0
nd LPSCl1.5. It depends on the position of an electrolyte relative to
hat of the Li metal anode in a complicated battery configuration, where
dditional metrics of the decomposition being sufficiently self-limiting
hrough either thermodynamic or kinetic origins, and microstructure
ontrols, could be equally important. The right balance of these metrics
ay form the opportunity to design a stable Li metal anode battery, the

ully understanding of which, however, could be challenging. 

.3. Stability of LPSCl x with high voltage cathodes 

Electrochemical stability of LPSCl1.5 at high voltages was tested by
yclic voltammogram (CV) tests (Figures S10), which shows that under
echanical constriction there is no big decomposition peak in the high

oltage region up to 6 V, unlike the liquid electrolyte battery, where
o mechanical constriction is applied to the LPSCl1.5 particles. The ex-
itu XPS measurements included in Figure S10c well support the CV
est results, where, in contrast to the liquid electrolyte battery, there
s no evidence of oxidation when sufficient mechanical constriction is
pplied, suggesting that LPSCl1.5 is also a stable solid electrolyte at high
oltages. 

It is worth noting that in the high voltage range of Fig. 2 c, the pres-
nce of Li metal from decomposition reactions in the computational pre-
iction can be localized in the cathode region or electrolyte region to-
ard cathode [31] in experiments by metastability and kinetical stabil-

ty originated from the mechanical constriction [27] . Although some Li + 

nd e − generated by decompositions with a good conductive pathway
n the weakly constrained region can still be transported to the anode
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Fig. 3. Galvanostatic charge-discharge voltage profiles and cycling performance of (a,b) Li-G/Li 5.5 PS 4.5 Cl 1.5 /LNMO batteries at 0.1C. (c) Voltage profiles and (d) 
cycling performance of Li-G/ Li 5.5 PS 4.5 Cl 1.5 /LCO battery discharged at 1–20 C after charging at 0.1 C and holding voltage at 4.3 V. (e) Voltage profiles and (f) cycling 
performance of Li-G/ Li 5.5 PS 4.5 Cl 1.5 -Li 6 PS 5 Cl 1 -Li 5.5 PS 4.5 Cl 1.5 /NMC811 batteries at 20 C-rate of continuous charge and discharge. All LCO batteries were cycled at 
room temperature, LNMO battery and NMC811 battery were cycled at 55 °C. 
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ide to contribute to the decomposition current, significant amount of Li
etal can be localized due to sluggish Li + transport at the decomposi-

ion front under high local stress [27] , contributing a significant portion
f local positive reaction strains. The localized Li metal, however, will
orm a layer of decomposition products with the electrolyte that well-
nclose itself. Thus, we do not expect the Li metal localized in the cath-
de region can be easily observed by spectroscopy techniques, while a
icroscopy technique could be more helpful [49] . However, the signifi-

antly widened voltage stability window of LPSCl1.5 by the application
f mechanical constriction in our CV tests (Figure S10) is consistent with
he voltage window widening from K eff = 0 to K eff = 20 GPa ( Fig. 2 c,
igure S1e). This supports an assumption underlying our computations,
.e., the localization of Li metal for high positive reaction strains [31] .
he localized Li metal is likely stabilized by the surrounding compres-
ive strain field generated by itself, through meta- and kinetic stabilities
27] . 

All-solid-state batteries were then assembled using Li-graphite layer
overed Li metal [30] paired with LiNi 0.5 Mn 1.5 O 4 (LNMO) and LiCoO 2 
LCO). The LNMO cell shows an initial discharge capacity of 85.5 mAh
 

− 1 with a high cut-off voltage set at 5.2 V, retaining 84% of the ini-
ial discharge capacity at 0.1C after 50 cycles with an average Coulom-
ic efficiency of 98% ( Fig. 3 a and 3b). The discharge capacities of the
PSCl1.5-LCO cell at 1 C, 3 C, 10 C, and 20 C are 129.6, 106.2, 91.9,
nd 51.9 mAh/g ( Fig. 3 c and 3d). The high rate capability is originated
rom the high ionic conductivity of LPSCl1.5, as well as the stable inter-
hase with cathode materials. However, the pure LPSCl1.5 cell can only
e charged at slow rate and cannot sustain a long cycling even with the
rocedure of slow charge and fast discharge, due to the lithium dendrite
enetration at high rates. 
490 
In order to prevent the dendrite penetration, a multilayer configu-
ation following our recent approach is constructed [28] . The combina-
ion of Li 5.5 PS 4.5 Cl 1.5 -Li 6 PS 5 Cl 1.0 -Li 5.5 PS 4.5 Cl 1.5 or LPSCl1.5-LPSCl1.0-
PSCl1.5, in contrast, advances the high-rate performance and delivers
 capacity of 128 mAh/g at 20 C at 55 ◦C with a 95% capacity retention
fter 700 cycles ( Fig. 3 e-3f). The high-rate performance is attributed to
he high stability of LPSCl1.5 to both lithium metal and NMC811, as well
s the dendrite suppression of the multilayer configuration. The cathode
oading is 2 mg/cm 

