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Abstract

Considering the lack of solid electrolytes that are electrochemically stable in contact

with a high-voltage cathode and a low-voltage metallic anode, bilayer separators in

all-solid-state batteries are gaining increasing attention. However, previous studies

have shown that the chemical reactivity between the materials comprising the elec-

trolyte bilayer is one of the contributing factors to the deterioration of battery per-

formance during cycling. Here, we computationally screen the chemical compatibility
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of an extensive range of materials forming a bilayer separator using first-principles

calculations. Notably, several bilayer separators are found to be thermodynamically

stable, amongst them, the stability of the Li3PO4/Li3InCl6 pairing is further verified

experimentally using a combination of X-ray diffraction, solid-state nuclear magnetic

resonance, and X-ray photoelectron spectroscopy.This study underscores the impor-

tance of understanding the chemical compatibility of bilayer separators when engi-

neering high-energy density all-solid-state batteries.

A net reduction of greenhouse gas emissions can be achieved by increasing the use of re-

newable energy sources, such as solar, wind, hydrothermal, and hydroelectric. However,

most of these sources can only supply power intermittently and require energy storage

platforms, such as rechargeable batteries, to deliver energy based on demand. Lithium-

ion batteries (LIBs) are widely used as energy storage platforms in millions of portable

devices. Still, LIBs have several shortcomings preventing their increased acceptance in ve-

hicular transportation and large infrastructure installations. For example, LIBs rely on

flammable liquid organic electrolytes, which pose a safety risk.1 The gradual increase in

the energy density of commercial LIBs witnessed over the past few decades is expected

to level out save for disruptive innovations in materials chemistry and device architec-

tures.1 One promising path towards safer LIBs is the development of all-solid-state bat-

teries (ASSBs),2–4 comprising non-flammable inorganic solid electrolytes (SEs). While

maintaining Li-ion conductivities comparable to or better than liquid electrolytes, SEs act

as physical separators; they are perceived to improve safety by compartmentalizing the

high reactivity of the anode and cathode materials, preventing any leakage and reducing

gassing, which is common in liquid batteries.3 In addition, ASSBs may enable higher en-

ergy densities by replacing the graphite anode in LIBs with an energy-dense Li-metal an-

ode, increasing the battery capacity and voltage.5–7 Finally, ASSBs enable the stacking of

bipolar electrodes, reducing dead weight from casing, and improving the cell-level energy

density.8,9
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Numerous studies have focused on finding inorganic SEs enabling fast Li-ion transport (in

the order of mS cm−1),2,10 with sulfides, oxides, and ternary halides amongst the most

widely explored SEs. Sulfide SEs show high mechanical deformability, allowing for their

implementation in ASSBs via simple cold-pressing processes.3,11–13 However, sulfides ex-

hibit poor oxidative (anodic) stability, reacting with high-voltage layered oxide positive

electrode materials.14–16 Oxide-based SEs exhibit wider electrochemical stability windows

than sulfide SEs.14,15 However, achieving sufficient Li-ion conductivities in oxides require

dense pellets obtained through energy-intensive sintering processes, which are difficult to

scale.3,17 Additionally, the ionic conductivity of oxide SEs is typically lower than that of

sulfide SEs.11–13 Finally, ternary halide SEs, with formula LiiMX j (X= F, Cl, Br; i and j

determined by the oxidation state of metal M) display high electrochemical oxidative sta-

bilities (>4 V vs. Li/Li+),18–22 but are unstable against Li metal.23

From this analysis, it is evident that none of the SEs mentioned above can simultane-

ously provide adequate ionic conductivity and good chemical and electrochemical stability

against the electrodes, as required to achieve viable ASSBs.14,15,24,25 The inherent reac-

tivity results in the formation of undesired decomposition products at the electrode/SE

interfaces, creating additional interfaces and increasing the interfacial (contact) resistance

for Li-ion conduction, with detrimental effects on battery performance.5,16,24

One practical strategy to solve this issue is to combine two SEs with different chemical

and electrochemical stabilities to form bilayer composite separators.16,26–28 In these com-

posites, the anolyte is the SE in direct contact with the low voltage negative electrode ma-

terial (e.g. graphite, or Li-metal, and its alloys), and the catholyte is the SE in contact

with the high-voltage (typically, a layered oxide) positive electrode material.

Based on their electrochemical properties, sulfide, and oxide SEs are best employed as

anolytes, whereas ternary halide SEs are well suited for catholyte applications. Several

studies have claimed improved electrochemical performance of ASSBs using bilayer separa-

tors: Li6PS5Cl/Li3InCl6;23,29–32 Li6PS5Cl/Li3YCl6;27,33,34 Li6PS5Cl/Li2ZrCl6;35–37 Li10GeP2S12(LGPS)/Li3InCl6;21,38
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LGPS/Li2ZrCl6.39 However, other investigations on similar bilayer based ASSBs have re-

ported battery performance degradation enabled by specific SE pairings, such as Li6PS5Cl/Li3InCl6;16,34,40–45

Li6PS5Cl/Li3YCl6;42 Li6PS5Cl/Li2ZrCl6;34 Li3PS4/Li3InCl6.40 This degradation has been

linked to the chemical incompatibility of specific anolyte and catholyte combinations with

the formation of interfacial decomposition products. From these studies emerges the need

to identify chemically compatible SEs to form stable and practical bilayer separators.

