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Abstract

A deep understanding of the interaction of the surface of cathode materials with solid electrolytes 
is crucial to design advanced solid-state batteries (SSBs). This is especially true for the new class 
of lithium metal chloride (Li-M-Cl) solid electrolytes which are receiving rapidly growing 
attention due to their very high oxidative stability (> 4 V) in combination with good ionic 
conductivity that can enable long cell cycle life. While Li-M-Cl electrolytes typically contain 
resource-limited metals (M) such as indium or rare earths, work has focused on substituting M 
with more abundant elements such as zirconium. Via operando resistance measurements using 
intermittent current interruption we explore the dynamic evolution of the interphase at the surface 
of Ni-rich NCM85 or NCM111 cathode particles inside a working SSB with three different Li-
(M1,M2)-Cl catholytes (Li3InCl6, Li2Sc1/3In1/3Cl4 and Li5/2Y1/2Zr1/2Cl6) to reveal the impact of the 
cationic metal substitution on the interfacial chemistry. We show that the metal plays a critical role 
in determining high voltage stability, contrary to prior assumption. Using a combination of cyclic 
voltammetry and ultraviolet photoelectron spectroscopy measurements of the electronic band 
structure to assess oxidative stability; coupled with DFT calculations and ToF-SIMS to evaluate 
products formed at the interphase at different upper cutoff potentials and degrees of delithiation, 
we are able to differentiate between electrochemical and chemical degradation. We find that 
Li2Sc1/3In1/3Cl4 yields the highest (and Li3InCl6 the lowest) stability against electrochemical 
oxidation, while Li5/2Y1/2Zr1/2Cl6 undergoes detrimental chemical reaction with oxygen released 
from Ni-rich NCM85 at high potentials, resulting in fast capacity fading. Overall, our work 
establishes a platform for the metrics and an approach that can be utilized to efficiently evaluate 
the stability of new halide SEs in SSB cells.
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TOC: 

Comprehensive analysis of all-solid-state cells with NCM85 and a Li-M-Cl catholyte reveals the 

vital role of the central cation M in controlling the composition of the cathode interphase and 

dictating capacity retention above 4.3 V.
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Introduction

State-of-the-art lithium-ion batteries (LIB) with a liquid organic electrolyte currently satisfy the 

ever-increasing demand for powering long-range electric vehicles, but are asymptotically reaching 

limits in performance.1 The development of solid-state batteries (SSBs) is one of the most 

promising avenues towards advanced rechargeable energy storage systems with lower safety risks 

and maximized energy density.2–5 This calls for the design of non-flammable solid-state lithium 

superionic electrolytes (SEs) that combine high conductivity with electrochemical stability at the 

positive electrode. Although sulfide-based SEs still exhibit the highest ionic conductivities (above 

10 mS/cm),6–10 their applicability in SSBs with 4 V cathode-active-materials (CAMs) and high 

energy density is limited due to their electrochemical oxidation around 2.6 V11–13 and chemical 

instability in contact with oxide-type CAMs.14–17 Protective coatings of CAMs18–22 may solve this 

issue, but also necessitate additional and potentially costly processing steps. In contrast to sulfide-

based SEs, those with a chloride anion sublattice exhibit thermodynamic oxidation potentials well 

above this range – typically ∼ 4.2 - 4.3 vs. Li+/Li – and exhibit good conductivity of 1-2 mS/cm 

at room temperature, which makes them a promising choice as catholyte while still leaving room 

for further improvement.23–29

Although many of these chloride-based SEs exhibit similar values of ionic conductivity 

and onset of electrochemical oxidation, their performance in SSBs with Ni-rich CAMs differs 

significantly and the fundamental origin for this is not yet understood. For example, 

LiNi0.85Co0.1Mn0.05O2-based CAMs exhibit low capacity fading over hundreds of cycles with 

Li2Sc2/3Cl4
30 and Li2In1/3Sc1/3Cl4

31 chlorospinel SEs as the catholyte, the latter showing stable 

performance even up to 4.8 V and at high CAM loadings. However, similar CAMs (e. g. 

