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Abstract

In the pursuit of long-lasting, high-energy density solid-state batteries, dual solid electrolyte designs
offer a unique path toward stabilizing the electrode-electrolyte in- terfaces in the presence of a high-
voltage positive electrode and a low-voltage negative electrode. However, electrolyte pairings that
form a stable interface under battery operating conditions must be identified. In this study, we used
the onset reaction tem- perature as a proxy to assess the chemical compatibility between a chloride
(Li2ZrCl6 (LZC))catholyte(ahighoxidativestabilityelectrolyte)andtwocommonthiophosphate (Li3PS4
(LPS) and Li6PS5Cl (LPSC)) anolytes (high reductive stability electrolytes). While LPS reacts with LZC
starting at 90°C, the LZC–LPSC pairing appears sta- ble up to 260°C. When heated to 300°C, the two
pairings decompose to form LiCl, a layered LixZryP2S6 phase, ZrS2, ZrS3, S8, as well as γ−Li3PS4 for
the LZC–LPSC pairing. Consistent with those findings, first-principles calculations show that neither
pairing is thermodynamically stable. However, a higher decomposition energy is pre- dicted for
the LZC–LPSC combination, suggesting that it is kinetically stabilized up to 260°C. The LZC–LPSC
interface is conductive to Li-ions, with an extremely low resis- tance (4.2 Ω cm−2). Furthermore,
cells comprising an LZC–LPSC bilayer separating a LiNi0.8Mn0.1Co0.1O2 positive electrode and Li-In
negative electrode exhibit exception- ally stable performance, with 90.0 % and 83.8 % of their initial
capacity retained after 200 and 500 cycles, respectively. These findings allow us to propose several
criteria for designing stable electrified interfaces for a wide range of electrochemical devices.
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Abstract

In the pursuit of long-lasting, high-energy density solid-state batteries, dual solid

electrolyte designs offer a unique path toward stabilizing the electrode-electrolyte in-

terfaces in the presence of a high-voltage positive electrode and a low-voltage negative

electrode. However, electrolyte pairings that form a stable interface under battery

operating conditions must be identified. In this study, we used the onset reaction tem-

perature as a proxy to assess the chemical compatibility between a chloride (Li2ZrCl6

(LZC)) catholyte (a high oxidative stability electrolyte) and two common thiophosphate

(Li3PS4 (LPS) and Li6PS5Cl (LPSC)) anolytes (high reductive stability electrolytes).

While LPS reacts with LZC starting at 90 °C, the LZC–LPSC pairing appears sta-

ble up to 260 °C. When heated to 300 °C, the two pairings decompose to form LiCl,

a layered LixZryP2S6 phase, ZrS2, ZrS3, S8, as well as γ−Li3PS4 for the LZC–LPSC

pairing. Consistent with those findings, first-principles calculations show that neither

pairing is thermodynamically stable. However, a higher decomposition energy is pre-

dicted for the LZC–LPSC combination, suggesting that it is kinetically stabilized up to

260 °C. The LZC–LPSC interface is conductive to Li-ions, with an extremely low resis-

tance (4.2Ωcm−2). Furthermore, cells comprising an LZC–LPSC bilayer separating a

LiNi0.8Mn0.1Co0.1O2 positive electrode and Li-In negative electrode exhibit exception-

ally stable performance, with 90.0 % and 83.8 % of their initial capacity retained after

200 and 500 cycles, respectively. These findings allow us to propose several criteria for

designing stable electrified interfaces for a wide range of electrochemical devices.

1 Introduction

Given the continued upward trend in global anthropogenic greenhouse gas emissions, there

is a pressing need to electrify transportation. Increasing electric vehicle adoption hinges on

further developing Li-ion batteries to reduce cost, increase their energy density, and improve
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their rate capability, durability, and safety. Solid-state batteries (SSBs) that comprise an

inorganic solid electrolyte to shuttle Li+ ions between the two electrodes could potentially

lead to improvements in all areas. Indeed, SSBs open the door for increased packing effi-

ciency at the cell module level by using bipolar stack architectures that decrease the amount

of packaging required.1 Unlike standard liquid electrolytes, inorganic solid electrolytes are

single-ion conductors, whereby all current is carried by the mobile Li+ ions or their vacan-

cies. Hence, these materials hold promise for reducing polarization in the electrolyte bulk

and improving rate performance.2,3 In addition, inorganic solid electrolytes are significantly

less flammable than the organic electrolytes used in currently commercialized cells, offering

a significant safety advantage.

Stable long-term cycling of a high-voltage SSB requires the solid electrolyte to be electro-

chemically stable over a wide voltage window that spans both the oxidative potentials at the

interface with the positive electrode and the reducing potentials at the negative electrode

interface. Degradation of the solid electrolyte at either interface can lead to the forma-

tion of insulating interphases, impede Li+ transport across the cell, and reduce its capacity

and energy density. Importantly, increased resistance at the electrode-electrolyte interface

can result in current heterogeneities, inhomogeneous Li plating or intercalation, dendrite

nucleation and growth, and mechanical degradation through delamination and cracking,

compromising the battery’s cycle life.4–7 Unfortunately, no known solid electrolyte chem-

istry combines high chemical and electrochemical stability, high Li-ion conductivity, and

good processability. For example, sulfide and thiophosphate electrolytes offer liquid-like

ionic conductivities, good processability, and even passivating interfaces against Li metal

but degrade above 2.3 V vs. Li/Li+, especially in the presence of conductive additives in

the composite cathode.8–21 Oxide-based electrolytes offer superior electrochemical stability

compared to sulfides and thiophosphates, and conductivities up to 5 mS cm-1, but at the

expense of processability, as they need to be sintered with the positive electrode material to
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facilitate grain boundary conduction.22–26 Chloride-based electrolytes exhibit ionic conduc-

tivities on the order of mS cm-1 and tend to be stable at high potentials (> 4 V vs. Li/Li+),

but form mixed conductive interphases against Li metal that impede Li+ conduction and

lead to continuous performance degradation.27–40

A path towards scalable, high-energy-density SSBs can be imagined by harnessing two

solid electrolytes with high ionic conductivities and differing electrochemical stability ranges.

An electrolyte with a high oxidative stability is used as the catholyte in the composite

cathode, and a single layer of a second solid electrolyte with good reductive stability (the

anolyte) separates the negative electrode and the composite cathode. In this architecture,

the catholyte ensures stable interfaces with the positive electrode active material and conduc-

tive additive, and the anolyte layer forms a stable interface with the negative electrode. This

"single-layer" approach has been demonstrated in various Li- and Na-based SSBs combining

a halide catholyte and thiophosphate anolyte.40–47 An additional layer of the catholyte can

be inserted between the anolyte and the cathode composite to avoid any possible contact

between the cathode active material (and conductive additive) and the anolyte. Several stud-

ies have shown that this "bilayer" architecture drastically reduces reactivity and impedance

growth at all electrode-electrolyte interfaces.38,39,44–64 However, few studies have investigated

the chemical stability and ion transport properties of the additional interface between the

catholyte and anolyte in such architectures.