Screening with first-principles calculations, we analyze the thermodynamic chemical com-

patibility of an extensive range of inorganic materials, including oxide and sulfide SEs as

anolytes and ternary halide SEs (chlorides and fluorides) as catholytes, for their potential

use as bilayer separators in ASSBs. We find that Li3PS4 and Li3PO4 are the least reactive

anolytes when in contact with halide catholytes. We identify a few bilayer interfaces that

are thermodynamically stable upon contact. The Li3PO4/Li3InCl6 combination is exam-

ined experimentally for these few SE pairings that are predicted to be stable. Results from

solid-state nuclear magnetic resonance (ssNMR), X-ray diffraction (XRD), X-ray photo-

electron spectroscopy (XPS), and Raman spectroscopy suggest the excellent chemical com-

patibility of the Li3PO4/Li3InCl6 bilayer.

Methodology to Assess the Chemical Compatibility of

Bilayer Separators

In this letter, we investigate two types of bilayer separators: sulfide/halide and oxide/halide

combinations. Ternary halides, with formula LiiMX j (with X = Cl, and F) are always in-

tended as the catholyte material. Table 1 shows the possible combinations of anolytes and

catholytes considered in this study, totaling 72 distinct bilayer interfaces.

To efficiently survey the large compositional space covered by the material combinations

of Table 1, we use first-principles calculations, based on density functional theory (DFT),

to probe their thermodynamic stability upon contact, often referred to as “chemical sta-
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Table 1: Materials used as catholyte and anolyte in this analysis. Starting from this list,
all possible combinations of anolyte/catholyte are explored.

Catholytes Anolytes
Chlorides: Li2ZrCl6, Li3InCl6, Li2ZnCl4, Li3YCl6, and LiAlCl4 Oxides: Li2O , Li3PO4, and Li7La3Zr2O12

Fluorides: Li2ZrF6, Li3InF6, LiYF4, and Li3AlF6 Sulfides: Li2S, Li3P,∗ Li3PS4, Li6PS5Cl, and Li10Ge(PS6)2

∗Li3P is included sulfide SEs.

bility”.46 Knowledge of the interfacial phase diagrams enable us to identify the relevant

degradation reactions that may occur upon contact between anolytes and catholytes. For

example, to investigate the chemical stability of Li3PS4 (anolyte) with Li3InCl6 (catholyte),

we evaluated the Li-P-S-Cl-In quinary phase diagram. Using DFT, we computed the sta-

bility of all elements, as well as binary, ternary, quaternary, and unknown quinary com-

pounds within this phase field, at ambient temperature and pressure.

Unless explicitly mentioned, we report the predicted chemical reactions and their enthalpies

after implementing two thermodynamic corrections on the DFT data. The first correc-

tion deals with the computed formation energies (FEs) of oxygen and sulfur-containing

compounds, affected by the significant systematic overbinding error for sulfur and oxygen

molecules introduced by the generalized gradient approximation (GGA).47,48 The second

thermodynamic correction aligns the computed FEs with the experimental formation en-

ergies reported in the literature.49,50 The chemical formulae of these compounds, and their

experimental formation energies, are listed in Table S6. Reactions and enthalpies incorpo-

rating only the first correction are presented in Table S3 and Table S4.

In this extended search, we consider compounds from the Inorganic Crystal Structure

Database (ICSD),51 a set augmented by hypothetical phases from the Materials Project

database52 with metastability equal to or less than 30 meV/atom above the stability line

(convex hull). For hypothetical compounds, we discard structures where volume changes

upon DFT relaxation exceed 20%. Whenever possible, we consider polymorphs of com-

pounds closely matching the structures reported in the ICSD as thermodynamically stable

phases. The procedure to identify all possible decomposition reactions and their enthalpies
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is described in further detail in the section "Bilayer Reactivity from First-principles Calcu-

lations".

The chemical stability of an interface is determined by evaluating the "spontaneity" of the

reaction triggered upon contact of the anolyte and catholyte materials. Eq. 1 defines the

decomposition reaction forming n decomposition products based on a given anolyte/catholyte

pair. This reaction is accompanied by a reaction enthalpy ∆H in kJ mol−1 (implying one

mole of total reactants). Thus, the spontaneity of Eq. 1 is entirely determined by the change

in Gibbs free energy, which is approximated in the rest of this letter by ∆H. Thus, a de-

composition reaction is spontaneous when ∆H < 0, and more negative the value of ∆H,

the greater the thermodynamic driving force for decomposition. We monitor the magni-

tude of ∆H as the main descriptor to quantify the chemical stability of an interface.

anolyte + catholyte
∆H←−→

n∑
i=1

producti (1)

Here, we report the reaction with the predicted lowest (most negative) ∆H from the anal-

ysis of the appropriate multi-component phase diagram. Additional reactions with more

positive ∆H values are tabulated in the Supporting Information (SI).