LiNi0.83Co0.12Mn0.05O2) with Li2.5Yb0.5Zr0.5Cl6 as the catholyte suffer from a 20% percent capacity 

decay on cycling up to 4.3 V within the first 50 cycles.32 Although recent studies hint at the possible 

role of the metal M in the oxidative stability of the chloride SEs,33 its impact on interfacial 

compatibility between a SE and a Ni-rich CAM still lacks comprehensive insight. This is especially 

true given the quest to devise SSBs that function above 4.3 V.

Here, we demonstrate the critical role of the central metal cation in Li-M-Cl-based SEs for 

the capacity retention of SSB cells with LiNi0.85Co0.1Mn0.05O2 (NCM85). Three different chloride-

based SEs (Li3InCl6 (LIC), Li2.5Y0.5Zr0.5Cl6 (LYZC), and Li2In1/3Sc1/3Cl4 (LSIC)) were chosen due 

to their unique properties: LSIC was selected because it enables long-term cycling of SSBs with 
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NCM85, especially at very high voltages (≥ 4.8 V).31 LYZC was chosen because the relatively low 

price of Zr and Y makes it a promising cost-effective SE, as reported in the seminal paper by 

Panasonic.23 LIC was chosen as the currently most well-known halide SE and can serve as a 

reference. Most importantly, all three SEs exhibit very similar ionic conductivity of 1-2 mS/cm, 

and their structures are well defined and understood, unlike Li3YCl6
34 and Li2ZrCl6

35 which exhibit 

sufficient ionic conductivity only in a quasi-amorphous state. The selected electrolytes are 

compared in terms of their performance and stability as catholytes. Galvanostatic cycling and 

electrochemical impedance spectroscopy (EIS) reveal that cells with Li2In1/3Sc1/3Cl4 show superior 

cycling stability and the least impedance growth. On the other hand, Li2.5Y0.5Zr0.5Cl6 shows 

significant capacity decay accompanied by appreciable growth of cathode impedance at or above 

4.3 V.  Cyclic voltammetry (CV), ultraviolet photoelectron spectroscopy (UPS), and time-of-flight 

secondary ion mass spectrometry (ToF-SIMS) reveal the nature of both chemical and 

electrochemical side reactions between the lithium metal chloride SEs and delithiated NCM85. 

We find that the chemical reaction of the Li-M-Cl SE with oxygen evolved from NCM85 (≥ 4.3 

V) at the interface can lead to interphase growth and severe capacity fading. By combining the 

experimental techniques with DFT calculations, we demonstrate that the stability of the interface 

between Li-M-Cl and delithiated NCM85 is highly dependent on M: namely, In3+ and Sc3+ central 

cations favor a kinetically stable interface between Li-M-Cl and delithiated NCM85, while in the 

case of LYZC, side-reactions with NCM are triggered that result in the accumulation of the 

decomposition products upon cycling (i.e., YOCl) and hence, faster capacity fading. The highly 

exergonic thermodynamics of ZrO2 formation also drives degradation of the NCM85|LYZC 

interface. Moreover, minimization of the electronic conductivity of an SE improves its stability in 

the SSB cells above its decomposition potential and thus, this is a broad avenue towards high-

energy-density SSBs. Overall, our work manifests for the first time the decisive role of the central 

metal ion(s) of lithium chloride SEs in the performance of SSBs and highlights the often-

overlooked role of the electronic properties of SEs.

Results and Discussion 

1. Electrochemical performance of NCM85 SSB cells as a function of chloride SE 
composition and upper cutoff potential. 

The cell performance is directly linked to the nature of the metal ion(s) M3+/M4+ in the Li-M-Cl 

SEs (Fig. 1 A-C), and the higher the voltage cutoff, the greater the difference between them. Fig. 
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1A shows that the NCM85-LYZC cell shows a capacity fade rate of 0.3 mAh/g per cycle at a cutoff 

of 4.3 V, and thus still retains 80 % of its maximum capacity after 120 cycles. At a cutoff of 4.6 

V, however, retention drops to 45% due to the faster capacity decay (1.8 mAh/g per cycle). The 

behavior of the NCM85-LIC-based cathode is noticeably different:  the capacity fade is moderate 

at voltage cutoffs of either 4.3 and 4.6 V, yielding an average rate of 0.13 and 0.24 mAh/g per 

cycle, respectively. In marked contrast to either of these two SEs, the fade rate of the SSB cells 

with NCM85-LSIC cathodes is only ∼ 0.08 mAh/g per cycle at both cutoff voltages (Fig 1C).