Rosenbach et al. employed a bilayer approach that combined Li3InCl6 (LIC) and Li6PS5Cl

(LPSC) in a LiNi0.8Mn0.1Co0.1O2+LIC|LIC|LPSC|Li-In cell and identified the formation of

an interfacial region between the two electrolytes rich in In and S, resulting in significant

impedance build-up and rapid capacity loss during cycling.44 Inspired by this work, we

further explored the chemical decomposition of LIC in contact with LPSC by subjecting

mixed LIC–LPSC pellets to increasing heat treatment temperatures. Although no reactivity

was observed upon mixing the two electrolytes at room temperature, reaction products
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were observed after heat treatments as low as 70 °C (see Figure S1), suggesting that the

LIC–LPSC interface is reactive, in good agreement with Rosenbach et al. Clearly, a better

understanding of the compatibility of contrasting solid electrolyte chemistries is needed. In

addition, these preliminary results suggest that a simple heat treatment strategy may be

effective in identifying chemically compatible solid electrolyte pairings.

This work assesses the compatibility of a chloride catholyte with two thiophosphate

anolytes using a joint experimental and computational approach. We chose Li2ZrCl6 (LZC)

as the catholyte because chlorides are generally stable up to high potentials28,40 and have

demonstrated sufficiently high ionic conductivities for practical applications.31–39,48 Addition-

ally, LZC is stable in contact with the LiNi0.8Mn0.1Co0.1O2 (NMC811) positive electrode,55

and Zr is non-toxic and benefits from a reliable supply chain.65 We compared Li3PS4 (LPS)

and argyrodite Li6PS5Cl (LPSC) as anolytes. While the latter forms a passivating interface

with Li metal,13,66 the former shows a lower conductivity and reacts with Li metal and Li-In

anodes and is therefore less attractive for SSB applications.

We hypothesize that the onset temperature for the reaction between two solid electrolytes

can serve as a proxy for their compatibility in a dual-electrolyte SSB. The onset reaction

temperature for the LZC–LPS and LZC–LPSC pairings was determined to be ca. 90 °C

and 260 °C, respectively, from in situ heating synchrotron X-ray diffraction (XRD) results.

The decomposition products were identified from examination of mixed LZC–LPS and LZC–

LPSC pellets heat treated up to 300 °C, using XRD, solid-state nuclear magnetic resonance

(ssNMR), X-ray photoelectron spectroscopy, and Raman spectroscopy. The two pairings

decompose to form LiCl, a layered LixZryP2S6 phase, ZrS2, ZrS3, S8, as well as γ−Li3PS4

for the LZC–LPSC pairing. Although first-principles density functional theory calculations

predict that neither the LZC–LPS nor the LZC–LPSC pairing is thermodynamically sta-

ble, consistent with experimental findings, they also suggest more favorable decomposition

pathways for LZC in contact with LPSC than with LPS, contrary to our observations. This
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discrepancy indicates that sluggish reaction kinetics are responsible for the observed stabil-

ity of the LZC–LPSC system up to 260 °C. Rapid Li-ion transport between the LZC and

LPSC phases is evidenced by NMR, and a remarkably low interfacial resistance of 4.2Ωcm−2

is determined by electrochemical impedance spectroscopy, accounting for only 1.5 % of the

total resistance of a sandwich LPSC–LZC–LPSC pellet. The electrochemical performance of

LZC–LPSC dual-electrolyte SSBs comprising a LiNi0.8Mn0.1Co0.1O2 (NMC811) positive elec-

trode and a Li-In negative electrode was evaluated in single-layer and bilayer configurations.

While single-layer cells show an average 63.0 % capacity retention after 200 cycles at 30 °C,

bilayer cells show an impressive 90.0 % and 83.8 % average capacity retention after 200 and

500 cycles, respectively. Overall, this work reveals that the Li2ZrCl6–Li6PS5Cl system is a

promising solid electrolyte pairing for SSBs comprising a high-voltage oxide cathode and a

low-voltage metallic anode. These results further provide new avenues towards the design of

stable electrified interfaces for use in energy-dense SSBs and a wide range of electrochemical

devices.

2 Results and Discussion

2.1 Monitoring chemical reactivity between chloride and thiophos-

phate solid electrolytes

2.1.1 Onset reaction temperature as a proxy for solid electrolyte compatibility

The onset temperature of the reaction between two compounds depends on the reaction’s

thermodynamic driving force and activation energy barrier. As such, the onset temperature

of the reaction between two solid electrolytes can provide key insight into their chemical com-

patibility and can be used to identify electrolyte pairings that form a stable interface within

a dual-electrolyte cell during electrochemical cycling, assuming that the solid electrolytes are
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sufficiently electronically insulating.
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Figure 1: Contour plot representation of diffraction patterns collected on as-
prepared/as-received a) LZC–LPS and b) LZC–LPSC mixed powder samples
during a temperature ramp from room temperature to 300 °C, followed by a 20
minute hold at 300 °C.

The onset temperature of the reaction between Li2ZrCl6 (LZC) and either Li3PS4 (LPS)

or Li6PS5Cl (LPSC) was determined from in situ heating synchrotron X-ray diffraction

(sXRD) experiments on mixtures of as-prepared or as-received powders. LZC was synthe-

sized via ball milling using a reported procedure,40 and LPS and LPSC were purchased

from NEI Corporation. Structural characterization of the three solid electrolytes using XRD

and 6Li and 31P solid-state NMR (ssNMR) is presented in Figures S3, S5, and S7. The

electrolytes were phase-pure from XRD, with a small amount of LiCl impurity in the LZC

sample detected by 6Li ssNMR. LZC adopts a trigonal P 3̄m1 structure, LPS an orthorhom-

bic Pnma structure (β phase), and LPSC a cubic F 4̄3m structure. The synchrotron XRD
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patterns obtained during in situ heating are presented in Figure 1. Over the course of a

temperature ramp from room temperature to 300 °C, both solid electrolyte mixtures react

to form LiCl. The LZC–LPS mixture reacts from 90 °C, as indicated by the sudden loss of

intensity of the reflections corresponding to the initial LZC and LPS phases and growth of

LiCl reflections. For the LZC–LPSC system, the reflections corresponding to the initial LZC

and LPSC phases become weaker and the LiCl peaks appear at ∼280 °C. A better estimate of

the onset temperature of the reaction between LZC and LPSC was obtained by conducting

a sequential refinement of the in situ sXRD patterns using the LZC and LPSC structures as

input. The Rwp parameter remains nearly unchanged up to 260 °C, as shown in Figure S2,

but above that temperature the patterns could no longer be refined using only LZC and

LPSC and the Rwp starts to increase due to the formation of degradation products. Hence,

the onset temperature of the reaction between LZC and LPSC is assumed to be 260 °C

hereafter.

2.1.2 Experimental strategy and analysis of solid electrolytes before mixing

Having established the onset reaction temperature of the two solid electrolyte pairings of

interest, we heat treated a series of mixed LZC–LPS and LZC–LPSC pellets at various

temperatures ranging from 25 °C to 300 °C. Our aim was two-fold: 1) to confirm the in situ

heating synchrotron XRD results, and 2) to identify the reaction pathway for each mixture,

leveraging the large contact area between the solid electrolyte powders to detect potential

degradation products.

Each electrolyte was separately annealed at 300 °C for 12 hours before mixing to avoid

any evolution caused by recrystallization of the individual phases during the heat treatment.

