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SUMMARY

Dual-electrolyte solid-state batteries (SSBs) that combine sulfide separators with an (oxy)halide in the pos

itive electrode offer a promising configuration. However, most cell designs rely on additional (oxy)halide 

interlayers between the separator and the positive electrode. This leaves the intrinsic reactivity at the sul

fide-separator|(oxy)halide positive electrode interface largely unexplored. Here, we systematically investi

gate this interface using Li6PS5Cl and six (oxy)halide solid electrolytes across three cell configurations. We 

show that the triple-phase boundary between the active material and two solid electrolytes is intrinsically 

detrimental, leading to rapid performance decay regardless of the (oxy)halide chemistry. High-capacity 

retention is only achieved when this boundary is avoided. Ex situ and operando X-ray photoelectron spec

troscopy (XPS) reveal the formation of localized degradation products, including metal sulfides and 

elemental sulfur/oxidized sulfide compounds, alongside sulfur gas evolution at ∼4.3 V vs. Li⁺/Li. These find

ings identify triple-phase boundary instability as a key degradation mechanism and provide design guide

lines for stable dual-electrolyte architectures.

CONTEXT & SCALE To achieve the goal of commercial solid-state batteries (SSBs), the scientific community 

has increasingly turned to dual-electrolyte designs that combine different solid electrolytes in a single cell, 

each chosen for its specific advantages. A promising combination involves a sulfide as the separator elec

trolyte, which offers high ionic conductivity, and an (oxy)halide electrolyte in the positive electrode (cathode), 

which provides exceptional oxidative stability. Previous reports have shown that the novel interface between 

the separator electrolyte and the cathode electrolyte gets unstable, which can only be overcome by intro

ducing an interlayer of cathode electrolyte. 

This work reveals that when a sulfide and an (oxy)halide electrolyte come into contact near the cathode active 

material, they form a triple-phase boundary that is fundamentally unstable during cell cycling. This instability 

is independent of the specific (oxy)halide chemistry and leads to accelerated degradation, sulfur-gas evolu

tion, and rapid performance decay. These findings suggest that the challenges associated with such a triple- 

phase boundary may be universal to other dual-electrolyte systems and could limit the practical application 

of dual-electrolyte SSBs. Ultimately, resolving triple-phase boundary degradation will be essential to trans

lating dual-electrolyte SSB concepts from the laboratory-scale to real-world applications. 
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INTRODUCTION

Lithium-ion batteries (LIBs) are essential for a wide range of 

applications, particularly in portable devices and electric vehi

cles. However, the demand for batteries with higher power 

and energy density, as well as improved safety, continues to 

grow, especially in the electric vehicle sector. In this context, 

solid-state batteries (SSBs) emerge as the most promising 

advancement over traditional LIBs. One great advantage of 

SSBs is that the solid electrolytes (SEs) may allow the use 

of lithium metal (or lithium metal alloys) as negative electrode 

materials. This innovation could lead to a significant increase 

of up to 70% in volumetric energy density and 40% in gravi

metric energy density.1,2 Nevertheless, to outperform LIBs, 

especially at high C-rates, SEs need an ionic conductivity of 

≥10 mS⋅cm− 1, a wide electrochemical stability window 

against both positive and negative electrodes, and scalable 

processability.1,2

Sulfide-based SEs, in particular argyrodite-type SE 

Li6− xPS5− xCl1+x (with 0.0 ≤ x ≤ 0.5), are intensively explored in 

SSB research because of their high ionic conductivity,3,4 good 

mechanical properties (i.e., malleability),5–8 and stability against 

lithium alloys (e.g., In/InLix, Al/AlLix, and Sn/SnLix).
9,10 However, 

their low upper electrochemical stability limit (i.e., ∼2.5 V vs. 

Li+/Li) causes degradation reactions upon contact with the 

positive electrode active material, resulting in a loss of capacity 

during cycling.11 In contrast, (oxy)halide SEs have a wider elec

trochemical stability window with a higher upper stability limit, an 

extensive range of compositions and structures (e.g., Li3InCl6 

[LIC], Li2ZrCl6 [LZC], Li2Sc2/3Cl4 [LSC], and LiMOCl4 with M = 

Nb or Ta), and a broad range of ionic conductivity from 0.5 to 

10 mS⋅cm− 1.12–14 Despite their theoretically good electrochem

ical stability against positive electrode active materials (e.g., 

∼4.2 V vs. Li+/Li), their stability with lithium metal (or alloys) re

mains a matter of debate, which restricts their use as separator 

materials.13,15,16

Apparently, neither all-sulfide-based nor all-(oxy)halide-based 

SSBs can achieve acceptable long-term cycling due to issues 

either at the positive or negative electrode, respectively. A po

tential solution is to use a sulfide SE as separator material in con

tact with lithium or a lithium alloy and an (oxy)halide SE in the 

positive electrode composite, forming a so-called dual-electro

lyte SSB.17,18

The most widely reported cell configuration employs a bilayer 

separator cell (i.e., negative electrode|sulfide|(oxy)halide|(oxy)

halide positive electrode),12 where an extra (oxy)halide inte 

rlayer is placed between the sulfide separator and the (oxy)ha

lide positive electrode. Such a bilayer separator was primarily 

adopted to avoid electrochemical degradation at the (oxy)ha

lide|negative electrode and sulfide|positive electrode active 

material interfaces, therefore focusing only on the stability of 

the (oxy)halide|active material interface.19–21 While this cell ar

chitecture ensures good cycling stability, it compromises the 

goal of thin, low-resistance, and easy-to-process cells. Cle 

arly, a more practical and cost-effective configuration would 

be a monolayer separator cell, in which the sulfide separator 

is in direct contact with the (oxy)halide positive electrode (i.e., 

negative electrode|sulfide|(oxy)halide positive electrode). The 

refore, in this work, a monolayer separator cell refers to cells 

with a sulfide separator alone.

Interestingly, since the first studies on halide SEs from Li 

et al.20,21 and Asano et al.,22 the monolayer separator configu

ration was not always applied, even for newly developed (oxy)

halide SEs.13,14,16,23–31 To date, it has only been explicitly 

demonstrated for the LIC-based positive electrode that a mono

layer separator cell causes a lower capacity retention than a 

bilayer separator cell or an all-sulfide-based cell.32 The low ca

pacity retention of the LIC-based monolayer separator cell was 

demonstrated to be a consequence of the formation of indium 

sulfide (In–S) compounds at the sulfide separator|(oxy)halide 

positive electrode interface. This interface is also called a tri

ple-phase boundary because it is shared between the sulfide, 

(oxy)halide, and positive electrode active material.

Whether this issue is specifically due to the reactivity of indium 

or is commonly shared by other halide SEs, such as Sc and Zr- 

based halides, or recently reported oxyhalides remains un

known, because a systematic (electro)chemical investigation of 

monolayer separator cells with (oxy)halides not containing in

dium is lacking. More importantly, any details of the electro

chemical degradation mechanism at the interface between the 

sulfide separator and the (oxy)halide positive composite elec

trode (i.e., triple-phase boundary: SE1|active material|SE2) 

remain unexplored.