As an example of application of Eq. 1 to a real system, we consider the chemical reactivity

of Li3PS4 as anolyte and Li3InCl6 as catholyte:

0.5 Li3PS4 (anolyte) + 0.5 Li3InCl6 (catholyte)
∆H (−75 kJ mol−1)
−−−−−−−−−−−−−→ 0.5 InPS4 + 3 LiCl (2)

The reaction products resulting from Eq. 2 include a binary salt LiCl and a ternary thio-

phosphate InPS4. Notably, the reaction presented in Eq. 2 is not a redox reaction, i.e., it

does not involve a change in the oxidation states of the chemical species. It is instead a

metathesis reaction. Further, the calculated reaction enthalpy of Eq. 2, ∆H = –75 kJ mol−1

is substantial. In practice, the value of ∆H is computed from the difference between the

FEs of products and reactants as ∆H = 3×FE(LiCl) + 0.5×FE(InPS4) – 0.5×FE(Li3PS4)

– 0.5×FE(Li3InCl6). Here, FE is intended as the energy change to form a compound from

its elemental constituents in their stable states at ambient conditions (298 K and 1 atm);

for example, the formation energy of LiCl is the energy change associated with the reac-
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tion Li(s) + Cl2(g) −→ LiCl(s). We note that the formation of quinary compounds based on

Li–P–S–In–Cl, and with varying stoichiometries, were also considered. While we found no

enthalpic gain in forming these quinary compounds upon mixing Li3InCl6 and Li3PS4 at

room temperature (i.e., under typical battery operation conditions), such decomposition

products may form at very high temperatures, due to entropic stabilization.

Reactivity of Sulfide Anolytes with Chloride Catholytes

We apply Eq. 1 to find all plausible decomposition reactions when mixing, pairs of sulfide

anolytes and chloride catholytes listed in Table 1. Figure 1(a) shows the heatmap for their

computed DFT reaction enthalpies ∆H (in kJ mol−1).

From Figure 1(a), we observe that among the sulfide SEs, Li3PS4 shows the least reactiv-

ity with any of the ternary chlorides, with Li3PS4/LiAlCl4 interface featuring as the least

reactive. Sulfide anolytes show the mildest reactivity when in contact with LiAlCl4 and

Li3YCl6 chloride catholytes. In contrast, sulfide anolytes appear the most reactive with

Li3InCl6.

Given that Li2S and Li3P are common decomposition products of sulfide electrolytes (e.g.,

Li6PS5Cl, Li3PS4, and Li10Ge(PS6)2 (LGPS)) at low potentials, for example, when in con-

tact with Li-metal,14,24,25,53 it is important to analyze the reactivity of these binary com-

pounds (i.e., Li2S and Li3P) with the catholytes of interest. For Li2S, the lowest and the

highest reaction enthalpies vary between –58 kJ mol−1 and –89 kJ mol−1 for Li3YCl6 and

Li3InCl6, respectively. Amongst the anolytes studied here, we find Li3P to be the most re-

active; the highest reactivity is observed when Li3P is paired with Li3InCl6 (–236 kJ mol−1),

and the least reactivity is observed when it is paired with Li3YCl6 (–128 kJ mol−1).

We next analyze the reactivity of the argyrodite electrolyte, Li6PS5Cl with the chloride

catholytes listed in Table 1. Li6PS5Cl has a high Li-ion conductivity in the range of 1-

10 mS cm−1 at room temperature,54–56 and can be processed using a simple cold-pressing

method, making it a viable SE for ASSBs.57 Our results suggest that Li6PS5Cl reacts with
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Figure 1: Chemical compatibility of anolytes and ternary chloride and fluoride catholytes
(LiiMXj with X = F or Cl) in terms of computed ∆H (in kJ mol−1).The anolytes are sul-
fides in panels (a) and (c) and are oxides in panels (b) and (d). The catholytes are chlo-
rides in panels (a) and (b) and are fluorides in panels (c) and (d). ≥0 kJ mol−1 indicates
absence of reactivity.

all of the chloride catholytes studied here, with ∆H ≤ −67 kJ mol−1. LiCl always fea-

tures as a major (defined in terms of the number moles of LiCl per reaction) decomposi-
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tion product for all pairs of Li6PS5Cl and chloride catholytes. This observation is also true

for all other sulfide anolytes studied here.

The most and least reactive pairs are shown in Eqs. 3 and 4:

0.6 Li3InCl6 + 0.4 Li6PS5Cl
∆H (−113 kJ mol−1)
−−−−−−−−−−−−−−→ 0.4 InPS4 + 0.2 LiInS2 + 4 LiCl (3)

0.6 LiAlCl4 + 0.4 Li6PS5Cl
∆H (−67 kJ mol−1)
−−−−−−−−−−−−−→ 0.2 LiAlS2 + 0.4 AlPS4 + 2.8 LiCl (4)

In addition to LiCl, reaction products include metal thiophosphates (InPS4 and AlPS4)

and lithium metal sulfides (LiInS2 and LiAlS2). No change in the formal oxidation states

of the elements occurs in Eqs. 3 and 4, classifying them as metathesis reactions.