XRD, ssNMR, and scanning electron microscopy (SEM) characterization of the annealed

solid electrolytes can be found in Figures S3, S5, and S7, along with a description of the

results. The diffraction results reveal a slight change in the polymorphic make-up of LZC,
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together with a significant increase in crystallinity. In contrast, LPS becomes less crystalline

and LPSC remains unchanged. The ssNMR results indicate relatively minor changes to the

local structure of all solid electrolytes upon annealing. Interestingly, the 31P ssNMR results

reveal the presence of about 16.5 mol.% of γ-LPS (Pmn21) in the as-received LPS sample,

which could not be resolved by XRD and is reduced to 5.2 mol.% upon annealing. The 6Li

ssNMR data obtained on the LZC samples indicate the presence of a LiCl impurity in the

as-prepared sample that is presumably absorbed into the LZC phase upon annealing. The

SEM images of the annealed powders suggest a distribution of particle sizes in all samples,

with particles ranging from 30 nm to 2 µm for LZC, from 50 nm to 600 nm for LPS, and from

70 nm to 4 µm for LPSC. Windowless energy-dispersive X-ray spectroscopy (EDS) was also

performed on the same samples to assess their oxygen (O) content, since O incorporation into

a variety of solid electrolytes has been shown to affect their chemical and electrochemical

stability.67–69 While quantification is extremely difficult at the low accelerating voltages

(here, 3 kV) required to probe light elements, such as O, the EDS results presented in

Figures S4, S6, and S8 indicate only a very small amount of O in all of the samples. Oxygen

is found to be homogeneously distributed in the LZC and LPSC samples, with only slight

variations in O content across the LPS sample.

2.1.3 Monitoring chemical reactivity in the Li2ZrCl6–Li3PS4 system

LZC and LPS were mixed in a 1:1 molar ratio, and pellets were heat treated for 24 hours at

either 25, 70, 110, 150, or 300 °C in vacuum-sealed quartz ampules. The heat-treated (HT-)

samples are hereafter labeled according to their heat treatment temperature (e.g., HT-110

for a treatment at 110 °C).

XRD patterns obtained on the annealed LZC and LPS powders before mixing, as well

as on the heat-treated mixed powder samples, are shown in Figure 2a. The patterns were

obtained using a Kapton film to protect the samples from air exposure, yielding a strong
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(c) (d)

(e)

HT-25

HT-70

HT-110

HT-150

HT-300

P2S64-

𝛾-Li3PS4

β-Li3PS4

▼▼

(a) (b)

HT-25

HT-70

HT-110

HT-150

HT-300
𝛾-Li3PS4

Li2ZrCl6

LiCl
LixZryP2S6

*

β-Li3PS4

Figure 2: (a) XRD patterns obtained on annealed LZC and LPS samples, and
on mixed pellets heat-treated for 24 hours at various temperatures (e.g., HT-
110 stands for a heat treatment at 110 °C). Degradation phases observed in the
HT-300 sample are marked with a ⋆ for LiCl, a ○ for LixZryP2S6, and a ▼ when
unassigned. (b) Raman spectra collected at various spots on the LZC–LPS HT-
300 sample and on the annealed LZC and LPSC powders for reference. Spectra
for ZrS2 and ZrS3 are digitized from previous reports: ZrS2 data from Mañas-
Valero et al.,70 ZrS3 data from Jin et al. 71 (c) Room temperature 6Li and (d)
31P ssNMR spectra obtained on the same series of samples at 18.8 T and 30 kHz
MAS. The reference spectra in panel (c) were collected on annealed LPSC and
annealed LZC before mixing and scaled to match the 1:1 molar ratio of the two
compounds in the mixed powder samples. Unidentified degradation phases are
indicated with a ▼. (e) Zr 3d XPS spectra obtained on annealed LZC and on
the LZC–LPS mixed pellets.

background signal extending from 10° to 30° and making it difficult to observe some of the

reflections from the LPS phase. The reflections in the HT-25 pattern are a superposition

of the reflections observed in the individual LZC and LPS patterns, indicating that the
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electrolyte mixture does not react at room temperature. The same reflections are also present

in the HT-70 and HT-110 patterns. While the in situ heating sXRD data identified some

reaction between the anolyte and catholyte from 90 °C, this could not be detected in the HT-

110 sample likely due to the lower resolution of our lab XRD data and the intense Kapton

background signal. The observed XRD reflections evolve to a small extent for the HT-150

sample and more extensively for the HT-300 sample. For example, the reflections attributed

to LPS are no longer observed in the HT-300 pattern, indicating complete decomposition

of this phase. In contrast, LZC only partially decomposes at 300 °C, as indicated by the

decrease in the intensity of its main reflections at 15°, 32°, and 42°. Consistent with the

in situ heating sXRD results, LiCl appears as a major decomposition phase, as indicated by

the reflections marked with a ⋆ in Figure 2a. Still, LiCl alone does not account for all of the

new reflections in the HT-300 pattern. We considered other binary compounds, such as Li2S,

ZrS2, and ZrS3, but none of these could explain the unassigned reflections (ZrS2 could still

be present as its diffraction peaks overlap with those of LZC). To facilitate the identification

of more complex decomposition products, we turned to previous studies of the thermal72

and electrochemical decomposition73–75 of electrolytes containing PS4
3− groups, such as LPS

and LPSC. Those studies indicated the formation of phases comprising P2S7
4− and P2S6

4−

units, hence, we considered the following ternary phases: Li4P2S6,76 Li7PS6,77 ZrP2S6,78 and

ZrP2S7,78 but to no avail. Instead, we found that some of the unassigned reflections matched

those of the layered Li2MP2S6 (M = V, Mn, Fe, Co, Ni, and Zn) thiophosphate phases

reported by Sundaramoorthy et al.,79,80 as shown in Figure S9a. Thus, we suspect that one

of the unidentified phases is LixZryP2S6 with a layered structure similar to that depicted in

Figure S9b. Its exact composition and structure cannot be ascertained due to the multiphasic

and disordered nature of the HT-300 sample and poorly crystalline decomposition phases.

These results motivate the use of local structure techniques to obtain additional information

on the decomposition products.
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Raman spectra obtained on annealed LPS and annealed LZC powders before mixing and

at different locations on the surface of the HT-300 powder sample, are shown in Figure 2b.

Only the HT-300 sample could be studied as the Raman spectra obtained on mixed samples

heat treated to lower temperatures exhibited an intense fluorescence background due to

LZC40 (which, as discussed earlier, has partially decomposed by 300 °C), masking signals

from other phases. The HT-300 Raman spectra show no sign of LPS remaining in the sample,

in good agreement with the XRD results. The broad peak at 323 cm−1 matches the primary

peak for LZC, but likely also comprises contributions from ZrS2 and ZrS3 decomposition

phases.70,71 The presence of ZrS3 in the HT-300 sample is confirmed by the absorption bands

at 150 cm−1 and 280 cm−1, matching those observed for pure ZrS3. The formation of P2S
4–

6

dumbbells is evidenced by the absorption at 385 cm−1.81–83 The peak centered at 486 cm−1

and the weak signal at 220 cm−1 match the absorption bands expected for elemental sulfur,

although a peak near 486 cm−1 is also observed for a pristine ampule (see Figure S10). Sulfur

off-gassing at and above 150 °C is corroborated by the presence of a yellow residue at the

surface of the HT-150 pellet and on the quartz tube used to prepare the HT-300 sample (see

Figure S11).