Inspired by this knowledge gap, we systematically compared 

the cycling performances of In-, Sc-, and Zr-halide (LIC, LSC, 

and LZC) and Nb-, Ta-, and Zr-oxyhalide SEs (LiNbOCl4 

[LNOC], LiTaOCl4 [LTOC], and Li1.75ZrO0.5Cl4.75 [LZOC]) in 

both monolayer- and bilayer-separator SSB cells. Results 

from long-term cycling, impedance spectroscopy, and electro

chemical aging reveal that the triple-phase boundary formed 

between the positive electrode active material and the two 

SEs (i.e., sulfide separator|(oxy)halide positive electrode) 

severely compromises cell performance. In contrast, intro

ducing an (oxy)halide interlayer to avoid this triple-phase 

boundary significantly improves the capacity retention. Impor

tantly, the detrimental effect of the triple-phase boundary was 

consistently observed for all (oxy)halide SEs investigated. To 

support the electrochemical results, the formation of an SE 

interphase at the triple-phase boundary was confirmed through 

ex situ chemical analysis, using X-ray photoelectron spectros

copy (XPS). Additionally, operando XPS revealed that the 

degradation reaction at the triple-phase boundary occurs at E 

≥ 4.3 V vs. Li+/Li, when the voltage exceeds the oxidation 

stability window of the (oxy)halide. This leads to a reaction be

tween the (oxy)halide and sulfide SE, forming elemental sulfur/ 

oxidized sulfide compounds (i.e., S8 and Li2Sn with 3 ≤ n ≤ 8) 

and releasing sulfur gas, which is not seen in an all-sulfide- 

based cell. Overall, our experiments demonstrate significant 

electrochemical instability at the triple-phase boundary be

tween the sulfide separator and the (oxy)halide composite pos

itive electrode, independently of the (oxy)halide SE chemical 

composition and its indium content. Furthermore, our work 

highlights the need for future research to address the instability 

at the triple-phase boundary to facilitate the development of 

stable dual-electrolyte SSBs suitable for applications beyond 

laboratory scale.
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RESULTS AND DISCUSSION

To evaluate whether the chemical incompatibility between the 

sulfide separator and the (oxy)halide positive electrode is limited 

to In-containing halide SE, we investigated an argyrodite-type 

SE, six different (oxy)halide SEs, and three distinct cell configu

rations. Li6PS5Cl (LPSCl) was chosen as the sulfide SE, while 

LIC, LSC, LZC, LNOC, LTOC, and LZOC were chosen as (oxy)

halide SEs. The cell setups are schematically depicted in 

Figures 1A and 1B. We define the three configurations used in 

this work as follows:

(1) All-sulfide-based SSB (cell setup I): a benchmark cell us

ing only LPSCl (yellow) as electrolyte in the separator and 

in the positive electrode.

(2) Monolayer separator SSB (cell setup II): with LPSCl in the 

separator and an (oxy)halide SE (green) in the positive 

electrode.

(3) Bilayer separator SSB (cell setup III): LPSCl in the sepa

rator, an (oxy)halide SEs in the positive electrode, and 

an (oxy)halide SE as an additional interlayer between 

these two.

The next section provides an overview analysis of the mate

rials and the method of composite mixing, followed by a detailed 

electrochemical characterization of both sulfide- and (oxy)ha

lide-based monolayer and bilayer separator cells. This is fol

lowed by ex situ and operando XPS analyses.

We like to clarify that this study aims to systematically investi

gate the electrochemical behavior of monolayer and bilayer 

separator cells in order to determine the instability at the triple- 

phase boundary, and it does not focus on comparing the perfor

mance of different (oxy)halide SEs.

Characterization of materials and composite mixing

The ionic conductivities (σion) of the SEs were determined by 

electrochemical impedance spectroscopy at 25◦C under 80 

MPa; they are calculated using Equation S1 and reported in 

Figure S1, showing good agreement with literature values. The 

X-ray patterns presented in Figure S2 confirmed the high quality 

of the samples and their suitability for this study, showing some 

minor LiCl impurities in the case of (oxy)halides SE, which is a 

common feature.

The particle size distributions (PSDs) of both SEs and single- 

crystal LiNi0.82Co0.11Mn0.07O2 (NCM), evaluated with the scan

ning electron microscope (SEM) images and presented in 

Figure S3, are comparable and in the 2- to 8-μm range, indicating 

negligible PSD-related effects on electrochemical perfor

mance.33 Composite electrodes were prepared by mild planetary 

ball milling, maintaining a constant NCM:SE volume ratio of 

∼62:38 vol % (∼75:25–80:20 wt %). Focused ion beam-SEM 

(FIB-SEM) tomography, reported in Figure S4, confirmed the uni

form microstructure and target volume ratio (Tables S1 and S2).

A total of 42 working cells were cycled at 25◦C, 80 MPa of 

stack pressure, and at a constant 0.3C rate (1C = 200 mAh⋅g− 1, 

0.73–0.80 mA⋅cm− 2) between 2.0 and 3.7 V vs. In/InLi (i.e., 2.6– 

4.3 V vs. Li+/Li) for 100 cycles. All measurements were performed 

in duplicates or triplicates to ensure reproducibility, and mean 

values and error bars were calculated using Equations S2–S4.

Figure 1. Cell setup schematics 

(A) Schematic representation of the three cell setups used in this work with single-crystalline NCM as the active material (gray) for the positive electrode and In/InLi 

alloy as the negative electrode. The schematic of the cells is not on a real scale. For a better understanding of the cell design, the thickness (l) of each component is 

documented on the right-hand side. 

(B) Composition of the cell setups used in this work.
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All-sulfide-based SSB

The long-term cycling characterization of an all-sulfide-based 

SSB (i.e., cell setup I) serves as a baseline for comparison with 

dual-electrolyte systems incorporating (oxy)halide SEs. 

Figure 2A shows the evolution of the potential profile up to the 

100th cycle, with a detailed description of the cell-cycling param

eters reported in Figure S5. The difference between the first 

charge and discharge capacity mainly arises from the low 

voltage kinetic hindrance of NCM, which is further exacerbated 

in SSBs due to chemical and mechanical changes occurring dur

ing operation.34–36

Regarding the cycling performance, as shown in Figure 2B, 

the average specific charge capacity (qch) retention of cell 

setup I is 81% ± 10% (calculated between the 2nd and 100th 

cycle). Such a decrease in the capacity can be related to the 

formation of degradation products and contact loss at the 

interface between the sulfide SE and positive electrode active 

material, as schematically displayed in Figure 2C.37 Overall, 

the evaluated electrochemical performance of the all-sulfide- 

based setup I is comparable with the state-of-the-art reported 

in literature.4,32,33,38–40

Sulfide|(oxy)halide monolayer and bilayer separator 

SSBs

Long-term cycling

Results of our detailed electrochemical investigation of the sulfi

de|(oxy)halide monolayer separator (cell setup II) and bilayer 

separator (cell setup III) SSBs are presented in Figure 3. The 

latter shows the average qch and Coulomb efficiency as a func

tion of the cycle number for both cell setups II and III with (A) LIC, 

(B) LSC, (C) LZC, (D) LNOC, (E) LTOC, and (F) LZOC. Represen

tative charge and discharge profiles, along with the cell-cycling 

parameters, are plotted in Figure S6.