Figure 1. (A-C) Capacity retention of the NCM85||In/InLi SSB cells comprised of cathode 
composites with (A) LYZC, (B) LIC, and (C) LSIC SEs at a rate of 0.2 C within the voltage windows 
of 2.7-4.3 V and 2.7-4.6 V vs Li+/Li. (D-F) Representative voltage profile of NCM85||In/InLi SSB 
cells with (D) LYZC, (E) LIC, and (F) LSIC SEs cycled between 2.7 and 4.3 V at 0.2 C. The 1st, the 
10th (solid squares line), and the 100th cycles are represented by open circles, solid squares, and solid 
lines, respectively. (G-I) Representative voltage profile of NCM85||In/InLi SSB cells with (G) LYZC, 
(H) LIC, and (I) LSIC SEs cycled between 2.7 and 4.6 V at 0.2 C. The 1st, the 10th (solid squares line), 
and the 100th cycles are represented by open circles, solid squares, and solid lines, respectively.
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The capacity retention of the SSB cells is consistent with their evolution of polarization 

during cycling. At the 4.3 V cutoff, the NCM85-LYZC cathode suffers from appreciable growth in 

polarization from the 10th to the 100th cycle (Fig. 1D), while its NCM85-LIC counterpart exhibits 

a minor increase in overpotential (Fig. 1E). Meanwhile, the overpotential of the NCM85-LSIC 

cathodes does not exhibit any increase after 100 cycles (Fig. 1F). The dependence of the 

polarization of the SSB cells on the nature of the M3+/M4+ ion(s) becomes more evident upon 

cycling to 4.6 V (bottom row Fig. 1G-I). Especially in contrast to NCM85-LYZC (Fig. 1G) but 

also NCM85-LIC (Fig. 1H), the SSB cells with the NCM85-LSIC cathodes exhibit only a minor 

increase in overpotential after 100 cycles (Fig. 1I). It is noteworthy that the high capacity of 

NCM85 and high utilization levels can be achieved without carbon additives at moderate current 

density (0.2 C rate), apparently due to continuous electronic and ionic percolation pathways within 

the cathode (Fig. S1A-F). We note that the capacity of the NCM85-LIC and NCM85-LSIC 

cathodes systematically increases by 5-15 mAh/g during the first 10 cycles, which is more similar 

to the behavior of liquid Li-batteries with advanced liquid electrolytes36–38 than sulfide39 or halide40 

SEs. That behavior may be ascribed to changes in the morphology and/or wetting of the cathode/SE 

interface, but needs further exploration. 

The better stability of LSIC was further confirmed via operando EIS studies. The evolution 

of the impedance of the SSB cells over 50 cycles within the 2.7 – 4.3 V window (vs. Li+/Li) is 

depicted in Fig. 2, where EIS data were collected in-situ during every cycle at exactly 3.8 V by 

interrupting the charge to collect the spectrum. The impedance response of the SSB cells was fitted 

with the equivalent circuit shown in Fig. 2A (left panel). The bulk resistance of the bilayer SE 

(Rbulk) defines the positive offset of the real part, Cdl represents the capacitance of the double layer 

that is formed at the electrode-SE junction,41 and the impedance of the anode is found in the 

frequency region below 10 Hz, which is masked by the dominating cathode contribution. The 

NCM85-SE cathode generates a depressed semicircle in the frequency range 105 – 10 Hz with a 

distinctive Gerischer-type shape42 which describes charge transport and charge transfer in mixed 

conducting solid-state materials (Fig. 2B, C, D). Due to the complexity of charge transport and 

charge transfer within the cathode that includes ionic (Rion), electronic (Re), and interfacial 

contributions (Rint), a transmission line model (TLM) – as described by Gaberšček et al. 41 and 

Ivers-Tiffée et al. 43– with blocking boundary conditions was used to fit the experimental data 
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(Fig. 2A, right panel). The cathode resistance (Rcathode) is expressed as the geometric mean of 

(Re+Rion) and Rint (Eq. 1):  