Annealed LZC, annealed LPS, and heat-treated LZC–LPS samples were further investi-

gated using 6Li and 31P ssNMR, with results shown in Figure 2c,d. The two resonances at

0.87 ppm and −1.05 ppm in the 6Li spectra collected on annealed LPS and annealed LZC

powders before mixing correspond to Li species in the LPS and LZC phases, respectively

(Figure 2c). The reference 31P spectrum collected on annealed LPS powder in Figure 2d

comprises a major resonance at 86.5 ppm, attributed to β-LPS, and a minor resonance at

89.6 ppm ascribed to γ-LPS.84 The 6Li NMR spectra obtained on annealed LPS and LZC

mixed together at room temperature (HT-25 sample), or heat treated to 70 °C (HT-70 sam-

ple), feature a slight downfield shift (higher ppm values) of the LZC resonance (Figure 2c)

and an asymmetric broadening of the LZC and LPS resonances. This asymmetric broaden-
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ing suggests Li chemical exchange between the LZC and LPS phases rather than reactivity.

We determine an upper bound for the rate of Li exchange between LZC and LPS of 77 Hz,

based on the (unmet) condition for signal coalescence (k = Ω∆/(2
√
2), where k is the rate of

exchange and Ω∆ is the separation of the two exchanging signals in Hz before mixing).85 The

stability of LZC and LPS up to 70 °C is confirmed by the very similar 31P spectra obtained

on annealed LPS and the HT-25 and HT-70 samples (Figure 2d). Noticeable changes to both

the 6Li and 31P ssNMR spectra are observed upon heat treating a mixed pellet to 110 °C.

The HT-110 6Li ssNMR spectrum exhibits a symmetrically broadened LPS resonance and a

broad and low intensity signal at 1.37 ppm, which is ascribed to γ-LPS86 and indicates par-

tial decomposition of the β-LPS phase (Figure 2c). The formation of γ-LPS is corroborated

by the growth of the 31P resonance at 89.1 ppm (Figure 2d).84 The HT-150 spectra reveal

further growth of the γ-LPS phase at the expense of the initial β-LPS phase. Given that

the LPS sample was annealed at 300 °C before mixing with LZC, the formation of γ-LPS in

the HT-110 and HT-150 samples arises from chemical decomposition of β-LPS on contact

with the LZC phase rather than a polymorphic transformation. The ssNMR results further

confirm that the LPS phase has completely decomposed by 300 °C, while some LZC remains

in the sample. The intense 6Li ssNMR signal at −1.17 ppm reveals a large amount of LiCl in

the sample, accounting for 32.5 % of the total Li content, in good agreement with the XRD

results. The resonance at −1.00 ppm indicates residual LZC in the sample, accounting for

an additional 31.9 % of the Li. The broad and asymmetric signal in the range of 100–115

ppm in the 31P ssNMR spectrum can be fit with two components in a 2:1 ratio, which is

consistent with the two P environments present in a 2:1 ratio in P2S
4–

6 units, as found in

Li4P2S6.81,87,88 However, the broad resonance at approximately −0.6 ppm in the 6Li ssNMR

spectrum is shifted upfield compared to the main 6Li resonance reported for Li4P2S6 com-

pounds,81,87,88 suggesting that the decomposition phase has a slightly different composition.

We suggest that this is the layered LixZryP2S6 phase observed by XRD. This phase accounts
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for the remaining 35.6 % of the Li in the HT-300 sample.

Zr 3d X-ray photoelectron (XPS) spectra collected on annealed LZC and on LZC–LPS

mixed powder samples are presented in Figure 2e. The spectra collected on annealed LZC

and on the mixed powders heat treated up to 110 °C comprise a single doublet attributed to

the LZC phase with a Zr 3d5/2 binding energy of 183.4 eV.38,40 Starting at 150 °C, spectral

fits indicate the appearance of new doublets with Zr 3d5/2 peaks at 182.3 and 182.1 eV,

attributed to ZrS2
89,90 and ZrS3,89,91 respectively and in agreement with the Raman results.

The ZrSx peaks grow in intensity in the HT-300 spectrum, and a general broadening of all

of the signals is observed, indicating decomposition of the LZC phase. Cl 2p, S 2p, and P 2p

XPS spectra were also collected and are presented in Figure S12. These spectra provide

further evidence for decomposition of the LZC–LPS sample at and above 150 °C.

Overall, the various techniques used in this work reveal that the LZC–LPS solid elec-

trolyte combination does not react up to approximately 90 °C. The HT-300 sample com-

prises various decomposition phases, including LiCl, ZrS2, ZrS3, LixZryP2S6, and S8, as well

as residual LZC. A γ-LPS phase is formed at intermediate heat treatment temperatures of

110 and 150 °C.

2.1.4 Monitoring reactivity in the Li2ZrCl6–Li6PS5Cl system

XRD patterns obtained on the annealed LZC and LPSC powders before mixing, and on

the heat-treated LZC–LPSC powder samples are presented in Figure 3a. No new peaks are

observed in the patterns obtained on the mixed samples compared to the reference LZC and

LPSC patterns up to at least 150 °C. In contrast, the reflections corresponding to the LPSC

phase disappear in the HT-300 pattern, and we observe new reflections attributed to LiCl

and to a layered LixZryP2S6 phase similar to that observed in the LZC–LPS HT-300 sample

(Figure S9a). These new reflections are more intense than in the LZC–LPS HT-300 sample,

which suggests that the reaction between LZC and LPSC forms a larger amount of LiCl
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Figure 3: (a) XRD patterns obtained on annealed LZC and LPSC samples, and
on mixed pellets heat-treated for 24 hours at various temperatures. Degradation
phases observed in the HT-300 sample are marked with a ⋆ for LiCl, a ○ for
LixZryP2S6, and a ▼ when unassigned. (b) Raman spectra collected at various
spots on the LZC–LPS HT-300 sample and on the annealed LZC and LPSC
powders for reference. Spectra for ZrS2 and ZrS3 are digitized from previous
reports: ZrS2 data from Mañas-Valero et al.,70 ZrS3 data from Jin et al. 71 (c)
6Li and (d) 31P ssNMR spectra obtained on the same series of samples at 18.8 T
and 30 kHz MAS. The reference spectra in panel (b) were collected on annealed
LPSC and annealed LZC powders before mixing and scaled to match the 1:1
molar ratio of the two compounds present in the mixed powder samples. (e) Zr 3d
XPS spectra obtained on annealed LZC and the LZC–LPSC mixed samples. The
▼ indicates an unassigned Zr environment, possibly LixZryP2S6.

and LixZryP2S6 degradation products. The LZC reflections become weaker in the HT-300

pattern, indicating partial decomposition of this phase.