Next, we extend this analysis to all bilayers formed between sulfides and chloride catholytes

and use pie charts to represent the distribution of reaction products, as shown in Figure 2.

This figure only reports the reactions with the most negative values of ∆H. Pie charts il-

lustrating the reaction of LGPS and Li3P (as anolytes) with chloride catholytes are in Fig-

ure S1 of the SI.

The pie charts in Figure 2 reveal that LiCl always accounts for at least 75 mol% of the

reaction products. Interestingly, similar reaction products are observed from the metathe-

sis reactions between sulfides (except LGPS) and Li3InCl6, Li3YCl6, or LiAlCl4, as shown

in Table S1 in the SI. This could be due to the common (3+) oxidation state of the tran-

sition metal in the chloride catholytes containing In, Y, or Al. In the case of LGPS, its

reaction with Li3InCl6 is redox in nature, as revealed by the apparent changes in the oxi-

dation states of the P (+5 in LGPS to +4 in In2(PS3)3) and S (–2 in LGPS to –1 in P2S7)

species.

Reactivity of Oxide Anolytes with Chloride Catholytes

We now consider the chemical compatibility of oxide anolytes with the chloride catholytes

listed in Table 1. We include Li2O in our list of oxides as it is a common decomposition

product of many oxide SEs (e.g., LLZO, and LiPON) when placed in contact with Li metal.15,58
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Figure 2: Predicted decomposition products when sulfide anolytes react chemically with
chloride catholytes. Reaction enthalpies are reported above each pie chart (in round brack-
ets) in kJ mol−1. The area of each slice is proportional to the mole fraction of the prod-
ucts formed based on the stoichiometry of the reaction, assuming that the reaction goes to
completion.

The heatmap of Figure 1(b) shows the predicted reaction enthalpies when these two mate-

rial classes react. Among the oxides, Li3PO4 is the least reactive, and Li7La3Zr2O12 (LLZO)

is the most reactive with the ternary chlorides. Oxide anolytes show the least reactivity

with Li2ZnCl4, while they appear to be most reactive with LiAlCl4 and Li2ZrCl6.

We now analyze the reactivity of LLZO with different chlorides, as LLZO is the most widely

studied oxide SE. Our results suggest that LLZO is highly reactive with all of the chloride

catholytes studied here, and LiCl consistently forms as a major decomposition product.

This observation extends to all other oxide anolytes studied here. Eq. 5 and Eq. 6 high-
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Figure 3: Predicted decomposition products when oxide anolytes react chemically with
chloride catholytes. Reaction enthalpies are reported above each pie chart (in round brack-
ets) in kJ mol−1.

light the most and least reactive bilayer combinations with LLZO as the anolyte.

0.3636 Li7La3Zr2O12 + 0.6364 Li2ZrCl6
∆H (−288 kJ mol−1)
−−−−−−−−−−−−−−→ 0.5455 La2Zr2O7 + 0.2727 ZrO2 + 3.818 LiCl

(5)

0.2 Li7La3Zr2O12 + 0.8 Li2ZnCl4
∆H (−91 kJ mol−1)
−−−−−−−−−−−−−→ 0.2 La2Zr2O7 + 0.8 ZnO + 0.2 LaClO + 3 LiCl

(6)

In both reactions (Eq. 5 and Eq. 6), LiCl appears as the primary decomposition prod-

uct, while La2Zr2O7 and metal oxides (ZrO2 and ZnO) form as minor phases. Additionally,

LaClO forms when LLZO reacts with Li2ZnCl4. Notably, LiCl, ZrO2, and ZnO are all ex-

tremely stable binary compounds. There is no change in the formal oxidation states of the

elements in Eq. 5 and Eq. 6, classifying them as metathesis reactions.

Next, we extend this analysis to all bilayers formed between oxides and chloride catholytes

and once again use pie charts to represent the distribution of reaction products, as shown
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in Figure 3. Unsurprisingly, LiCl is the major product (in terms of mole fraction). La2Zr2O7

is another common product of the reaction between LLZO and each of the chloride SEs

considered here. All reaction products shown in Figure 3 arise from metathesis reactions

rather than redox ones. Notably, the Li3PO4/Li2ZnCl4 and Li3PO4/Li3InCl6 pairings are

predicted to be thermodynamically stable on account of their positive ∆H values, and war-

rant further investigation. Hence, in the next section, we experimentally assess the chemi-

cal stability of one of these bilayer interfaces, namely Li3PO4/Li3InCl6, to test the validity

of our predictions.

Experimental Investigation of the Li3PO4/Li3InCl6 Pair-

ing

The chemical stability of Li3InCl6 and Li3PO4 was tested experimentally by heat-treating

a mixture of the pure compounds and analyzing the product. The two SE powder samples

were mixed in a 1:1 molar ratio and then pressed into pellets to ensure good contact be-

tween the SEs during subsequent heat treatment. One pellet was heat-treated at 300 °C

for 24 hours inside a fused quartz tube sealed under vacuum to accelerate the reaction be-

tween the two compounds; the resulting product is denoted "Mixed 300 °C". Another pel-

let was placed inside a fused quartz tube under vacuum and left at 25 °C for 24 hours to

mimic similar SE mixing conditions but without any heat treatment; the resulting product

is referred to as "Mixed 25 °C". The Mixed pellets and the pure (unmixed) compounds

were subsequently analyzed at room temperature using a combination of X-ray diffraction

(XRD), solid-state nuclear magnetic resonance (ssNMR), and X-ray photoelectron spec-

troscopy (XPS).