(Eq. 1)𝑅cathode = 𝑅int ∙ (𝑅e + 𝑅ion) 

We note that independent evaluation of the interfacial contributions, Rint, is not possible for 

Gerischer-type impedances. In agreement with the capacity decay of the SSB cells during cycling 

Figure 1. (A) The equivalent circuit used to fit the EIS spectrum of the NCM85||In/InLi SSB cells (left 
panel), and TLM scheme of the NCM85-SE cathodes (right panel). (B-D) Representative Nyquist plot of 
NCM85||In/InLi SSB cells with (B) LYZC, (C) LIC, and (D) LSIC SEs cycled between 2.7 and 4.3 V at 0.2 
C measured at 3.8 V vs. Li+/Li during cycling at a rate of 0.2 C between 2.7 and 4.3 V vs Li+/Li, by briefly 
interrupting the charge cycle. The shift (shaded solid lines) of the impedance at 10 Hz and 10 mHz from the 
10th to the 50th cycle illustrates higher instability of the (B) NCM85-LYZC cathode compared to the (C) 
NCM85-LIC cathode. (E) Evolution of Rcathode and Rbulk upon continuous cycling of the corresponding 
NCM85||In/InLi SSB cells.
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to 4.3 V, the NCM85-LIC and NCM85-LSIC cathodes exhibit only a tiny impedance increase of 

Rcathode of ∼2.4 cm2, while the LYZC-based cathodes suffer from a 7-fold rise (Fig. 2E-i). 

Notably, the increase in Rbulk exhibited by the SSB cells with NCM85-LYZC (∼5 cm2) and 

NCM85-LIC (∼20 cm2) cathodes (Fig. 2E-ii) indicates possible side-reactions between the 

sulfidic and halide SEs. After the initial growth, Rbulk of the cells with LYZC levels off due to the 

formation of a kinetically stabilized interface. The 2-fold increase in Rbulk of the LIC-based cells 

might arise from more extensive side reactions between LIC and Li5.5PS4.5Cl1.5, as recently 

reported.44 However, the growth in bulk resistance by 25 cm2 increases ohmic polarization of 

those cells only by ∼7 mV at the given current density of 0.28 mA/cm2, which will have an 

insignificant effect on the capacity.

To further investigate the influence of holding the cells at high potentials on Rcathode, we 

performed time-resolved EIS at cutoff voltages of 4.1, 4.3, and 4.6 V (Fig. 3) over a period of 30 

h. We call this period "interphase growth". Before impedance measurements, the cells were fully 

charged via a CCCV (constant current – constant voltage) protocol until a constant and negligible 

current was achieved (equivalent to a 0.01 C rate) (Fig. S2) to reach a stable state-of-charge (SOC). 

Hence, the temporal growth of Rcathode during the growth period is driven by chemical reactivity at 

the cathode-SE interface. The decreased stability of the SSB cells at cutoff potentials at or above 

4.3 V corresponds to a faster increase of Rcathode. While Rcathode for all three SEs remains almost 

Figure 3. (A) The stability of Rcathode of the charged NCM85||In/InLi SSB cells during the aging at 4.1 V vs. 
Li+/Li. Fitting of the corresponding Rcathode(t) profiles results in the k-values very close to 0. (B-C) Evolution 
of Rcathode of the charged NCM85||In/InLi SSB cells during the aging at (B) 4.3 and (C) 4.6 V vs. Li+/Li. The 
solid lines represent the parabolic fitting of the corresponding Rcathode(t). (D) Room temperature (25 °C) ionic 
(ion) and electronic (e) conductivity of Li-M-Cl SEs, voltage-dependence of the fading rate of the NCM85 
SSB cells and rate constant k of the NCM85-SE cathodes. The corresponding DC and AC polarization of the 
SEs is shown in Fig. S4 and Fig. S5. The experimental details and evaluation of the errors are given in the 
Experimental Section.
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constant at 4.1 V (Fig. 3A), the LIC- and LYZC based SSB cells exhibit noticeable degradation 

upon interphase growth at 4.3 V as shown in Fig. 3B (corresponding Nyquist plots are shown in 