The Raman spectra obtained on the annealed LZC and LPSC powders, and at different

locations on the LZC–LPSC HT-300 sample, are presented in Figure 3b. Similar to the LZC–

16

https://doi.org/10.26434/chemrxiv-2025-chtzv ORCID: https://orcid.org/0000-0002-3611-1162 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2025-chtzv
https://orcid.org/0000-0002-3611-1162
https://creativecommons.org/licenses/by-nc/4.0/


LPS system, ZrS2, ZrS3, and P2S
4–

6 moieties are detected in the HT-300 sample. The signal

at 425 cm−1 is attributed to PS 3–
4 units, potentially indicating the formation of LPS upon

decomposition of LPSC. The quartz ampule used to prepare the HT-300 sample was also ex-

amined and the resulting Raman spectrum suggests the presence of ZrS2 and P2S
4–

6 moieties

on the walls of the tube (see Figure S10). Finally, a weak signal is observed near 486 cm−1,

which, together with the appearance of a yellow hue on the HT-300 pellet and of yellow

deposits on the walls of the quartz ampule (Figure S13), suggests that sulfur-containing

gaseous species (likely including elemental sulfur) are evolved during decomposition.

6Li and 31P ssNMR spectra collected on the same set of LZC–LPSC samples are pre-

sented in Figure 3c,d (the 31P ssNMR spectra are plotted over a wider frequency range in

Figure S15). Similarly to the LZC–LPS system, upon mixing the LZC and LPSC powder

samples at room temperature, the 6Li resonance associated with each phase becomes asym-

metrically broadened, indicating Li chemical exchange between the two electrolytes (here,

an upper bound of 95 Hz is obtained for the rate of Li chemical exchange). Notably, the

NMR results on the heat-treated powder mixtures confirm the remarkable stability of the

LZC–LPSC pairing: the 6Li and 31P resonances remain largely unchanged and no new peaks

appear up to at least 150 °C. However, after a 300 °C heat treatment, the 6Li ssNMR spec-

trum comprises four signals. The weak signal at 1.25 ppm accounting for 2.3 % of the total

6Li ssNMR signal intensity is attributed to γ-LPS; this assignment is corroborated by the

presence of a γ-like PS 3–
4 signal at 89.5 ppm in the 31P spectrum84,86 and is consistent with

the Raman results presented earlier. The broad signal at ∼ −0.6 ppm accounts for 32 %

of the total 6Li ssNMR signal intensity and is attributed to the layered LixZryP2S6 phase.

The 31P resonances arising from the two P environments present in the P2S
4–

6 dumbbells

of that phase are observed at ∼108 ppm, as in the LZC–LPS system.81,87,88 The 6Li signal

at −1.0 ppm, which accounts for 16 % of the signal intensity, indicates residual LZC in the

sample. Finally, the LiCl signal at −1.2 ppm accounts for 50 % of the signal intensity. The
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fraction of LZC remaining after the 300 °C heat treatment is lower when mixed with LPSC

than with LPS (16 % vs. 32 %). From these results, we hypothesize that the reaction be-

tween LPSC and LZC is driven closer to completion after 24 hours, or consumes a higher

molar fraction of LZC per mole of LPSC than per mole of LPS. The generation of more LiCl

is in line with the higher Li and Cl content in Li6PS5Cl compared to Li3PS4.

Finally, the Zr 3d XPS spectra acquired on the annealed LZC and LPSC powders, and

on the heat-treated LZC–LPSC samples, are presented in Figure 3e. The spectra obtained

on the mixed samples heat-treated up to 150 °C show no degradation of the LZC phase.

In contrast, the spectrum obtained on the HT-300 sample reveals the presence of ZrS2 and

ZrS3, as well as a signal at lower binding energy (denoted by the ▼ in Figure 3e, with a

3d5/2 binding energy of ∼180.9 eV) that may arise from the LixZryP2S6 phase or another

unidentified phase. The Cl 2p, S 2p, and P 2p XPS spectra are shown in Figure S14 and

described in detail in the Supplementary Information. These spectra show no evidence of

decomposition up to 300 °C, where significant changes are observed in all of the spectra.

Overall, the LZC–LPSC solid electrolyte combination appears to be significantly more

stable than the LZC–LPS pairing, with negligible degradation observed up to ∼260 °C.

Several decomposition phases detected after a 300 °C heat treatment are similar to those

observed for the LZC–LPS system: LiCl, ZrS2, ZrS3, a layered LixZryP2S6 phase, and likely

some amount of S8. A γ-LPS phase is also observed in the HT-300 LZC–LPSC sample, which

is only observed in the HT-110 and HT-150 samples in the case of LZC–LPS. We note that,

while the average particle size of the annealed LPSC is larger than that of the annealed LPS,

particle size effects are not significant. Indeed, additional stability tests were conducted on

LZC–LPSC mixed pellets comprising smaller LPSC particles on average (average particle

size of ∼1 µm), with results presented in Figure S16. Despite the larger contact area between

the LZC and LPSC particles, no degradation is observed at temperatures probed below

300 °C, and the relative fraction of decomposition phases observed by XRD and ssNMR in
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the HT-300 sample is lower than when using larger LPSC particles.

2.2 Bilayer reactivity from first-principles calculations

Table 1: Reaction enthalpies ∆H (in kJ mol−1) computed from first principles
for the LZC–LPS and LZC–LPSC pairings.

LZC–LPS pairing ∆H
0.5714Li3PS4 + 0.4286Li2ZrCl6 → 0.1429ZrP2S7 + 0.1429Zr(PS3)2 + 0.1429ZrS3 + 2.571LiCl –59
0.6667Li3PS4 + 0.3333Li2ZrCl6 → 0.1667ZrP2S7 + 0.1667Li4P2S6 + 0.1667ZrS3 + 2LiCl –50
0.7619Li3PS4 + 0.2381Li2ZrCl6 → 0.2381ZrS3 + 0.3333Li4P2S6 + 0.04762P2S7 + 1.429LiCl –36
LZC–LPSC pairing ∆H
0.4444Li6PS5Cl + 0.5556Li2ZrCl6 → 0.2222Zr(PS3)2 + 0.1111ZrS2 + 0.2222ZrS3 + 3.778LiCl –96
0.5714Li6PS5Cl + 0.4286Li2ZrCl6 → 0.1429ZrS2 + 0.2857Li4P2S6 + 0.2857ZrS3 + 3.143LiCl –90
0.6667Li6PS5Cl + 0.3333Li2ZrCl6 →0.3333ZrS2 + 0.6667Li3PS4 + 2.6667LiCl –74

First-principles calculations were conducted to determine the thermodynamic driving

force for decomposition of the LZC–LPS and LZC–LPSC pairings and identify possible

reaction pathways. All binary, ternary, and quaternary phases (and relevant polymorphs)

containing Li, Zr, P, S, and Cl in the Inorganic Crystal Structure Database (ICSD)92 and

the Materials Project database93 were considered in this analysis. In addition, whenever

the experimentally observed polymorph of LZC, LPS, or LPSC was found to be metastable

(above the convex hull), its energy was lowered to bring it onto the hull. For example,

although LPS forms various polymorphs,94 the β-phase observed at ambient conditions was

brought onto the hull. Additional calculation details can be found in Section S1.6. All

chemical reactions derived from the Li-P-S-Cl-Zr phase diagram are listed in Table 1, along

with their reaction enthalpies, ∆H. These reactions show negative ∆H values signifying a

net driving force for chemical decomposition and confirming that neither LZC–LPS nor LZC–