The monolayer separator cells (cell setup II) with LNOC and 

LTOC show the highest initial qch among the presented (oxy)ha

lide-based cells, followed by the cells with LZC, LIC, LZOC, and 

LSC. The bilayer separator cell (cell setup III) is characterized by 

a lower initial qch, compared with cell setup II. The lower initial ca

pacity observed in cell setup III can be attributed to its higher cell 

resistance, which results from the presence of the additional 

(oxy)halide interlayer and the additional hetero-electrolyte inter

face between the two SEs, as discussed later in the impedance 

evaluation section.

Regarding the long-term cycling performance, for easier com

parison, in Figure 3G, the capacity retentions of cell setups II and 

III are also compared with the capacity retention of the all-sul

fide-based setup I. Regardless of the type of (oxy)halide SE 

used, all cell setups II exhibit lower capacity retention than cell 

setups III and, more importantly, than the all-sulfide-based cell 

setup I. Instead, cell setups III show a capacity retention compa

rable to that of the all-sulfide-based cell setup I. However, some 

of the cell setups III might have lower capacity retention than 

what is reported in literature. Such a difference can be due to 

the applied stack pressure during cell cycling, which differs 

from previous reports, but overall, this work systematically com

pares the cells under equivalent conditions.

The low capacity retention observed in cell setup II can be 

attributed to the presence of the triple-phase boundary 

(Figure 3H). The triple-phase boundary forms at the contact 

interface between the sulfide and (oxy)halide SEs close to the 

active material (e.g., NCM), meaning it can only form in cell setup 

II at the interface between the sulfide separator and the (oxy)ha

lide composite positive electrode. Indeed, when this triple-phase 

boundary is avoided by introducing an additional (oxy)halide 

interlayer (cell setup III), the capacity retention drastically 

improves. We emphasize that the direct reaction at the NCM|(ox

y)halide or the NCM|LPSCl interface alone does not compromise 

cell performance, as evidenced by the much higher capacity 

retention achieved in both cell setups III and I. Instead, a coop

erative triple-phase boundary mechanism causes the poor per

formance of cell setups II.

The Coulomb efficiency further indicates a less stable cycling 

performance of cell setup II compared with cell setup III. Notably, 

cell setup II achieves values above 100%, particularly evident in 

Figure 2. Long-term cycling of all-sulfide-based SSBs 

(A) Charge and discharge curves of an all-sulfide-based cell setup I. The potential profiles present the 1st, 2nd, 10th, and then every 10th cycle up to the 100th cycle. 

(B) Average specific charge capacity (qch) and Coulomb effciency over the cycle numbers. The error bars were calculated from triplicate measurements. 

(C) Schematic representation of the cell and degradation at the sulfide|NCM interface as the main reason for capacity loss. Cells cycled at 25◦C, 80 MPa, and 0.3C 

between 2.0 and 3.7 V vs. In/InLi.
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the case of LZC (see Figure 3C). However, despite this high effi

ciency of cell setups II, all cell setups III demonstrate superior ca

pacity retention, consistently maintaining their Coulomb efficiency 

at nearly 100%. Although most published data for solid-state cells 

report values just under 100%, the persistent Coulomb efficiency 

>100% over many cycles for cell setup II has previously been re

ported by Rosenbach et al. for a LIC-based cell setup II,32 and 

here, it is also confirmed for other (oxy)halide-based cell setups 

II. This counterintuitive trend likely reflects asymmetric resistive 

losses and/or side reactions limiting the charge current. Even if 

this explanation remains tentative owing to the limited availability 

of literature knowledge, these results suggest that while cell setups 

II exhibit higher Coulomb efficiency than cell setups III, they are 

more susceptible to degradation mechanisms that affect the 

long-term cycling performance.

Overall, based on the long-term cycling performances of the 

all-sulfide-based cell setup I (Figure 2) and of the (oxy)halide- 

based cell setups II and III (Figure 3), the detrimental effect of 

the triple-phase boundary in cell setup II appears to be a general 

phenomenon, regardless of the specific (oxy)halide SEs em

ployed and whether they contain indium or not.

Impedance analysis

To gain further insights into the degradation processes respon

sible for the differences in cycle performances between cell 

setups II and III, impedance spectra were recorded after each 

charge-discharge cycle.

Figure 4A depicts the simplified equivalent circuit used 

to analyze the impedance data.41–43 First, in the high-frequency 

region, a resistor (R1) and a resistor in parallel with a 

constant-phase element (R2/CPE2) are used to represent the 

Figure 3. Long-term cycling of sulfide|(oxy)halide monolayer and bilayer separator SSBs and the detrimental effect of the triple-phase 

boundary 

(A–F) Average charge capacity (qch) and Coulomb efficiency over the cycle number of cell setups II (up) and III (down) with (A) LIC, (B) LSC, (C) LZC, (D) LNOC, (E) 

LTOC, and (F) LZOC. Cells cycled at 25◦C, 80 MPa, and 0.3C between 2.0 and 3.7 V vs. In/InLi. 

(G) Comparison between the capacity retention of cell setups I, II, and III. The error bars were calculated from duplicate or triplicate measurements. 

(H) Schematic representation of the triple-phase boundary interface. Such an interface is only present in cell setup II, as it is located at the sulfide separator|(

oxy)halide positive electrode interface.

Joule 10, 102444, August 19, 2026 5 

Article
ll

OPEN ACCESS



separator. Since the contribution of the separator (R1 and R2/ 

CPE) are not fully covered by the measured frequency range, it 

is not possible to unambiguously separate them (e.g., bulk or 

grain boundary). Therefore, they are presented as Rsep = R1 + R2.

In the mid-frequency region, two processes, represented by 

two resistor/CPE elements (R3/CPE3 and R4/CPE4), are associ

ated with the composite positive electrode. These processes 

are distinguished based on their different capacitances (C3 = 

10− 7–10− 6 F and C4 = 10− 6–10− 5 F), which were calculated 

with the Brug’s equation.44 However, owing to the similar time 

constant (i.e., apex frequency), the assignment of these pro

cesses is very challenging, and for the sake of qualitative inves

tigation and comparisons with literature, they are presented as 

Rpos.el. = R3 + R4. We emphasize that R3/CPE3 and R4/CPE4 

include all possible processes in the composite electrode, 

such as the interfaces, charge transfer, interphases, and geo

metric constriction effects within the electrode and between 

the composite electrode and the separator.

The low-frequency region, R5/CPE5, represents the interface 

between the negative electrode and the separator (i.e., In/ 

InLi|sep). At low frequencies, a Warburg-type impedance de

scribes lithium diffusion in the active material and is represented 

Figure 4. Comparison of the impedance evolution upon long-term cycling of sulfide|(oxy)halide monolayer and bilayer separator SSBs 

(A) The equivalent circuit used to fit the impedance spectra.32,41–43

(B) Representative impedance spectra after the 1st and 100th charge step for cell setup II with LIC as halide SE. 

(C and D) Average resistance increase of the (C) separator (Rsep) and (D) positive electrode (Rpos.el.) as a function of cycle number for cell setups II and III. The 

darker data points represent setup III. The error bars were calculated from duplicate or triplicate measurements. 

(E) Summary of the conclusions from the impedance analysis.
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by CPE6. The In/InLi|sep interface (i.e., R5) does not have a signif

icant impact on this analysis, as it remains stable and accounts for 

<5%–10% of the total cell resistance (Figure S7).