Fig. S3A-H). The temporal evolution of Rcathode obeys parabolic growth behavior that is only 

evident at 4.3 and 4.6 V (Fig. 3B,C), indicating that decomposition at the NCM85|SE interface is 

a diffusion-controlled reaction with a kinetic constant k, as recently reported for a sulfide SE by 

Zuo et al,17 (see reference for details):

  (Eq. 2)𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑡) = 𝑅0 +𝑘 ∙ (𝑡 ― 𝑡0)0.5

where R0 and t0 are empirical parameters indicating the initial interfacial resistance (at the start of 

the EIS measurements) and its growth, while the kinetic constant  is a measure of the growth rate.𝑘

The high initial Rcathode of NCM85-LYZC at 4.3 V is ascribed to the formation of an 

interphase for this SE even before the start of the measurements at Ro, which likely contributes to 

the capacity fade (Fig. 3D). Thus Rcathode of LYZC grows slower than that of NCM85-LIC, 

(potentially because of the pre-formation of a passivating interphase during the CCCV step) as 

indicated by the kinetic constants (Fig. 3D): 4.4 h-0.5 (LYZC) vs 8.0 h-0.5 (LIC). However, 

NCM85-LSIC - in contrast to NCM85-LIC and NCM85-LYZC - exhibits only minor growth in 

Rcathode (Fig. S3H) which results in a very low kinetic constant of 0.6 h-0.5 (Fig. 3D). The 

increased Rcathode (Fig. 3 C, F, I) at 4.6 V originates from the enhanced decomposition of the SEs 

and the lower lithium mobility and low concentration of lithium in NCM at a high SOC.45 Although 

the LSIC-based cathodes exhibit some growth of Rcathode during aging at 4.6 V, that interface is 

more stable than NCM85-LIC and especially NCM85-LYZC, as denoted by the increase in k: 30 

h-0.5 (LSIC), 44 h-0.5 (LIC), and 240 h-0.5 (LYZC). The response of Rcathode exhibited by LYZC 

indicates that the interface might be effective in lowering its electrochemical reactivity 

(decomposition at ≤ 4.3 V), but may not be efficient to suppress the chemical reactivity, as will be 

demonstrated later. Nonetheless, the improved stability of NCM85-LSIC compared to NCM85-

LIC is evident by normalizing the k-values to Rcathode at the beginning of the aging step – and thus 

comparing only the temporal component of the interfacial growth17 - at the beginning of the aging 

step. The k’ value for LSIC (0.14 h-0.5) is about half that of LIC (0.27 h-0.5) (Table S1). 

We note that the capacity fade rate of NCM85-LSIC is almost independent of the cutoff 

voltage (0.08 mAh/g at 4.3 and 4.6 V) despite the increase in k (Fig. 3D) which confirms that k is 

more affected by the reduced conductivity of NCM85 at higher SOC than by any degradation 
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during aging at 4.6 V. These results are completely consistent with our previous report of the long-

term stable cycling of NCM85-LSIC even up to 4.8 V.31

2. Composition-dependent electrochemical stability window of the Li-M-Cl SEs.

The dependence of the oxidative stability of the Li-M-Cl phases on the M3+/M4+ metal cation(s) 

was further probed via ultraviolet photoelectron spectroscopy (UPS) and cyclic voltammetry (CV) 

of the C65-SE||In SS cells. The UP spectra of the chloride SEs are shown in Fig. 4A. The valence 

band edge energy (EVB) was calculated via linear approximation of the density of states near the 

edge of the valence band (VB), as illustrated in the inset of Fig. 4A.46 The highest EVB of the LSIC 

SE matches the results discussed above, as it confirms a lower tendency for electrochemical 

oxidation. Meanwhile, the LIC SE exhibits the lowest EVB, as expected from the higher 

electronegativity of In3+.47 According to the scale developed by Diaz and Campero,  (In3+) = 1.87, 