The XRD patterns obtained on the Mixed samples exhibit significantly broader reflec-

tions than those obtained on the pure powders (see Figure S12). This broadening is at

least in part due to a loss of crystallinity during the grinding step, as indicated by the
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−2.0−1.5−1.0−0.50.00.51.0
  δ 6Li (ppm) 
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130134138
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Mixed 25 ºC

Mixed 300 ºC

P 2p

Li3PO4

195199203
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Mixed 25 ºC
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Figure 4: (a) 6Li and (b) 31P solid-state NMR spectra of Li3InCl6, Li3PO4, and the mixed
and heat-treated samples. The spectra are scaled to maintain a constant total integrated
intensity. All NMR data were collected using 30 kHz magic angle spinning at 18.8 T.
High-resolution XPS spectra in the (c) P 2p and (d) Cl 2p regions for Li3InCl6, Li3PO4,
and the mixed and heat-treated samples.

broadening of the peaks observed in the XRD patterns obtained on each of the pure com-

pounds (Li3InCl6 and Li3PO4) after a similar grinding procedure (see Figure S14). Upon

heat treatment of the Mixed 300 °C sample, the reflections corresponding to the Li3InCl6
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and Li3PO4 phases sharpen, suggesting that some of the crystallinity is regained, but no

new phases emerge (see Figure S12). The good stability of this electrolyte pairing is fur-

ther confirmed by 6Li and 31P ssNMR. The spectra collected on the pure Li3InCl6 and

Li3PO4 powder samples remain relatively unchanged after mixing at 25 °C, and even after

a 300 °C heat treatment, as shown in Figure 4(a) and (b), respectively. A minor change

in the occupancy of the P sites in Li3PO4 is evidenced by a change in the relative inten-

sities of the signals in the "Mixed" 31P spectra in Figure 4(b). Regarding the 6Li data in

Figure 4(a), the most intense signal in the two Mixed spectra, corresponding to Li species

in the Li3InCl6 phase, is significantly broadened. This broadening is presumably due to an

increase in the distribution of Li local environments (resulting in a narrow distribution of

chemical shifts), in turn, caused by positional disorder in the Li3InCl6 structure induced

upon grinding the powders together. Structural disordering is also observed when grind-

ing Li3InCl6 alone, as shown in Figure S14. The lack of significant change in the 6Li and

31P NMR spectra collected on the Mixed 25 °C and Mixed 300 °C samples confirm that

the Li3InCl6 and Li3PO4 phases are stable after heat treatment, with no new Li- or P-

containing new phase (neither crystalline nor amorphous) formed. The P 2p and Cl 2p

XPS spectra obtained on the pure compounds and the Mixed samples are presented in

Figures 4(c) and (d), respectively. Figure S13 shows the Li 1s and In 3d XPS spectra for

the unmixed and mixed samples. Similar XPS peaks are observed in all samples consid-

ered. Taken together, the XRD, ssNMR, and XPS analyses confirm the excellent chemical

compatibility of Li3InCl6 with Li3PO4 predicted with our computational framework.

Reactivity of Sulfide and Oxide Anolytes with Fluoride

Catholytes

Finally, we evaluate the chemical compatibility of sulfide and oxide anolytes with the flu-

oride catholytes listed in Table 1. Figures 1 (c) and (d) show the heatmaps for their reac-
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tion enthalpies. It can be observed that Li3PS4 (among the sulfides) and Li3PO4 (among

the oxides) show the mildest reactivity, i.e., the best chemical compatibility, with the flu-

oride catholytes. The sulfide and oxide anolytes show the least reactivity with LiYF4 and

Li3AlF6. In contrast, the oxide anolytes appear most reactive with Li3InF6. The reaction

products are shown as pie charts in Figure S5—S7 of the SI. We note that, for the fluoride

catholytes, the ∆H and the reaction products do not change significantly upon applying

the second thermodynamic correction to the DFT results. Thus, this second correction

is ignored. We find that bilayer interfaces with Li3PS4, LGPS, Li3PO4 as anolytes and

LiYF4, Li3AlF6 as catholytes have positive ∆H. Thus, these six interfaces are predicted

to be chemically compatible.

Discussion

The experimental identification of viable bilayer interfaces and the experimental charac-

terization of reactive (decomposing) bilayer interfaces in ASSBs remains a major challenge

due to their buried nature.3,25 Computational materials science enables us to perform an

extensive screening of potential material combinations forming a bilayer interface, thereby

providing a birds-eye view of this complex interfacial (and device) optimization problem.

We analyzed the chemical compatibility of anolytes and catholytes forming a bilayer sepa-

rator for ASSBs using a thermodynamic framework relying on first-principles calculations.