Exemplary impedance spectra of cell setup II with LIC after the 

1st and 100th cycle are reported in Figure 4B, from which it can be 

seen that the positive electrode contribution increases signifi

cantly upon cycling. The extracted resistances, capacitances, 

α values (CPE exponent), and associated frequency ranges of 

the identified processes, obtained from the equivalent circuit 

fitting, are provided in Table S3, along with the distribution of 

relaxation times (DRT) analysis in Figure S8.

For a direct comparison, the values of Rsep and Rpos.el. for cell 

setups II and III are plotted as a function of the cycle number in 

Figures 4C and 4D, respectively. Regarding the Rsep (Figure 4C), 

cell setup III exhibits a higher initial resistance when compared 

with cell setup II (see black arrows), which is in agreement with 

Rosenbach et al. for the LIC-based system.32 This higher initial 

resistance could be the explanation for the low initial specific 

charge capacity observed for cell setup III in Figure 3, and it could 

be associated with the conductivity of the (oxy)halide interlayer. 

Indeed, as the ionic conductivity increases, the initial Rsep values 

for cell setups II and III converge. For instance, LZC with the 

lowest ionic conductivity (Figure S1) results in a significant differ

ence in the initial Rsep between the two setups. In contrast, LNOC 

and LTOC, with an ionic conductivity >6 mS⋅cm− 1, show a mini

mal difference in Rsep between cell setups II and III.

Notably, most of the cell setups III are characterized by an in

crease in Rsep over long-term cycling. This trend can be attrib

uted to a chemical incompatibility between the sulfide separator 

and the (oxy)halide interlayer, potentially leading to an interphase 

formation and thus increasing the resistance.32 This increase in 

Rsep is particularly evident with In-, Sc-, and Zr-based halides, 

while it is not evident for the Nb-, Ta-, and Zr-based oxyhalides, 

suggesting a higher stability of the oxyhalide-based interlayer at 

the planar interface with the sulfide separator.45,46

Considering the Rpos.el. (Figure 4D), cell setups II are charac

terized by a much larger resistance increase during cycling 

than cell setups III. Moreover, all the cell setups II have a much 

higher Rpos.el. increase than all-sulfide-based cell setup I 

(Figure S9). As summarized in Figure 4E, since the primary differ

ence between cell setups II and III is the triple-phase boundary, 

we conclude that the latter contributes significantly to the in

crease of Rpos.el. of cell setups II during cycling, thus limiting their 

capacity retention regardless of the specific (oxy)halide SE in the 

positive electrode. Therefore, an additional (oxy)halide interlayer 

improves the performance of the cells by avoiding the triple- 

phase boundary and the resulting Rpos.el. increase over cycling.

Electrochemical static aging

Further confirmation that the differences in cycling performance 

between the cell setups II and III are related to the triple-phase 

boundary was obtained from electrochemical static aging exper

iments. The results described above (Figures 2, 3, and 4) were 

collected using a short open circuit voltage (OCV) step between 

every charge-discharge cycle, as illustrated in Figure 5A. In 

contrast, electrochemical static aging was enforced with a pro

longed 2-h OCV step after each charge and discharge step to 

allow for more electrochemical degradation, as depicted in 

Figure 5B.19,47,48

Figures 5C and 5D show the average qch and Coulomb effi

ciency over cycling for the cell setups II and III, with LIC, LZC, 

and LNOC as (oxy)halide SEs. Cell setups II undergo severe elec

trochemical degradation during static aging, while cell setups III 

remain, on average, stable. The dashed lines represent the data 

without electrochemical static aging from Figure 3. Representa

tive charge and discharge profiles, along with the cell-cycling pa

rameters, are plotted in Figure S10.

These findings are further supported by the impedance anal

ysis presented in Figures 5E and 5F. The Rpos.el. of cell setup II 

is characterized by a significant increase over cycling during 

static aging, whereas for cell setup III, no relevant differences 

are observed.

As shown in Figures S11 and S12, the all-sulfide-based cell 

setup I experiences only a slight increase in Rpos.el., and as dis

cussed, cell setup III does not show significant changes during 

static aging (Figure 5F), demonstrating that the NCM|LPSCl 

and NCM|(oxy)halide interface stability is not the limiting factor 

here. Therefore, the pronounced electrochemical aging of cell 

setup II can be solely attributed to the triple-phase boundary, 

as summarized in Figure 5G.

Chemical analysis of the triple-phase boundary

Ex situ XPS

The (electro)chemical degradation at the triple-phase boundary 

was investigated with ex situ XPS. As shown in Figure 6A, cycled 

cell setups II were retrieved, cut in half, and ion polished under 

vacuum (i.e., <10 Pa) and cryogenic conditions (i.e., − 100◦C) 

to prevent thermal degradation reaction between sulfide and 

(oxy)halide SEs.49–51

As reported in Figure 6B, during sample retrieval, a distinct me

chanical behavior was observed; cell setup II remained structur

ally intact, whereas all cell setups III consistently delaminated at 

the sulfide separator|(oxy)halide interlayer interface, independent 

of the specific (oxy)halide SE. This delamination is likely related to 

the mechanical compatibility (i.e., interfacial adhesion) at the sul

fide separator|(oxy)halide interlayer interface rather than to an 

(electro)chemical degradation reaction. Indeed, this delamina

tion was also observed immediately after cell assembly, before 

any electrochemical measurements, and was further observed 

in other interface systems (e.g., garnet|sulfide),44 suggesting a 

more general interfacial delamination mechanism rather than a 

chemistry-specific one. Nevertheless, this instability drastically 

hindered reliable XPS analysis of cell setup III. Consequently, 

because of the large number of samples and the challenging 

sample preparation, only LIC-, LZC-, and LNOC-based cell 

setups II were selected for the XPS analysis. Based on the elec

trochemical trends described above, analogous XPS results 

would be expected for the other (oxy)halide systems.

The In 3d, Zr 3d, and Nb 3d core-level spectra acquired at the 

cycled triple-phase boundary are shown in Figures 6C–6E for 

LIC-, LZC-, and LNOC-based cells, respectively. Spectra from 

the pristine SEs and the cycled NCM|(oxy)halide interface are 

also included for reference. The XPS measurement geometry is 

illustrated in Figure 6F. All samples were sputter cleaned in situ 

before acquisition to minimize adventitious surface contamina

tion. In situ sputter cleaning was optimized to minimize the ion- 

induced damage, as documented in Figure S13. All XPS spectra 
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presented in this study were subsequently acquired under these 

refined conditions, ensuring consistent surface cleaning and reli

able chemical analysis across all measurements. For the cycled 

NCM|(oxy)halide interface, which was measured directly on the 

retrieved positive electrode surface, the sputtering step was 

further employed to reduce contributions from degradation at 

the SE|current collector (CC) interface.52,53

Across all investigated (oxy)halide chemistries, ex situ XPS re

veals consistent degradation trends, as summarized in 

Figure 6G. Compared with pristine materials and the cycled 

NCM|SE interface, the cycled triple-phase boundary shows M- 

Sx-containing compounds (e.g., M = In, Zr, and Nb) and 

elemental sulfur/oxidized sulfide compounds (e.g., S8 and 

Li2Sn where 3 ≤ n ≤ 8), indicating a progressively more oxidized 

chemical environment. Given the chemical complexity of the 

systems, the In 3d, Zr 3d, and Nb 3d regions are discussed in 

detail in the main text, while the analysis of the O 1s, S 2p, P 

2p, and Cl 2p regions is discussed in the supplemental 

information (Figures S14–S17).