LPSC is thermodynamically stable. Given that the LZC, LPS, and LPSC electrolytes tested

in this work likely present some amount of off-stoichiometry, e.g., due to Li and P volatility

during synthesis,95–97 favorable reactions identified based on a stoichiometric phase diagram

may not be sufficient to accurately predict the decomposition products,98 and combinations
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of the reactions listed in Table 1 should be considered rather than the most favorable reaction

(with the most negative ∆H). From this Table, the predicted decomposition products include

binary phases such as ZrS2, ZrS3, LiCl, P2S7, and ternary phases such as ZrP2S7, Zr(PS3)2,

and Li4P2S6, all of which are thermodynamically stable. The formation of LiCl, ZrS2, or

ZrP2S7 results from metathesis with no oxidation state changes. In contrast, the formation

of ZrS3 or P2S7 involves partial oxidation of the S2– anions in the initial Li3PS4 and Li6PS5Cl

electrolytes to form discrete disulfide units, S 2–
2 , or polysulfide chains, while the formation

of Zr(PS3)2 and Li4P2S6 results from reduction of P5+ in Li3PS4 and Li6PS5Cl to P4+.

2.3 Relating the predicted and observed reactivity of chloride and

thiophosphate solid electrolytes

The experimental and computational findings presented here provide complementary insights

into the chemical compatibility of LZC with LPS or LPSC. The experimental results un-

equivocally show that the LZC–LPSC pairing is significantly more stable than LZC–LPS,

with no sign of decomposition up to 260 °C on heating the combined powders (compared

to 90 °C for LZC–LPS). By contrast, the reaction enthalpies predicted for the LZC–LPSC

system, in the range of −74 to −90 kJ mol−1, are greater than those predicted for the LZC–

LPS system, ranging from −36 to −59 kJ mol−1, suggesting more favorable decomposition

of the former pairing. We believe that kinetic factors likely contribute to the observed

stability of LZC–LPSC, which are not directly captured in our first-principles predictions.

However, DFT calculations are the key to identifying possible decomposition products and

thermodynamically stable solid electrolyte pairings, as shown in our recent work.60

Now, considering the reaction pathways of the two pairings, many of the computationally

predicted decomposition phases are observed experimentally. Irrespective of the specific

reaction pathway and pairing, LiCl is always predicted as a major decomposition product,
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consistent with its significant and negative formation energy and in good agreement with its

rapid formation from the onset of degradation of the electrolyte pair. Similarly, γ-Li3PS4 is

predicted and observed on decomposition of LZC in contact with LPSC. For LZC–LPS, this

phase is observed at intermediate heat treatment temperatures, consistent with the DFT

results, indicating that it is not a stable degradation product. ZrSx phases are predicted

to form in all the reaction pathways listed in Table 1. They are also detected in the HT-

300 sample for the two pairings, but the formation of both ZrS2 and ZrS3 is only correctly

predicted for the LZC–LPSC system.

While the LixZryP2S6 observed in the HT-300 sample for the two pairings resembles the

predicted Li4P2S6 phase, its structure is more closely related to layered Li2MP2S6 (M = V,

Mn, Fe, Co, Ni, and Zn) compounds.79 This prompted us to investigate the stability of two

potential layered compounds, LiZr(PS3)2 and Li4Zr(PS3)4, containing Zr3+ and Zr4+, respec-

tively. Although LiZr(PS3)2 was found to lie 70 meV/atom above the hull, Li4Zr(PS3)4 was

found to be metastable, lying only 26 meV/atom above the hull. Therefore, this compound

is a possible decomposition product that is consistent with our experimental findings. Fi-

nally, the LixZryP2S6 phase appears to replace the predicted stable P2S7-containing phases

predicted to form for the LZC–LPS pairing. This observation is in line with previous re-

ports indicating that P2S7-containing phases can decompose into P2S6-containing phases

and sulfur during a heat treatment.83,87 A summary of possible sources of discrepancy be-

tween experimental observations and computational predictions of chemical compatibility is

provided in Section S9 of the Supplementary Information.

2.4 Li-ion Transport in Bilayer LZC–LPSC Separators

The interface between the two solid electrolytes must both be stable and sufficiently con-

ductive to Li-ions to enable high-performance dual-electrolyte solid-state batteries. In this

section, we focus on the LZC–LPSC pairing and investigate Li+-ion transport in the bulk of
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Figure 4: Li self-diffusion coefficients in the LZC and LPSC phases and corre-
sponding activation energy barriers obtained from fits of the 7Li PFG NMR data
collected at 7.05 T on pressed pellets of as-synthesized LZC, as-received LPSC,
and mixed LZC–LPSC.
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the electrolytes and at their interface using microscopic and macroscopic methods.

7Li pulsed-field gradient NMR (PFG-NMR) measurements were conducted on pellets of

as-prepared LZC, as-received LPSC, and mixed LZC–LPSC (without any anneal or heat

treatment) to monitor the evolution of the Li self-diffusion coefficients of the LZC and LPSC

components upon mixing. The self-diffusion coefficient (DLi) and activation energy barrier

(Ea) for Li+-ion transport within the LZC and LPSC phases before and after mixing and over

the 26–78 °C range are plotted in Figure 4. Actual values and data acquisition parameters are

listed in Tables S2 and S3, and a description of the PFG-NMR data analysis is provided in

Section S10 of the Supplementary Information. A single Li diffusing environment is observed

for each of the single-phase LPSC and LZC pellets: DLi equals 2.66 × 10−12 and 1.64 ×
10−13m2 s−1, and Ea equals 0.33 eV and 0.44 eV for LPSC and LZC, respectively, at room

temperature. These diffusivity values correspond to conductivities of 4.14mScm−1 for LPSC

and 0.09mScm−1 for LZC, calculated using the Nernst-Einstein equation, which assumes

uncorrelated Li+-ion hops.99,100 The diffusion length scale r probed in these experiments is

determined using r = √6DLi∆, where ∆ is the diffusion time. r ranges from 1.1 to 2.3 µm

for LPSC, and from 0.79 µm to 1.5 µm for LZC, over the 26–78 °C range (Table S2). Since

LPSC particles are on the order of 70 nm to 4 µm, and LZC particles on the order of 30 nm

to 2 µm (Figures S3c and S7d), the DLi and Ea values reported represent a mixture of intra-

and inter-grain diffusion.

Two Li diffusing environments are detected for the mixed LZC–LPSC pellet, which are

attributed to the LPSC and LZC phases. The differing NMR relaxation properties (longitu-

dinal or T1, and transverse or T ∗2 ) of the two phases were leveraged to isolate the contribution

from each to the overall 7Li NMR signal decay and extract a phase-specific DLi constant,

as explained in more detail in Section S10. DLi equals 3.00 × 10−12 and 2.60 × 10−13m2 s−1,

and Ea equals 0.34 eV and 0.38 eV, for LPSC and LZC, respectively, at room temperature.

The LPSC-focused measurements probe diffusion lengths on the order of 1.2–1.3 µm, and
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the LZC-focused experiments probe diffusion lengths on the order of 0.7–2.8 µm, and once

again the DLi and Ea values reported represent a mixture of intra- and inter-grain diffu-

sion. Overall, for LPSC, DLi and Ea increase slightly (within error for Ea) upon mixing.