 (Y3+) = 1.22,  (Zr4+) = 1.43, and  (Sc3+) = 1.29.48

Figure 4. (A) Ultraviolet photoelectron spectra of the SSEs. Extrapolation of the valence band edge (EVB) 
is demonstrated in the inset plot by the solid dark blue lines. The values of EVB are calculated as the 
intercept of the extrapolation with the background blue dash-dot line. The spectra were shifted along the 
energy axis to match the high-binding energy cutoff to 21.22 eV (He-Iα). (B) Cyclic voltammetry of the 
C65-SE||In cells within 2.7 and 4.6 V at 0.1 mV/s. The onset of electrochemical oxidation of the SEs is 
estimated from the intercept between the extrapolation of the anodic scans (solid lines) to the background 
(dash-dotted line), as shown in the inset. (C) The correlation between the oxidative stability determined 
by CVA and Evb. For a more comprehensive illustration, the Li metal work function (WFLi = 2.93 eV)65 is 
subtracted from EVB, and the difference is normalized by a unit charge.
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CV analysis of the SEs confirms the observed trend in EVB. The oxidation potential of the 

SEs mixed with carbon (see Experimental Details for cell assembly), calculated as the onset of 

exponential growth in current, increases from LIC (4.27 V) to LSIC (4.36 V). These values are in 

agreement with other CV studies26,30 and theoretical prediction of the electrochemical stability 

window of the chloride SEs.49 There is also a clear connection between the oxidative stability of 

the SEs and EVB (Fig. 4C). We assume that the difference between energies from UPS and CV 

originates from the energy required to transfer a Li+ ion in the same direction as an electron to 

maintain electroneutrality.50,51 In fact, CV data contain information on oxidation of the SE by 

removing one electron and one ion, while UPS only accounts for the electronic part. The highest 

intrinsic electrochemical stability of the LSIC SE explains the superior performance of NCM85-

LSIC, but the origin of the fast fading of the NCM85-LYZC cathodes above 4.3V – in comparison 

with its NCM85-LIC counterpart – is a remaining question that we address below. 

The apparent contradiction between the stability of the NCM85-LIC and NCM85-LYZC 

cathodes and the intrinsic oxidation potential of the SEs indicates that the capacity fading of 

NCM85-LYZC must be driven by chemical decomposition. As demonstrated by Gasteiger, the 

H2  H3 phase transition in NCM811 at 4.1 V occurs in step with oxygen evolution at 4.3 V and 

thus drives capacity fading of the NCM811||graphite cells with organic electrolytes.52 Oxygen 

evolution from NCM622 has also been evidenced in SSB cells at 4.5 V.53 Due to the higher Ni 

content in NCM85 used in this work, oxygen evolution is expected to occur even below 4.3 V, 

which is confirmed by the onset of the H2  H3 phase transition at 4.16 V (Fig. S6). 

Owing to its lower Ni content, the cathode LiNi1/3Co1/3Mn1/3O2 (NCM111) does not exhibit 

a H2  H3 phase transition at 4.3 V, so we used that material to probe the inherent electrochemical 

stability of the SEs in the absence of oxygen evolution.  We observe a 4-fold faster capacity fading 

rate of the NCM111-LIC cathode compared to its LYZC-counterpart (Fig. S7A). This is in concert 

with the lower potential for the onset of SE electrochemical oxidation for LIC than LYZC (Fig. 

4C). Thus, while we observe similar decay of the normalized capacity of both NCM111 and 

NCM85 (Fig. S7B) with LIC because interface reactivity is dominated by LIC’s electrochemical 

stability, the stability of the SSB cells with LYZC is more directly influenced by the oxygen 

evolution of the more delithiated NCM85. A similar effect of oxygen release from NCM85 on the 

interfacial stability with Li10GeP2S12 SE has been demonstrated.17 Furthermore, the NCM111-LIC 

and NCM111-LYZC SSB cells exhibit similar cathode impedance before the voltage hold at 4.3 V 
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(Fig. S8A,B), but upon aging, the impedance of NCM111-LIC grows faster due to electrochemical 

degradation, as indicated by the higher rate constant (Fig. S8C).

In summary, the stable cycling of NCM111-LYZC – but severe capacity fading of NCM85-

LYZC – indicates lower chemical stability of LYZC with highly delithated NCM. The pronounced 

and continuous growth of the NCM85-LYZC interface indicates that the interfacial decomposition 

products facilitate the mass transfer of oxygen-containing species produced by NCM85. In 

contrast, LIC and especially LSIC, appear more stable towards chemical side-reactions arising 

from evolution of oxygen species. For a deeper understanding of the role of M leading to the 

instability of the halide SE, the degradation products were characterized with time-of-flight 

secondary ion mass spectrometry (ToF-SIMS) coupled with DFT calculations of interphase 

reactivity.