For the LIC-based system, the pristine SE (Figure 6C-i) 

shows the characteristic In 3d5/2 peak at 445.8 eV.15,20,21 At 

the cycled NCM|LIC interface (Figure 6C-ii), a new In 3d5/2 

feature appears at 444.9 eV, indicating the formation of indium 

oxide (i.e., In–O), due to NCM|LIC interfacial degrada

tion.15,19,48,54–56 This assignment is consistent with the corre

sponding O 1s signal at 530.1 eV (Figure S14A).20,35,56 At the 

cycled triple-phase boundary (Figure 6C-iii), this In–O signal in

tensifies, and it is renamed In–O/In–S, owing to the similar bind

ing energies (ΔEB ≈ 0.1–0.3 eV) of In–O and In–S, or generally 

In–S-containing compounds.54,55 However, the reduced O 1s 

signal intensity related to In–O indicates preferential formation 

of In-S-containing compounds (Figure S14A). Additionally, a 

high-binding-energy component at 446.8 eV (Figure 6C-iii) ap

pears and is attributed to indium in a highly oxidized environ

ment or with more electronegative binding partners, such as 

InCl3 or InOCl (i.e., In–Cl/In–OCl).19,54 These observations are 

in line with computational calculations and with a similar 

time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

report for LIC-based systems.32,49

To validate the XPS findings, ToF-SIMS analysis was conduct

ed on the LIC-based setup II (Figures S18 and S19). The results 

confirm the formation of In-S-containing compounds at the tri

ple-phase boundary, in agreement with the ex situ XPS analysis 

and consistent with the findings of Rosenbach et al.32

Figure 5. Effect of the electrochemical static aging on the triple-phase boundary 

(A and B) Cycling conditions for (A) the results presented in Figure 3 without electrochemical aging (short rest) and (B) with electrochemical static aging. 

(C and D) Average charge capacity (qch) and Coulomb efficiency over the cycle number for cell setups (C) II and (D) III during electrochemical static aging. 

(E and F) Average resistance increase of the positive electrode (Rpos.el.) as a function of cycle number for cell setups (E) II and (F) III during electrochemical static 

aging. Cells cycled at 25◦C, 80 MPa, and 0.3C between 2.0 and 3.7 V vs. In/InLi. The dashed lines represent the data with a short rest step from Figures 3 and 4. 

The error bars were calculated from duplicate or triplicate measurements. 

(G) Schematic of the conclusions drawn from the electrochemical static aging study.
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The LZC-based system shows a similar trend. The pristine SE 

(Figures 6D-i), shows the characteristic Zr 3d5/2 peak at 183.4 

eV.31,57 Upon cycling of the NCM|LZC interface, new Zr 3d5/2 

and O 1s signals appear at 182.5 eV (Figure 6D-ii) and 530.5 

eV (Figure S14B), respectively. These peaks indicate the forma

tion of a zirconium oxide (i.e., Zr–O bonds).19,58–61 At the cycled 

triple-phase boundary (Figure 6D-iii), degradation is significantly 

more pronounced, consistent with the very poor performance of 

the LZC in cell setup II. Notably, there is an increase in the inten

sity and shift to 182.3 eV of the Zr 3d5/2 signal, renamed Zr–O/Zr– 

S, to account for the fact that zirconium oxides and sulfides 

exhibit close binding energies (ΔEB ≈ 0.2–0.5 eV).50,62,63 The 

reduction of O 1s signal intensity associated with zirconium 

oxide emphasizes that Zr–S-containing compounds are the 

dominant degradation products at the triple-phase boundary 

(Figure S14B). Additionally, a high-binding-energy Zr 3d5/2 

feature at 184.2 eV is detected and attributed to zirconium in a 

chemical environment with more electronegative binding part

ners, such as ZrCl4 or ZrOCl2. (Figure 6D-iii)

The LNOC-based system shows a distinct degradation 

pathway. The pristine SE (Figure 6E-i) presents the characteristic 

Nb 3d5/2 peak at 207.5 eV.64 In contrast to the LIC and LZC 

Figure 6. Ex situ XPS analysis to identify the electrochemical degradation products at the triple-phase boundary 

(A) Schematic illustration of the sample preparation procedure for XPS analysis of the triple-phase boundary. 

(B) Photograph of the cells immediately after retrieval from the cell housing. 

(C–E) XPS spectra of (C) LIC-, (D) LZC-, and (E) LNOC-based samples acquired at the pristine SE (i), the cycled NCM|SE interface (ii), and the cycled triple-phase 

boundary (iii). All cycled cells with setup II were measured after 100 cycles. 

(F) Schematic representation of the XPS measurement locations. 

(G) Summary schematic of the identified degradation products at the NCM|sulfide, NCM|(oxy)halide, and triple-phase boundary interfaces. Here, P2Sx = P2S5, 

Li2P2S6, and Li4P2S7; POx = Li3PO4 and Li2Sn with 3 ≤ n ≤ 8.
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systems, the cycled NCM|LNOC interface (Figure 6E-ii) shows 

two additional features, contrary to what is reported for short- 

term cycling.64 A Nb 3d5/2 peak at 206.8 eV can be associated 

with NbO2, featuring niobium in a +4 oxidation state.59,65 The 

Nb 3d5/2 second peak at 208.0 eV indicates the formation of 

Nb2O5 or NbOxCly compounds (i.e., Nb2-O5/Nb-OxCly),
55,59,65–67

with niobium in a +5 oxidation state. All these features arise from 

NCM|LNOC degradation; for instance, the NbO2 signal is consis

tent with the reduction of LNOC around 2.15 V vs. In/InLi 

(Figure S6D). The formation of Nb–O-containing compounds is 

further supported by the appearance of a new O 1s peak at 

530.5 eV (Figure S14C).68,69 At the triple-phase boundary 

(Figure 6E-iii), the Nb2–O5/Nb–OxCly feature dominates. This 

peak likely includes contributions from Nb–S-containing 

compounds (i.e., Nb–S bonds) and niobium in a highly oxidized 

environment; thus, it is renamed Nb2–O5/Nb–OxCly/Nb-S.55,67

However, this assignment remains tentative owing to the limited 

availability of reference spectra.

A detailed analysis of the S 2p, P 2p, and Cl 2p region is re

ported in the supplemental information (Figures S15–S17). As 

for the In 3d, Zr 3d, and Nb 3d, the analysis of the LPSCl-rated 

signals reveal a higher degree of degradation at the cycled tri

ple-phase boundary than at the cycled NCM|LPSCl interface. 

In summary, these results show increased formation of 

elemental sulfur/oxidized sulfide compounds (e.g., S8 and 

Li2Sn where 3 ≤ n ≤ 8), M–Sx-containing compounds (with M = 

In, Zr, and Nb), highly oxidized phosphorus compounds, 

and LiCl.

To assess the thermodynamic driving force for decomposition 

at the sulfide|(oxy)halide interface, first-principles calculations 

were carried out to identify the possible reaction pathways and 

their reaction enthalpies (ΔrH), as summarized in Table S4.49,70

Although this analysis is limited to binary phase equilibria and 

does not include the active material (i.e., NCM), it supports 

the XPS findings by predicting the formation of LiCl and In–S-, 

Zr–S-, and Nb–S-containing compounds. Furthermore, the 

LPSCl|LNOC pair shows more complex reaction pathways 

than the LPSCl|LIC and LPSCl|LZC pairs.