Reaction enthalpies were used as descriptors to quantify the chemical compatibility of bi-

layer separators. For one representative bilayer interface, Li3PO4/Li3InCl6, our computa-

tional results predicting their good chemical compatibility were confirmed experimentally.

While the preliminary step of computational screening using DFT calculations offers nu-

merous advantages, these calculations are performed at 0 K, thus overlooking the entropic

contributions to the chemical reactions. Considering entropic effects (vibrational and con-

figurational) could change the predicted spontaneity of specific chemical reactions, partic-
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ularly under moderate- to high-temperature conditions. Notably, DFT calculations predict

the behavior of bilayer separators at thermodynamic equilibrium. However, the stability of

the interface relies significantly on the kinetics of decomposition reactions, an aspect not

considered by the theoretical treatments applied here.

We now compare the reaction products predicted herein to those reported previously when

studying bilayer electrolyte cells. Starting with the sulfide/chloride pairings, Rosenbach

et al. 16 studied the Li6PS5Cl/Li3InCl6 interface using time-of-flight secondary ion mass

spectroscopy and focused ion beam scanning electron microscopy, and detected the forma-

tion of an InS− chemical feature, potentially linked to In2S3 or LiInS2. Studying the same

interface, Lee et al. 44 also identified In2S3, PS3−
4 , P2S5 signatures by XPS. These reports

indicate the instability of this bilayer.16,44 The predictions for the Li6PS5Cl/Li3InCl6 in-

terface in this work identified similar decomposition products (Eq. 3, Figure 2, Table S1,

Table S3), such as InPS4, LiInS2, In2S3, and LiCl.

Koç et al. 41 reported the formation of LiCl as one of the decomposition products between

Li6PS5Cl/Li3InCl6 and Li3PS4/Li3InCl6 interfaces, and hypothesized that the chemical

instability of these bilayer interfaces caused the observed degradation in battery perfor-

mance. The electrochemical performance was improved by adding a nanometer-thick layer

of Li3PO4 in between Li6PS5Cl (anolyte) and a composite positive electrode (Li3InCl6

with NMC622 as active material, and binders).41 They thus inferred the stability of the

Li3PO4/Li3InCl6 interface, which was verified here by our theoretical predictions (Fig-

ure 1(b) and Figure 3) and further confirmed experimentally using various characterization

techniques. For bilayer separators comprising a chloride catholyte, our simulations short-

listed only two thermodynamically stable interfaces: Li3PO4/Li2ZnCl4, and Li3PO4/Li3InCl6.

Several observations can be made when comparing the chemical compatibility of the anolytes

with the fluoride and chloride catholytes investigated here. (i) Similar reactivity trends

are observed for these two classes of catholytes. For example, Li3PS4 and Li3PO4 show

the best chemical compatibility (out of all the sulfide and oxide anolytes considered here)
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with both chloride and fluoride-based catholytes. In contrast, sulfide anolytes show the

highest reactivity with the In-containing Li3InF6 and Li3InCl6 catholytes. (ii) For those

bilayer separators predicted to react, we also find that the reaction products from fluoride

catholytes are similar to those from chloride catholytes. We have demonstrated that LiCl

is a major product in the decomposition reactions involving chloride-containing catholytes.

Similarly, LiF is a major decomposition product for all reacting fluoride-based bilayers.

Except for LGPS, pairing sulfide anolytes with chloride or fluoride-containing catholytes

leads to a metathesis decomposition reaction.

Having established a parallel between the reactivity trends of chloride and fluoride catholytes,

we compare their stability against sulfide and oxide anolytes in terms of predicted ∆H val-

ues. Differences in ∆H values for fluoride and chloride catholytes are governed almost en-

tirely by two main contributions: (i) On the product side of Eq. 1: the difference in FEs

between LiCl and LiF. (ii) On the reactant side: the difference in FEs between LiiMClj

and LiiMFj. The FEs of LiF and LiiMFj compounds are more negative than their chlo-

ride analogs, which is justified by the higher electronegativity of fluorine (∼3.98 according

to the Pauling scale)59 compared to chlorine (∼3.16). Since LiF is a reaction product, its

more negative FE makes the ∆H values of fluoride catholytes more negative (lower) –i.e.,

the reaction is more thermodynamically favorable– as compared to chlorides. On the other

hand, the more negative FE of LiiMFj increases their ∆H (more positive values) com-

pared to their chloride analogs. The competing effects of the more negative FEs of LiF

and LiiMFj regulate the propensity to decompose fluoride-based bilayer separators. We

find that only Li3InF6-based bilayers have more negative ∆H values (making it less stable)

as compared to Li3InCl6-based bilayers (Figure 1). All other fluoride-based bilayers con-

sidered here have more positive ∆H values than their chloride analogs, making them more

stable.