2 , where a high current density at up to 20 C applies
n electrochemical stress to the solid battery system equivalent to that
f a 20 mg/cm 

2 loading at 2 C, as they share the same current den-
ity. That said, the low loading condition of 2 mg/cm 

2 can help us focus
ore on the understanding of the balance of multiple intrinsic metrics at

he electrolyte material level for the ability to suppress the Li dendrite
enetration. Higher cathode loading, on the contrary, will complicate
he discussion by introducing factors associated with the high thickness
f lithium layer in plating. To decouple these factors and simplify the
iscussion, we focus on the low loading configuration in this paper. 

For comparison, batteries with Li 7 P 3 S 11 (LPS) and LGPS were also
ssembled and tested under the same conditions (Figure S11). In every
ase, the chlorine-rich Li-argyrodites batteries either with LCO or LNMO
utperformed those with LPS and LGPS of poorer stability against Li
etal and high-voltage cathode materials [ 50 , 51 ]. Previously, we have
emonstrated that LGPS has an enhanced high-voltage stability under
trong mechanical constriction to be cycled with a 5-V class cathode
iCo 0.5 Mn 1.5 O 2 with two plateaus at around 4 V and 5 V 

27 . LNMO with
 long high voltage plateau at 4.7 V, however, applies a higher electro-
hemical stress to the interface between cathode and electrolyte. There-
ore, the fact that LPSCl1.5 can be more stably cycled with LNMO sug-
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Fig. 4. (a) Predicted LCO-LPSCl1.5 and LNMO-LPSCl1.5 interphase decomposition products in different phase equilibria within each voltage range at K eff = 20 GPa. 
All decomposition products are the ground state phases within each voltage range. (b) Ex-situ P 2p and S 2p XPS spectra of the LCO electrode of Li/LPSCl1.5/LCO 

cell before and after cycling. (c) Ex-situ P 2p and S 2p XPS spectra of the LNMO electrode of Li-G/LPSCl1.5/LNMO cell before and after cycling. 
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ests that the interphase is the most stable at high voltages near 5-V
mong these three sulfide solid electrolytes. 

In order to further understand the degradation mechanism of the cell
nd the nature of the decomposition products, DFT simulations and ex-
itu XPS measurements in the cathode composites after battery cycling
ere conducted. Note that chemo-mechanical reaction in a complex

olid-state battery is dynamic [ 28 , 29 , 31 , 32 ] and the local mechanical
roperties are highly influenced by the interfaces and the associated in-
erface reactions. The pressure applied during battery testing will elim-
nate voids in the pellets, making it a rigid bulk. Local decomposition
ends to happen on the imperfect interfaces and residual voids, as well
s the shrinkage of cathode materials such as LNMO upon delithiation
 27 , 52 ]. In our picture, those imperfections in a dense pellet can be in
ertain degree compensated by the volume expansion of interface reac-
ions, therefore, a positive interface reaction strain is preferred. 

Regarding the nature of decomposition products in the cathode
egion, Fig. 4 a includes the predicted decomposition products for
PSCl1.5-LCO and LPSCl1.5-LNMO interphases at K eff = 20 GPa (cor-
esponding approximately to the mechanical constriction level in real
attery testing conditions [29] ). The decompositions in experiment were
robed by ex-situ XPS measurements carried out in the cathode compos-
tes of the LPSCl1.5-LCO and LPSCl1.5-LNMO batteries after cycling.
he exact composition of the predicted decomposition products within
ach voltage range for both LPSCl1.5-LCO and LPSCl1.5-LNMO inter-
hases at K eff = 20 GPa can be found in Table S6. After battery cycling,
he LCO cell experienced some oxidation as it can be inferred from the
omparison of P 2p and S 2p XPS spectra in Fig. 4 b. For instance, the
mount of polysulfides and transition metal polysulfides, P 2 S x and TM y -
 x , increases considerably, as it is observed in both the P 2p and S 2p
pectra, which are likely to also include Co y S x , among other products, as
hown in the prediction of Fig. 4 a. In the S2p spectra, sulfates at 169 eV
SO 4 