Overall, the ex situ XPS analysis confirmed that the triple- 

phase boundary undergoes significantly stronger electrochemi

cal degradation than either the NCM|sulfide or NCM|(oxy)halide 

interface. This localized decomposition (Figure 6G) explains 

the inferior cycling performance of cell setup II compared with 

cell setup III and particularly with respect to the all-sulfide-based 

setup I, regardless of the (oxy)halide SE employed or its indium 

content.

Operando XPS

To gain further insight into the degradation mechanism at 

the triple-phase boundary, an operando XPS study was 

conducted.71,72 LIC was selected as the model (oxy)halide SE, 

and a new composite positive electrode consisting of a mixture 

of LPSCl, LIC, and carbon additives was prepared. This compos

ite significantly increased the area of interest and simplified the 

cell design; indeed, no cross-section was needed, thereby ruling 

out any concerns about the impact of sample preparation. 

Conductive carbon additives provided an extensive interfacial 

area for XPS analysis, effectively mimicking the triple-phase 

boundary, but without the presence of active NCM material. 

This approach avoids contact issues from NCM volume changes 

and, more importantly, enables the study of interfacial reactivity 

between two different SEs at various potentials.

As shown in Figures 7A and 7B, the surface of this new com

posite was exposed to the X-ray beam, acting as the working 

electrode (WE). A stainless steel perforated disc was used on 

the top of it as the CC, ensuring sufficient stack pressure and 

measurable areas for the XPS analysis, as reported in 

Figure 7C.71 Lithium metal was attached to the other side of 

the LPSCl separator and functioned as counter and reference 

electrodes (CE and RE).71

Before polarization, the operando cell was held at OCV over

night, and the initial state of the composite was measured at 

EOCV ≈ 2.5 V vs. Li+/Li. To systematically investigate the effect 

of the WE potential on the triple-phase boundary oxidation, the 

potential was increased stepwise up to 4.7 V and then decreased 

back to the EOCV, resulting in the staircase voltage profile in 

Figure 7D.71,72 A low constant current of 50 μA was applied 

during polarization to minimize any cell resistance-induced over

voltage that may shift the potential at which the reactions occur. 

A constant voltage holding step was applied during the XPS 

measurements to ensure a reliable binding energy correction 

with respect to the applied potential.71 The corresponding In 

3d5/2 and S 2p spectra and component evolution are shown in 

Figures 7E and 7F, respectively.

At OCV, the In 3d5/2 and S 2p spectra show only the signals of 

the pristine SEs.15,20,21,35,73 Upon polarization, LIC remains 

largely stable up to EWE = 4.0 V, in line with its electrochemical 

stability window (∼2.5–4.2 V vs. Li+/Li),74,75 whereas LPSCl at 

EWE = 3.0 V already forms >10% polysulfides (i.e., P2Sx = 

P2S5, Li2P2S6, and Li4P2S7)72,76 and >25% at EWE = 4.0 V, due 

to its much narrower stability window (∼1.7–2.5 V vs. Li⁺/ 
Li).77,78 At EWE = 4.3 and 4.7 V, the In–Cl3 signal rises sharply, 

and LPSCl degrades into both polysulfides and elemental sul

fur/oxidized sulfide compounds (i.e., S8 and Li2Sn with 3 ≤ n ≤

8).72,76 Even after decreasing the potential back to EWE = 4.3 V 

and then to 2.5 V, these products remain, indicating irreversible 

decomposition at high potential.

As reported in Figure 7G, a sharp increase in chamber pres

sure is only observed at EWE = 4.3 and 4.7 V, indicating gas evo

lution. The mass spectrometer (MS) analysis reported in 

Figure 7H detected mass-to-charge ratio (m/z) = 35 and 37 (chlo

ride ions), assigned to Cl2 gas released from LIC|carbon interface 

electrochemical oxidation (i.e., Li3InCl6 → LiCl + InCl3 + Cl2(g) + 

2e− + 2Li+).79 A strong m/z = 32 signal was also detected, which 

could originate from either O2 (from carbon oxidation) and/or sul

fur gas (S gas, from elemental/oxidized sulfur compounds). 

Regarding the latter, it can likely originate from the fragmentation 

of a more complex molecule in the MS, as sulfur generally forms 

as dimers or higher oligomers in the gas phase. To distinguish 

between O2 and sulfur gas contributions in the m/z = 32 signal, 

a pure O2 atmosphere reference was measured to determine 

the characteristic counts(O2)/counts(O) ratio during the ioniza

tion/fragmentation process in the MS (Figure S20). The pure O2 

atmosphere had counts(O2)/counts(O) ≈ 2.75, while during the 

operando experiment, the ratio was counts(O2)/counts(O) ≈ 
7.25. This result indicates that the excess m/z = 32 intensity 

cannot arise from O2 alone and is consistent with sulfur-gas 
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Figure 7. Operando XPS analysis for understanding the degradation mechanism at the triple-phase boundary 

(A and B) (A) Simplified schematic representation of the operando XPS cell setup and (B) corresponding top-view photograph. The composite WE is composed of 

LPSCl (yellow), LIC (green), carbon fibers (CFs), and carbon black (CB). 

(C) X-ray beam-induced secondary electron image (SXI) of the analyzed region. 

(D) Constant current-constant voltage (CC-CV) polarization profile of the operando cell. 

(E and F) XPS spectra and corresponding relative component fractions for the (E) In 3d5/2 and (F) S 2p regions. 

(G and H) (G) Chamber pressure and (H) MS signal of the operando measurement. 

(I) Schematic illustration of the proposed degradation mechanism at the triple-phase boundary.
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release, as sulfur gas does not generate a m/z = 16 fragment. A 

weak m/z = 64 signal was also observed during operando mea

surement (Figure 7H) and is attributed to SO2, released from the 

LPSCl|carbon interface oxidation and from the reaction between 

sulfur gas with O2 residue in the XPS chamber.71,80

To confirm that sulfur gas evolution and enhanced sulfur sig

nals originate mainly from the triple-phase boundary, a control 

operando experiment, using only LPSCl and carbon (i.e., without 

LIC), was performed under identical conditions (Figure S21). In 

this case, LPSCl oxidized into polysulfides at EWE = 3.0 V and 

elemental sulfur/oxidized sulfide compounds at EWE = 4.3 V 

(Figures S22A and S22B) but in significantly lower amounts, 

and no gas release occurred at EWE = 4.3 and 4.7 V 

(Figures S22C and S22D). This supports the results that the 

intensified degradation and sulfur gas release reported in 

Figure 7 arise specifically from processes occurring at the tri

ple-phase boundary, in good agreement with the ex situ XPS 

results.