This analysis suggests that considering the chemical compatibility of bilayer separators is

vital when pairing SEs. However, the integrity of the bilayer separator is only preserved
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when the cell is operated within the electrochemical stability window (ESW) defined for

bilayers by the reductive and oxidative potentials of the anolyte and catholyte, respec-

tively. Outside the ESW, the SE may react and eventually decompose into other thermo-

dynamically stable products.15,58,60

In the case of the Li3PO4/Li3InCl6 bilayer investigated here, Li3PO4 displays a reductive

potential as low as ∼0.7 vs. Li/Li+, whereas Li3InCl6 has a high oxidative potential ∼4.3

vs. Li/Li+ (see computed values in Figure S10). Thus, the union of the anolyte Li3PO4

reducing potential and the catholyte Li3InCl6 oxidative potentials defines the ESW of the

bilayer separator, which occurs in the 0.7–4.3 V vs. Li/Li+ range. Outside the 0.7–4.3 V

voltage range, at least one SE is expected to decompose into simpler thermodynamically

stable compounds at the corresponding potential.

Conclusions

The development of viable all-solid-state batteries is limited by the lack of solid electrolytes

that are simultaneously stable in contact with both the high-voltage cathode and low-

voltage anode. Bilayer separators could potentially mitigate this issue, provided the con-

stituent materials are chemically compatible.

Using a robust thermodynamic framework powered by first-principles calculations, we in-

vestigated the chemical compatibility of 72 bilayer interfaces formed between halide catholytes

and several types of anolytes, including sulfides or oxides.

Among all the anolytes studied, Li3PS4 (among sulfides) and Li3PO4 (among oxides) demon-

strated the least reactivity with ternary halide catholytes. Our simulations identified a

subset of bilayer separators with substantial chemical compatibility, making them potential

candidates for use in ASSBs. In-depth experimental characterization of the Li3PO4/Li3InCl6

bilayer combination confirmed the innate chemical stability of this interface. This study

underlines the importance of understanding the chemical stability of SE interfaces in bi-
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layer ASSBs.

Bilayer Reactivity from First-principles Calculations

We used density functional theory (DFT) to compute the reaction enthalpies ∆Hs of sev-

eral important chemical reactions investigated in this work. In DFT, wavefunctions were

described using plane waves for valence electrons and projected augmented wave potentials

for the core electrons, as implemented in the Vienna Ab initio Simulation Package.61,62

The unknown exchange and correlation contribution was approximated by the general-

ized gradient approximation (GGA) by Perdew, Burke, and Ernzerhof (PBE).63 The pa-

rameters used for geometry optimization and energy calculations follow the MITRelaxSet,

as in Ref. 64. We used a plane wave energy cut-off of 520 eV, and the total energy was

converged to 10−5 eV per cell. Geometries (coordinates, volumes, and cell shapes) were

considered converged when the total energy difference between two consecutive geometry

steps was lower than 10−4 eV (per cell).

Predictions using GGA functionals are typically affected by a significant systematic overbind-

ing error for sulfur and oxygen molecules when calculating the formation energies of oxy-

gen and sulfur-containing compounds. Consequently, the calculated formation energies of

oxygen and sulfur-containing compounds with GGA appear fictitiously more positive (by a

constant value) than their reference experimental formation energies.47,48 We use the oxy-

gen corrections as already implemented in Ref. 64. For the sulfur-containing compounds,

we fit the experimental formation energies of several binary sulfides as available in the Ref.

49 against their computed formation energies with GGA (Figure S11). These corrections

were applied systematically to all compounds containing oxygen and sulfur atoms in their

formulae.

Whenever experimental formation energies49,50 of compounds considered in this investiga-

tion are reported, we correct their DFT total energies to match the experimental forma-
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tion energies reported in the literature. These corrections are tabulated in Table S6. Thus,

all reactions reported in this letter include both overbinding and experimental corrections.

We also report reactions without the experimental corrections in Table S3 and Table S4,

as well as in Figure S2—S4, Figure S8—S9.

The reaction enthalpies and viable chemical reactions were accessed using multi-component

phase diagrams based on first-principles DFT calculations. For the construction of these

phase diagrams, we use the methodology exposed in Ref. 65. We assume that the two ma-

terials combined into a heterogeneous interface may react to form products under ther-

modynamic equilibrium. In particular, consider an arbitrary reaction of the type xca +

(1− x) cb →
∑

ceqm where x is the fraction of material a with composition ca reacts

with (1− x) of b with composition cb, to give reaction products
∑

ceqm under conditions

of thermodynamic equilibrium. The reaction products are determined by constructing a

pseudo-binary phase diagram between the two materials and calculating the reaction en-

thalpies for all possible x, given by Eq. 7.

∆H [ca, cb] = min
x∈[0, 1]

{Heq [xca + (1− x) cb]− xH [ca]− (1− x)H [cb]} . (7)

where ∆H [ca, cb] is the reaction enthalpy for the interface of two phases a and b with com-

positions ca and cb. Heq [c] is the enthalpy of the phase equilibria at composition c, deter-

mined from the phase diagram. H [ca] and H [cb] are the enthalpies of phases a and b re-

spectively. Note, in the DFT calculations, we neglected the p∆V term in determining ∆H,

and thus all enthalpy terms of Eq 7 are approximated by the DFT total energies.

The spontaneity of a reaction is entirely determined by the change in Gibbs free energy.