2 − ) are also presented, which could be related to the reaction of the
491 
rgyrodites with oxygen from the active material [41] . According to the
redicted products, these sulfates probably consist of one or more of the
ithium sulfates, transition metal sulfates and mixed lithium-transition
etal sulfates ( Fig. 4 a). 

Analogous results were obtained from the XPS analysis of the LNMO
ell after cycling, as shown in Fig. 4 c. However, as expected, the decom-
osition at the cathode interface is severer than in the LCO-LPSCl1.5
ase due to the lower decomposition reaction strain that is harder to
e mechanically constricted. Auvergniot et al., who studied the electro-
hemical stability of L 6 PS 5 Cl with several cathode materials, including
iCoO 2 and the spinel LiMnO 4 , observed similar decomposition trend
41] . Besides a dramatic increase of polysulfide and transition metal
olysulfide species, P 2 S x and TM y -S x , including nickel and manganese
ulfides, phosphates, PO x , (probably lithium phosphates, manganese
hosphates and mixed lithium-transition metal phosphates as inferred
rom Fig. 4 a) are also presented at 134 eV in the P 2p spectra. 

Additionally, these results are in good agreements with those of Fig-
re S12, where the chemical interphase stability of LPSCl1.5 with LCO
nd LNMO upon heat treatment was evaluated by XRD and XPS [39] . A
lose examination of the area of the peaks in XPS experiments suggests
hat the chemical and electrochemical stabilities are similar for these in-
erphases, although a bit more oxidation has been observed chemically
han electrochemically for the LPSCl1.5-LNMO interphase. However, X-
ay absorption spectroscopy in fluorescence mode (Figure S13), which is
ulk-sensitive, does not show obvious oxidation of LPSCl1.5 after high-
oltage CV and battery cycling, suggesting that the cathode interphase
ecompositions are limited at a very thin layer of LPSCl1.5 surface as
uggested by the surface-sensitive XPS ( Fig. 2 b, 4b, 4c). It is worth not-
ng that for NMC811-LPSCl1.5 interface after long cycling ( Fig. 3 e), sim-
lar oxidation of P and S are also observed. The comparison of LCO,
NMO and NMC811 batteries here shows a somewhat decoupling of
ycling performance and cathode interphase decomposition when LP-
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Cl1.5 is used as the cathode electrolyte, emphasizing the importance
f anode stability to Li metal for the cycling of solid state batteries that
an be instead enhanced by the multilayer approach. 

. Conclusions 

In summary, we show that the synergistic effect of chlorine substi-
ution in sulfide-based SEs along with mechanical constriction leads to
 concomitant effect that not only increases the conductivity but also
iden the stability window due to higher reaction strain of Cl-related

ompounds under mechanical constrictions. More importantly, by us-
ng Cl content to modulate the balance of low voltage stability and in-
tability of LPSCl x , combined with a multilayer configuration with a
ierarchy of electrolyte stabilities to Li metal as a platform for a sys-
ematic comparison, we unveil that the functionality of Li dendrite sup-
ression may include the interplay of multiple metrics of decomposition
nergy, decomposition self-limiting ability, thermodynamic metastabil-
ty, ionic passivations at low voltages, and possibly structure inhomo-
eneities that can further tune these metrics. It also shows in the paper
hat electronic passivation is much less susceptible to chemical compo-
itions than the mechanical constriction effect in governing the differ-
nt voltage stabilities of sulfide electrolytes based on our circuit model.
fter cycling with cathode materials, the solid electrolytes in the cath-
de side shows a similar level of decomposition despite the cyclability,
ndicating that anode (instead of cathode) stability is probably more
esponsible for the long-term cyclability in many cases. 

The understanding of the chlorine substitution effect along with me-
hanical constriction in sulfide-based solid electrolytes provides impor-
ant insights for the chemical design of solid electrolytes and, therefore,
he development of all-solid-state batteries. 
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