3. Analysis of the degradation products by DFT and ToF- SIMS.

To better understand the chemical reactivity between NCM85 and Li-M-Cl SEs, we performed 

DFT calculations to predict the enthalpy change and products of the interfacial reactions between 

Li-M-Cl and Li1-xNiO2 (a model system for high-Ni NCM85). While these calculations do not 

capture the kinetics, they are useful as a guideline. The effect of oxygen evolution from Li1-xNiO2 

on the stability is taken into account by tuning the Li-fraction (x). For all high-Ni NCM materials, 

the critical H2 - H3 phase transition occurs at around x = 0.75, which is responsible for the 

irreversible transition to rock salt NiO at the surface accompanied by oxygen release as discussed 

above.54 Therefore, the calculated enthalpies account for the reactivity between the SEs and both 

released oxygen and delithiated oxygen-deficient Li1-xNiO2-. Among all the possible reactions, 

those involving metal oxides and oxide chlorides as products show the most negative reaction 

energies. These reactions that predict the formation of InOCl, ScOCl, YOCl, and ZrO2 are shown 

in Table 1. LYZC SE exhibits a significant negative reaction enthalpy at any SOC, suggesting

Table 1. DFT computed interfacial reaction products and corresponding reaction energies for 

cathode/electrolytes interfaces at various SOC of the cathode material. Energetically favorable reactions 

involving oxide chloride products are displayed.

Reaction Products  ΔErxt (eV/atom)
Li3InCl6 LiClO4, NiO, LiCl, InClO -0.060
Li2.125Sc0.375In0.25Cl4 LiClO4, NiO, LiCl, InClO, ScClO -0.079

LiNiO2 

Li2.5Y0.5Zr0.5Cl6 LiClO4, NiO, LiCl, ZrO2, YClO -0.124
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Li3YCl6 LiClO4, NiO, LiCl, YClO -0.082
Li2ZrCl6 LiClO4, NiO, LiCl, ZrO2 -0.155
Li3InCl6 LiClO4, NiO, LiCl, InClO -0.064
Li2.125Sc0.375In0.25Cl4 LiClO4, NiO, LiCl, InClO, ScClO -0.081
Li2.5Y0.5Zr0.5Cl6 LiClO4, NiO, LiCl, ZrO2, YClO -0.122
Li3YCl6 LiClO4, NiO, LiCl, YClO -0.084

Li0.75NiO2

Li2ZrCl6 LiClO4, NiO, LiCl, ZrO2 -0.148
Li3InCl6 LiClO4, NiO, LiCl, InClO -0.071
Li2.125Sc0.375In0.25Cl4 LiClO4, NiO, LiCl, InClO, ScClO -0.084
Li2.5Y0.5Zr0.5Cl6 LiClO4, NiO, LiCl, ZrO2, YClO -0.118
Li3YCl6 LiClO4, NiO, LiCl, YClO -0.087

Li0.5NiO2

Li2ZrCl6 LiClO4, NiO, LiCl, ZrO2 -0.138
Li3InCl6 LiClO4, NiO, LiCl, InClO -0.095
Li2.125Sc0.375In0.25Cl4 LiClO4, NiO, LiCl, InClO, ScClO -0.103
Li2.5Y0.5Zr0.5Cl6 LiClO4, NiO, LiCl, ZrO2, YClO -0.127
Li3YCl6 LiClO4, NiO, LiCl, YClO -0.106

Li0.25NiO2

Li2ZrCl6 LiClO4, NiO, LiCl, ZrO2 -0.140

the greater chemical instability of the NCM85-LYZC cathodes and correlates well with the 

performance of the SSB cells. The greater reactivity of LYZC may result from the strong 

thermodynamic contribution of forming ZrO2, as suggested by the less negative enthalpy of the 

reaction between Li3YCl6 and LiNiO2 than between Li2ZrCl6 and LiNiO2; on the other hand, a 

purely Zr-based SE may benefit from the passivating nature of stable ZrO2 at the interface (as 

opposed to YOCl).33 The formation of In2O3 and Sc2O3 instead of InOCl and ScOCl decreases the 

reaction enthalpy by 0.012 eV/atom, which does not affect the predicted stability of the NCM85-

LIC or NCM85-LSIC in comparison with their LYZC-based counterpart (Table S2).