Since DFT calculations are conducted at 0 K without considering entropy effects, ∆H [ca, cb]

of Eq. 7 can be approximated as a descriptor for the spontaneity of the reaction between

two materials a and b. Thus, the more negative the quantity ∆H [ca, cb], the greater the

thermodynamic driving force for the interface to decompose into
∑

ceqm.

20

https://doi.org/10.26434/chemrxiv-2024-pc891 ORCID: https://orcid.org/0000-0002-5168-9253 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-pc891
https://orcid.org/0000-0002-5168-9253
https://creativecommons.org/licenses/by/4.0/


Experimental Methods

Sample preparation

Li3PO4 was purchased from Sigma-Aldrich with purity ≥ 98%. Li3InCl6 was mechanochem-

ically synthesized from LiCl (99+%, Sigma-Aldrich) and InCl3 (99.999+%, Sigma-Aldrich).

All preparation was performed inside an argon atmosphere. Powders were mixed at a sto-

ichiometric ratio with a 10% excess of InCl3 to account for its preferential adhesion to the

agate mortar and pestle. The powders were hand-ground for 15 minutes with breaks to

scrape off the adhered powder. The mixture was then loaded into a zirconia jar with fif-

teen 10 mm Y-stabilized zirconia spherical grinding media and sealed using parafilm. The

mixture was ball-milled at 500 rpm in cycles of 15 minutes milling followed by 1 minute

rest for a total of 3 hours using a high-energy planetary ball mill (Retsch PM 200).

Li3InCl6 and Li3PO4 powders were each pressed into 175 mg pellets using a 6 mm stainless

steel die set under 9.1 kN of force in a hydraulic press. Pellets were each sealed inside a

fused quartz tube under vacuum and subsequently heat treated at 300 °C for 12 hours in a

tube furnace (Thermo-Scientific Lindberg Blue M) ending with an air quench. The quartz

tubes were previously dried in a vacuum oven at approximately 225°C for 12 hours. Both

pellets were then briefly crushed into a powder using an agate mortar and pestle.

Mixed-electrolyte samples were made by hand-grinding a 1:1 molar mixture of heat-treated

Li3InCl6 and Li3PO4 powders in an agate mortar for 15 minutes with breaks from scrap-

ing adhered powder. As described above, two pellets of approximately 50 mg were made

from the mixture and sealed into fused quartz tubes. One pellets was heat-treated in the

tube furnace at 300 °C for 24 hours and air-quenched. These pellets were also crushed into

powder form using an agate mortar and pestle.
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Characterization methods

X-ray diffraction (XRD)

XRD measurements were taken using a PANalytical Empyrean Powder Diffractometer in

reflection geometry with a Cu Kα source. Samples were prepared by evenly spreading ap-

proximately 20 mg of powder into the wells of silicon crystal zero-diffraction plates (MTI

Corporation) and sealing them into custom air-free cells with Kapton windows. Data were

acquired using an average of 6 scans over a total of 30 minutes, confirming no trends in

peak height between scans to ensure no air exposure occurred.

Solid-state nuclear magnetic resonance (ssNMR)

NMR data were collected using an 18.8 T (800 MHz for 1H) MHz Bruker Ultrashield Plus

standard bore magnet equipped with an Avance III console. Samples were packed into 2.5

mm zirconia rotors under an argon atmosphere and covered with small amounts of PTFE

tape to protect from air exposure. Rotors were spun using dry nitrogen at 30 kHz in a

2.5 mm HX MAS probe.

6Li measurements were taken using a 90-degree flip angle with 3.34 µs pulse length at

200 W power with a 300 s recycle delay for Li3InCl6 and a 2400 s recycle delay for other

samples. Chemical shifts were calibrated using 1M LiCl at 0 ppm. 31P measurements were

taken using a 90-degree flip angle with 1.52 µs pulse length at 200 W power with a 2400 s

recycle delay for Li3PO4 and a 2250 s recycle delay for other samples. Chemical shifts were

calibrated with 1M H3PO4 at 0 ppm. Spectra were processed with TopSpin 3.6 without

line broadening.

X-ray photoelectron spectroscopy (XPS)

XPS samples were prepared under an argon atmosphere and attached to a custom air-free

stage using carbon adhesive discs. Measurements were acquired using a ThermoFisher Es-
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calab Xi+ instrument with 1486.68 eV monochromated X-rays from an Al anode X-ray

source using a flood gun for charge compensation. Survey scans were initially acquired

with a 50 ms dwell time, 100 eV pass energy, and averaging over 4 scans. High-resolution

scans were then taken of C 1s, Cl 2p, In 3d, Li 1s, O 1s, and P 2p regions according to

their positions in the survey data. These scans used a dwell time of 50 ms, pass energy of

20 eV, and averaged a varying number of scans depending on the signal intensity.

The collected data were analyzed and fit with the CasaXPS software using ‘W Tougaard’

or ‘Shirley’ backgrounds as appropriate. The binding energy scale was calibrated by as-

signing the adventitious carbon peak to 248.8 eV. The Li3PO4 sample was further shifted

by +.3825 eV to account for a different background under its adventitious carbon peak by

aligning it with shared peaks in other regions.
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