We summarize the proposed degradation mechanism occur

ring at the triple-phase boundary in Figure 7I. Upon polariza

tion, the LPSCl begins to decompose first, forming polysulfides 

(e.g., P2Sx = P2S5, Li2P2S6, and Li4P2S7), while LIC remains 

electrochemically stable. As the potential approaches and ex

ceeds the stability window of LIC, the latter undergoes oxida

tive decomposition, generating InCl3 and Cl2 gas. This triggers 

a more pronounced electrochemical reaction with LPSCl and 

polysulfides, leading to sulfur gas evolution and the formation 

of large amounts of elemental sulfur/oxidized sulfide com

pounds (e.g., S8 and Li2Sn with 3 ≤ n ≤ 8). When the polariza

tion voltage is returned to the initial value, these products 

remain, indicating that the decomposition at high voltage is 

largely irreversible. During this process, the active material 

likely acts as a catalyst, facilitating electron transfer between 

the sulfide and (oxy)halide SE.

Concluding remarks and future challenges

As discussed, the triple-phase boundary between the sulfide 

and (oxy)halide electrolytes near the active material (e.g., NCM) 

is the limiting factor for dual-electrolyte sulfide|(oxy)halide 

SSBs. This boundary is inherently confined at the interface be

tween the sulfide separator and the (oxy)halide positive elec

trode composite.

Introducing an additional (oxy)halide interlayer between the 

sulfide separator and the (oxy)halide positive electrode improves 

cycling performance, but it compromises the goal of thin SSB by 

increasing the cell thickness and cost. As shown in Figure 8A, the 

resulting dual-electrolyte configuration in cell setup III is notably 

thicker than the all-sulfide-based setup I, cell setup II, and liter

ature benchmarks.19,20,25–27,30,32,43,57,81–83 Most importantly, 

the resulting thicker bilayer separator lowers the energy (Ev, 

Em) and power (Pv, Pm) densities, compared with that of all-sul

fide-based setup I, as evidenced in the Ragone plots in 

Figures 8B and 8C. Consequently, despite the interfacial stabili

zation and good cycling performances provided by the (oxy)ha

lide interlayer, the all-sulfide-based setup I still delivers the 

highest initial energy and power densities among the three con

figurations evaluated. Of course, in a hypothetical practical cell 

setup III, both the sulfide separator and any (oxy)halide interlayer 

would be engineered to thicknesses on the order of ∼10 μm 

each. However, the implementation of an (oxy)halide interlayer, 

and an (oxy)halide-based positive electrode, would still impose 

gravimetric limitations, owing to the intrinsically higher density 

of (oxy)halide compared with sulfides, >2.2 and ∼1.6 g⋅cm− 3, 

respectively. Moreover, even a 10-μm additional (oxy)halide 

interlayer introduces extra processing steps and particularly 

adds material consumption, which results in higher costs of pro

duction in the end, compared with all-sulfide-based cells.

The instability at the triple-phase boundary is likely not exclu

sive to the sulfide|(oxy)halide systems studied here but may 

extend to other dual-electrolyte Li-based SSB architectures, 

such as Li|Al- or Ta-doped Li7La3Zr2O12|sulfide or (oxy)halide 

positive electrode.44,84 Moreover, it may also extend to dual- 

electrolyte SSB, using different positive electrode active material 

(e.g., LiFePO4, S8, etc.),85 and to Na-based SSB systems. 

Indeed, in a Na-SSB system with Na3PS4 as sulfide SE and 

NaTaOCl4 as oxyhalide SE (Figure S23), cell setup II shows lower 

capacity retention, compared with cell setup III, mirroring the 

trends observed in Li systems.

Figure 8. Comparison of the energy and power densities among the different cell setups and representative literature cases 

(A–C) (A) Comparison of cell thickness (l), (B) gravimetric, and (C) volumetric energy (Em, Ev) and power (Pm, Pv) densities of the cells reported in this work with 

representative literature cases.19,20,25–27,30,32,43,57,81,82 Cell setups I in red symbols, cell setups II in yellow symbols, and cell setups III in green symbols. The 

energy and power densities were calculated as described by Randau et al.83
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We believe that the performance of cell setup II, specifically 

the instability of the triple-phase boundary in dual-electrolyte 

SSBs, should systematically be evaluated and reported for all 

dual-electrolyte SSB designs, including newly developed Li- 

and Na-(oxy)halide SEs. Such an assessment is as critical as un

derstanding the stability at the active material|SE interface.

Strategies to mitigate triple-phase-boundary degradation 

without introducing the (oxy)halide interlayer may be required. 

Among these possible strategies, we can mention the following:

(1) Ultrathin coating on the sulfide separator with a material 

electrochemically stable against both the separator and 

the positive electrode composite.86

(2) Sulfide as the main electrolyte in the composite, but with 

an active material coated with a thin layer of soft (oxy)ha

lide electrolyte, particularly using recently developed vis

coplastic Al-based oxyhalides.82,87

(3) (Oxy)halide electrolytes that are intrinsically stable at the 

triple-phase boundary, for example, through fluorination, 

thereby eliminating the need for additional coatings or in

terlayers and simplifying cell architecture.88

Without addressing this critical instability, the relevance of sul

fide|(oxy)halide dual-electrolyte SSBs would be limited to labora

tory-scale demonstrations.

Conclusions

In this study, we systematically investigated the electrochemical 

degradation and reaction mechanisms at the triple-phase bound

ary in dual-electrolyte sulfide|(oxy)halide SSBs, using a sulfide 

separator (LPSCl) and six different (oxy)halide SEs in the positive 

electrode (LIC, LSC, LZC, LNOC, LTOC, LZOC). This triple-phase 

boundary forms only where the sulfide and (oxy)halide SE meet in 

proximity to the active material (e.g., NCM), specifically at the 

interface between the sulfide separator and the (oxy)halide pos

itive electrode (i.e., sulfide|NCM|(oxy)halide).

Our results reveal that the detrimental effect of the triple-phase 

boundary on cell performances is a general phenomenon, inde

pendently of the chemistry of the specific (oxy)halide SEs 

employed. We confirmed the formation of localized degradation 

products at the triple-phase boundary with ex situ XPS analyses, 

including M–Sx-containing compounds (e.g., M = In, Zr, and Nb) 

and elemental sulfur/oxidized sulfide compounds (e.g., S8 and 

Li2Sn where 3 ≤ n ≤ 8), which limit long-term cycling. Operando 

XPS at the triple-phase boundary further revealed the formation 

of these elemental sulfur/oxidized sulfide compounds and 

release of sulfur gas, when the cell is polarized beyond the sta

bility limits of the (oxy)halide SE. This polarization triggers a 

direct reaction between the two electrolytes, during which the 

active material likely acts as a catalyst, facilitating electron trans

fer between the sulfide and (oxy)halide electrolyte.

Avoiding the triple-phase boundary by introducing an (oxy)ha

lide interlayer between the sulfide separator and the (oxy)halide 

positive electrode may significantly enhance cycling stability, 

compared with all-sulfide-based cells. However, through our 

literature comparison, we show that this additional (oxy)halide 

interlayer increases cell thickness and weight, consequently 

lowering energy and power densities, compared with all-sul

fide-based cells. It also requires additional processing of one 

more thin layer and, as a result, an increase in the produc

tion cost.

To ensure the practical applicability of dual-electrolyte SSBs is 

essential to address the triple-phase boundary instability 

through the design of innovative interfaces and engineering so

lutions. Among those, we can mention ultrathin separator 

coating, electrolyte coating on the active material, or synthesis 

of new and more stable (oxy)halides.