In contrast, for LZC, DLi increases and Ea decreases significantly upon mixing. The appar-

ent improvement in the Li+-ion transport properties of the LZC component upon mixing is

unlikely to result from improved transport within LZC grains and across their boundaries.

It could instead be due to facile Li diffusion across or along the LZC–LPSC interface, and

mixing in of Li+-ion transport within the LPSC phase.

Further evidence for a Li-conductive LZC–LPSC interface comes from variable-temperature

(VT) solid-state NMR measurements on a mixed LZC–LPSC powder sample (Figure S19).

Here, the electrolytes were annealed separately to 300 °C before mixing to prevent any evo-

lution of the NMR lineshape due to crystallization upon heating in the NMR probe, as

has been observed in related systems.30 Despite the reduced conductivity of the annealed

LZC phase and measurement on a loose powder sample, the LZC and LPSC 6Li resonances

broaden and shift towards one another upon increasing the temperature from 34.7 to 67.8 °C,

indicating slow Li chemical exchange between these two phases on the NMR timescale.85

To complement insights gained from NMR, electrochemical impedance spectroscopy (EIS)

measurements were conducted at a series of temperatures from −70 to −48 °C on pressed

pellets of as-milled LZC and as-received LPSC, and on LPSC|LZC|LPSC sandwich pellets.

The parameters obtained from the fits and analysis of the EIS results are listed in Table S4.

The procedure used to analyze the results is described in Section S12 in the Supplementary

Information, along with a discussion of the results obtained on the single-phase pellets shown

in Figures S20 and S21.

While the bulk and grain boundary contributions are successfully separated in the case

of the single-layer pellets, significant overlap between the bulk and grain boundary contribu-

tions from the two electrolytes precludes a full deconvolution of the EIS spectra obtained on
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the LPSC|LZC|LPSC sandwich pellet (Figure S22a), even when starting from the parame-

ters derived from the single-phase pellets. However, the interfacial impedance contribution

appears at sufficiently low frequencies101 (higher time constants) that it can readily be sep-

arated from the bulk and grain boundary contributions using the distribution of relaxation

times (DRT) method (Figure S22b). Fitting this contribution across the −70 to −48 °C tem-

perature range yields capacitances varying from 1.1 × 10−7 to 7.3 × 10−6 F, i.e., in the range

expected for conduction across an interface.102 A room temperature interfacial resistance of

7Ω (or 4.2Ωcm−2) is extrapolated from an Arrhenius fit of the low temperature data, along

with an interfacial activation energy of 0.47 ± 0.02 eV (Figure S22c). The total impedance

of the sandwich pellet was measured to be 453Ω at room temperature, corresponding to a

conductivity of 0.659mScm−1. Thus, the interfacial resistance only accounts for 1.5 % of the

pellet’s total impedance, suggestive of facile Li+ ion transport between the LZC and LPSC

phases.

Finally, EIS measurements were conducted on the same LPSC|LZC|LPSC sandwich pel-

let after it was subjected to a 24-hour, 110 °C heat treatment under a uniaxial pressure of

75 MPa, with results presented in Figure S23. At room temperature, the total impedance

of the pellet is 638Ω and its conductivity is of 0.468mScm−1. The increase in the pellet’s

impedance is primarily attributed to crystallization of LZC at moderate temperatures, which

decreases its conductivity55 as shown in Figure S24 and described in Section S12. The inter-

facial activation energy remains constant (within error from the fit) at 0.43±0.03 eV after the

heat treatment. The room temperature interfacial resistance increases by an order of mag-

nitude to 70Ω (44Ωcm−2), but still only accounts for 11 % of the pellet’s total impedance.

Overall, the low interfacial resistances measured on the sandwich pellet underscore the for-

mation of a highly conductive LZC–LPSC interface that is not drastically affected by a

110 °C heat treatment. Hence, this pairing is viable for dual-electrolyte solid-state batteries

and compatible with typical processing and operating conditions.
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2.5 Electrochemical performance of a dual electrolyte LZC-LPSC

solid-state battery

Finally, the LZC–LPSC electrolyte pairing was tested in SSBs comprising a Li-In anode and

a LiNi0.8Mn0.1Co0.1O2 (NMC811) + LZC + vapor-grown carbon fiber (VGCF) composite

cathode. Duplicate cells were assembled using a Li0.5In|LPSC|NMC811+LZC+VGCF single-

layer or Li0.5In|LPSC|LZC|NMC811+LZC+VGCF bilayer architecture and cycled at C/3

and 30 °C between 2.5–4.25 V vs. Li/Li+ for 200 cycles for the single-layer cells and 500

cycles for the bilayer cells, after three formation cycles at C/10. The capacity retention of

single-layer and bilayer cells over the first 200 cycles, averaged over duplicate cells, are plotted

in Figure 5a, and representative voltage and differential capacity curves obtained during the

second cycle at C/10 are presented in Figure 5b. The evolution of the electrochemical profile,

discharge capacity and coulombic efficiency with cycling, for individual cells, is presented in

Figures S25 and S26.

The bilayer cells show significantly higher capacity retention (90.0 % on average) than

the single-layer cells (63.0 % on average) after 200 cycles, and an impressive 83.8 % capacity

retention after 500 cycles, as shown in Figures S26a,b. Bilayer cells additionally exhibit a

slightly lower voltage hysteresis, a higher energy density, and higher coulombic efficiencies on

average than single-layer cells (see Table S5). While both cell architectures exhibit similar

capacities and low overpotentials during the formation cycles (Figure 5b), the performance of

the single-layer cells rapidly degrades, which is likely due to oxidation of the LPSC on contact

with the NMC811 and VGCF components of the composite cathode during cycling. Hence,

the additional layer of the LZC catholyte is necessary to maintain stable electrode-electrolyte

interfaces and cycling performance. Although the capacity retention observed for both cell

architectures is significantly higher than that reported for similar halide|thiophosphate dual

electrolyte cells using polycrystalline transition metal oxide cathodes,38,39,44,45,48,54,63 the spe-
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LPSC

Li-In anode

Single layer

NMC-LZC
LPSC

Li-In anode

LZC

Bilayer

NMC-LZC

Figure 5: (a) Capacity retention of single-layer and bilayer LZC–LPSC cells cy-
cled at C/3 and 30 °C between 4.25-2.5 V vs. Li/Li+ after three formation cycles
at C/10. The composite cathode comprises 66 wt.% NMC811, 31 wt.% LZC,
and 3 wt.% VGCF, and the anode is Li0.5In. Specific discharge capacities are
computed with respect to the mass of active material in the composite cathode.
Inset: Schematics of solid-state batteries with single-layer and bilayer architec-
tures. (b) Representative electrochemical profiles obtained during the second
cycle of galvanostatic cycling at C/10 for the single-layer and bilayer cell archi-
tectures. Inset: Corresponding differential capacity (dQ/dV) vs. voltage (V)
curves.

cific capacities observed are still low relative to the theoretical capacity of the NMC811

cathode (200 mAh g-1),103 due in part to first-cycle irreversibilities (see Figure S27). Hence,

further optimization of the synthesis and processing of component materials, of the electrode

and cell architectures, and of cell assembly, is required to achieve greater cathode utilization,

improve the cell’s energy and power density, and further reduce the overpotential. For ex-

ample, single-crystalline NMC811 and LiNi0.88Co0.11Al0.01O2(NCA88) cathodes have shown

excellent capacity retention over 100-200 cycles in LZC–LPSC dual electrolyte cells,37,55 and

could be leveraged to further improve the cell performance demonstrated in this study.

Overall, the impressive capacity retention observed for bilayer LZC–LPSC cells indicates

that this pairing is kinetically stabilized under normal battery operating conditions and could

enable the development of high-energy-density solid-state batteries comprising a high-voltage

oxide cathode and low-voltage metallic anode.
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2.6 Design principles for stable electrified interfaces in electrochem-

ical devices

Identifying component materials that form stable electrified interfaces is key to developing

durable and performant electrochemical devices, including batteries, fuel cells, and sensors.

In this section, we propose several criteria for designing such interfaces, drawing from the

present study.

This work has revealed that an anolyte-catholyte pairing (LZC–LPSC) that is not ther-

modynamically stable may still form a kinetically stabilized interface over hundreds of charge-

discharge cycles, showing promise for practical applications. We hereafter suggest possible

factors contributing to the greater stability of the LZC–LPSC system compared to that of

LZC–LPS. Since particle size effects were ruled out in an earlier section, we focus hereafter

on compositional and structural factors. We first consider the impact of the oxidation state

and size of the species present in the reacting phases on the kinetics of the decomposition

process, and hypothesize that the higher the valence and the larger the size of the ion, the

higher the energy barrier for ion migration, resulting in more sluggish decomposition re-

actions. Redox-type decomposition pathways will generally decrease the formal oxidation

state of the species in the phases in contact, potentially increasing their propensity to mi-

grate. For the two electrolyte pairings of interest, the migration of high-valent Zr4+ and P5+

species may be rate-limiting. In contrast, monovalent Li+ and Cl– ions can readily migrate

to form decomposition products. P5+ interdiffusion from PS3−
4 units also necessitates the

breaking of four strong P-S bonds, which may further slow down the decomposition pro-

cess. Given that the LZC–LPS and LZC–LPSC systems comprise similar species (albeit in

different concentrations) and form similar decomposition products (with minor differences

noted earlier), it is unlikely that the oxidation state and size of the ions in the starting and

intermediate phases account for the apparent differences in decomposition kinetics. How-
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ever, these parameters may be more generally relevant to materials selection when designing

stable electrified interfaces.

Besides the oxidation state and size of the migrating species, the transformation pathway,

including the distances over which high-valent species must migrate to form the decompo-

sition product, likely influence the kinetics of the process. Using an opposite approach to

topochemical reactions, where the crystal structure of the precursor dictates that of the

product, we hypothesize that the more dissimilar the structures of the initial and decom-

position phases, the slower the decomposition reaction. The shortest distance between P5+

species in LPS, LPSC, and in the proposed Li4Zr(PS3)4 decomposition product are ∼5.1,

∼7.0, and ∼2.3 Å, respectively. Hence, the apparent greater stability of the LZC–LPSC in-

terface compared to LZC–LPS may result from P5+ species having to travel a significantly

longer distance to form P2S
4–

6 dumbbells starting from the argyrodite structure than from

LPS. These observations suggest that structural disparity between the materials forming the

interface and potential decomposition products is another relevant criterion for designing

stable electrified interfaces.

The kinetics of LZC–LPSC degradation may be further impacted by the production of

LiCl from the decomposition of both LPSC and LZC. According to Le Chatelier’s principle,

which states that if a chemical reaction is at equilibrium and experiences a change in the

concentration of products or reactants, the equilibrium shifts in the opposite direction to

offset the change, the formation of LiCl from decomposition of LZC or LPSC should impede

further degradation, effectively stabilizing the interface. Hence, the design of stable electrified

interfaces may benefit from using materials that share common decomposition products.

Rather than preventing or slowing down interfacial degradation, an alternative approach

may be to harness the formation of passivating decomposition phases. To achieve this,

the composition of the two materials in contact must be carefully optimized to favor the

formation of decomposition products that are electronically insulating but conductive to the
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ion of interest, preventing further degradation.

Overall, the results herein reveal a lack of fundamental understanding of reactivity at

electrified interfaces. We propose several materials design principles toward developing stable

interfaces, which we hope will be tested for various interfacial chemistries and applications.

3 Conclusion

In this study, the chemical and electrochemical compatibility between a chloride (Li2ZrCl6

(LZC)) and two common thiophosphate (Li3PS4 (LPS) and Li6PS5Cl (LPSC)) solid elec-

trolyte materials were examined, in the search for a stable pairing for applications in energy-

dense dual electrolyte solid-state batteries (SSBs). Chemical compatibility was assessed

through heat treatments of solid electrolyte powder mixtures and a lower onset reaction tem-

perature was determined for the Li2ZrCl6–Li3PS4 pairing (90 °C) compared to the Li2ZrCl6–

Li6PS5Cl pairing (260 °C). The decomposition products were identified for each pairing

using X-ray diffraction, solid-state nuclear magnetic resonance (ssNMR), X-ray photoelec-

tron spectroscopy, and Raman spectroscopy. After a 300 °C heat treatment, the two pairings

were found to form LiCl, a proposed layered LixZryP2S6 phase, ZrS2 and ZrS3, S8, as well as

γ−Li3PS4 for the LZC–LPSC pairing. Consistent with those findings, first-principles calcula-

tions indicated that neither pairing is thermodynamically stable. However, a higher reaction

energy was predicted for the Li2ZrCl6–Li6PS5Cl combination, suggesting that sluggish re-

action kinetics are responsible for its observed stability up to 260 °C. Focusing thereafter

on the LZC–LPSC pairing, rapid Li-ion transport between the LZC and LPSC phases was

evidenced by ssNMR, and a remarkably low interfacial resistance of 4.2Ωcm−2 was deter-

mined by electrochemical impedance spectroscopy, accounting for only 1.5 % of the total

resistance of a sandwich LPSC–LZC–LPSC pellet. The LZC–LPSC dual electrolyte was

evaluated in SSBs comprising a LiNi0.8Mn0.1Co0.1O2 cathode and a Li-In anode. Although
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dual electrolyte cells comprising a single electrolyte layer performed reasonably well, with

63.0 % of their initial capacity retained after 200 cycles, cells with a bilayer architecture

exhibited a remarkable 90.0 % capacity retention under similar conditions, and 83.8 % ca-

pacity retention after 500 cycles. Those results indicate that the LZC–LPSC interface is

kinetically stabilized under battery operating conditions, but an additional layer of the LZC

catholyte between the LPSC electrolyte and the cathode composite is necessary to prevent

any reactivity between the NMC811 cathode or conductive carbon and LPSC. Overall, we

have identified a solid electrolyte pairing (LZC and LPSC) that is kinetically stabilized for

hundreds of charge-discharge cycles and is highly conductive to Li-ions, showing great po-

tential for use in energy-dense dual electrolyte SSBs. Based on these findings, we propose

several criteria for designing stable electrified interfaces for a wide range of electrochemical

devices.
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