The observed instability at the triple-phase boundary likely ex

tends beyond the materials studied here, suggesting it may also 

compromise other dual-electrolyte SSB systems, including so

dium-based analogs. Thus, we believe that this work can estab

lish a blueprint for future efforts to overcome the triple-phase 

boundary instability, a prerequisite for unlocking the full potential 

of dual-electrolyte SSBs.

METHODS

Materials for Li-SSBs

The LPSCl and LIC were purchased from NEI corporation. The 

LPSCl powder was used as received without further treatment. 

The LIC powder was heat-treated under vacuum in a Büchi glass 

oven (B-585) at 200◦C for 1 h before any use. The heat treatment 

of LIC is necessary to remove the water from the hydrated spe

cies (Li3InCl6 ⋅ xH2O) and improve the ionic conductivity of the 

SE.20 The LSC, LZC, LNOC, LTOC, and LZOC were synthesized 

following the reported procedure by Zhou et al.,29 Kwak et al.,31

Tanaka et al.,14 and Hu et al.13 Single-crystal (non-coated) 

LiNi0.82Co0.07Mn0.11O2 (NCM, d10/d50/d90 = 1.7/3.3/6.1 μm) 

was purchased from MSE Supplies LLC and heat-treated under 

vacuum in a Büchi glass oven (B-585) at 250◦C for 12 h before 

any use.

Indium foil (99.995%, 0.1 mm thickness) was purchased from 

chemPUR and punched into discs with a diameter of 9 mm. 

Lithium foil (99.999%, 0.1 mm thickness) was purchased from 

China Energy Lithium and punched into discs with a diameter 

of 6 mm. Stainless steel (SS) foil (0.020 mm thickness) was pur

chased from Goodfellow and punched into discs with a diameter 

of 9.6 mm.

All samples were handled in an argon (Ar)-filled BRAUN LAB

master glovebox (p(O2)/p < 0.1 ppm, p(H2O)/p < 5.0 ppm).

Positive electrode composite preparation

The positive electrode composite was prepared via planetary ball 

milling (Fritsch Pulverisette 7 premium line) under an Ar atmo

sphere (p(O2)/p < 0.1 ppm, p(H2O)/p < 5.0 ppm). The masses of 

NCM and SEs used are shown in Table S2. Materials were placed 

in a 45 mL ZrO2 ball mill cup with 20 g of ZrO2 milling balls (5 mm 

diameter) and mixed at 180 rpm for 15 min. The milling cups 

were handled in an Ar-filled BRAUN LABmaster glovebox (p(O2)/ 

p < 0.1 ppm, p(H2O)/p < 5.0 ppm). The milling cups and balls 

were carefully dried overnight at reduced pressure in a drying cab

inet (Thermo Scientific, Vacuum oven, VT 6130 M) at 60◦C for 12 h.

Electrochemical characterization

All the electrochemical characterization was conducted using 

the VMP300 potentiostat from BioLogic Sciences Instruments 

Joule 10, 102444, August 19, 2026 13 

Article
ll

OPEN ACCESS



and EC-Lab software (version 11). The data were analyzed using 

RelaxIS 3 (version 3.0.21.17, RhD instruments, KG) software.

A detailed explanation of the homemade press cell setup used 

in this work can be found in our previous work.41 Notably, the 

diameter of the SSB is 10 mm, resulting in an area of 

0.785 cm2. All parts of the cell were carefully dried overnight at 

reduced pressure in a drying cabinet (Thermo Scientific, Vacuum 

oven, VT 6130 M) at 60◦C for 12 h.

Sulfide- and (oxy)halide-based SEs ionic conductivity

To determine the ionic conductivity of the SE, 150 mg of each 

powder was weighed and placed inside the homemade press 

cell. The material was cold densified at 3 tons (375 MPa, calcu

lated on a 10-mm diameter) for 3 min. Stainless steel (SS) stamps 

were used for densification and as blocking electrodes during 

measurement. During the measurements, 80 MPa of stack pres

sure was applied. Impedance spectroscopy was conducted with 

the settings described below.

SSB assembly

For cell assembly, 60 mg of LPSCl was initially placed in the press 

cell and compacted using a hand press. For cell setups II, following 

this step, 12.5–14.5 mg of the composite positive electrode (with 

NCM loading of 12.5–13.5 mg⋅cm− 2) was carefully distributed 

over the separator/interlayer. For cell setups III, an (oxy)halide 

interlayer was compacted using a hand press before adding the 

positive electrode composite mixture. Specific quantities of each 

SE were used to maintain a consistent thickness: 50.0 mg LIC, 

49.4 mg LSC, 41.9 mg LZC, 51.5 mg LNOC, 58.8 mg LTOC, and 

55.0 mg LZOC. Subsequently, the cell was tightened with SS 

stamps and cold densified at 3 tons (375 MPa, calculated on a 

10-mm diameter) for 3 min, using an Atlas Autotouch 25T hydraulic 

press. Here, it is important to understand that the SS stamp used to 

compact the LPSCl separator was changed to a new one to press 

the (oxy)halide interlayer and composite electrode. This was done 

to avoid contamination of sulfide SE on the top of the interlayer and 

composite electrode.

After densification, the cell was opened from the negative 

electrode side to prepare the In-Li alloy. To ensure a suitable 

composition for stable cycling, a piece of indium foil (0.1 mm 

thickness, 9 mm diameter) was first placed in contact with the 

LPSCl separator, followed by a lithium foil (0.1 mm thickness, 

6 mm diameter). Additionally, to facilitate the removal of the 

cell for postmortem analysis, an SS foil (0.02 mm thickness, 

9.6 mm diameter, Goodfellow, AISI 304) was positioned on top 

of the In-Li alloy. The cell was then closed again and fixed in 

an SS frame with 80 MPa of stack pressure applied.

SSB cycling

After 5 h of microstructural equilibration, all the Li cells were 

cycled at a constant C-rate of 0.3C (1C = 200 mAh⋅g− 1) between 

2.0 and 3.7 V vs. In/InLi, which corresponds to 2.6 and 4.3 V vs. 

Li+/Li. After every charge and discharge step, a 5-min OCV was 

recorded, followed by an impedance measurement. The latter 

was carried out with the setting described below.

For the aging experiment, the same cycling conditions were 

used, with the exception that 2 h of OCV was added after the 

impedance measurement.

EIS

Electrochemical impedance spectroscopy (PEIS or EIS) was car

ried out between 7 MHz and 100 mHz with a voltage amplitude of 

10 mV. Points per decade and waiting time were set to 15 and 

0.4, respectively. The total time required for an impedance was 

around ∼6 min.

DRT analyses were conducted using Gaussian base functions 

and a regulation parameter λ of 0.01.

Na-based dual-electrolyte SSB

All the details regarding the synthesis of the materials, positive 

electrode preparation, battery assembling, and cycling can be 

found in the supplemental methods.

Characterization techniques

The X-ray diffraction (XRD) patterns, SEM, FIB-SEM tomogra

phy, ex-situ XPS, ex situ ToF-SIMS, and operando XPS were 

all conducted with in-house instruments. Most importantly, the 

samples were transferred to instruments using air-free transfer 

modules.

All the details regarding the instruments, sample preparation, 

sample transfer, and measuring settings can be found in the 

supplemental methods.

Energy and power density calculations

All the details regarding the energy and power density calcula

tions, as well as necessary approximations, can be found in 

the supplemental methods.
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