To verify the thermodynamics-driven chemical decomposition of LYZC predicted by the 

DFT calculations, the cathodes were analyzed by ToF-SIMS. Due to the high mass sensitivity of 

ToF-SIMS as reported previously,16 this method is implemented here to study the degradation 

mechanism of chloride SEs upon continuous cycling of the NCM85 SSB cells. It is noteworthy 

that although transmission electron microscopy (TEM) may be implemented to investigate the 

structural evolution of the cathode active material surface, as was well demonstrated by Jung et 

al,40 ToF-SIMs is more capable of probing the chemical composition of the cathode interphase. It 

also avoids possible interphase evolution induced during the sample thinning necessary for TEM 

study or electron beam irradiation in the TEM. To minimize the inhomogeneity on the surface, ten 

spectra in different areas on each sample were collected and then averaged. Taking the matrix 
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effect into account, the intensity of the specific fragment (e.g., MCln
-) may vary with the SEs. 

Therefore, the compositional changes at the interface were determined by comparing the 

normalized signal intensity of the NCM85-SE pellets before and after cycling. Our DFT 

calculations suggest that M-oxides (In2O3, Sc2O3, ZrO2) and M-oxide chlorides (M-OCl) will be 

formed at the interface. Additionally, the intrinsic electrochemical oxidation of the SE would result 

in the formation of a corresponding M-chloride (InCl3, ScCl3, YCl3, and ZrCl4). 55,56 Therefore, 

the evolution of the signal from MCln
- fragments arises from pure electrochemical oxidation of the 

SEs, while the change in OCl- fragments illustrates how reactive the NCM85|SE interface is. We 

note that the intensity of M-oxide fragments in the ToF-SIMS data was generally too low to be 

reliably detected, because of the low ionization possibilities of M-oxide fragments and mass 

interferences by adjacent signals.  

The evolution of the MCln
- signal (Fig. 5A-C) after long-term cycling of the 

NCM85||In/InLi SSB cells between 2.7 and 4.3 V is in good agreement with the CV results. While 

NCM85-LYZC (Fig. 5A) and NCM85-LSIC (Fig. 5C) do not indicate an increase in the 

corresponding MCln
- signals, InCl3

- generated by NCM85-LIC (Fig. 5B) exhibits a noticeable 

growth after 120 cycles. The greater susceptibility of LIC to electrochemical oxidation is also 

confirmed by the stronger growth of the InCl2
- signal generated by LIC (Fig. S9A).

While the change in MCln
- confirms the effect of M on the intrinsic electrochemical 

stability of Li-M-Cl and its appearance in the SSB cells, the evolution of the OCl- fragment (Fig. 

5D) proves the influential role of M on compatibility with NCM85 (i.e., oxygen-induced 

degradation). As discussed above, ZrO2 and YOCl are the oxygen-derived degradation products 

of LYZC. Limited by the low ionization possibility and mass interference, ZrO2
- fragments are 

almost undetectable and cannot be quantified (Fig. S9B).22 However, the OCl- signal proves that 

the thermodynamically favorable degradation of NCM85-LYZC occurs in the SSB. Note that 

electrochemical decomposition of LIC results in a ~ 1.4-fold increase in the InCl3
- signal (Fig. 5E), 

while for LYZC the amount of OCl- is doubled after 120 cycles.
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While the performance of In/InLi||NCM85 SSB cells with LYZC SE matches the 

predictions of the DFT calculations, there is no evidence for the chemical decomposition of LIC 

and LSIC SEs even though the predicted enthalpy between LIC (LSIC) and fully discharged LiNiO2 

is negative. Nonetheless, the amount of OCl- in the uncycled NCM85-LIC and NCM85-LSIC 

cathodes is half that of its LYZC-counterpart (Fig. 5F). Note that the non-zero intensity of OCl- in 

the uncycled cathode is likely caused by its exposure to traces of moisture in the glovebox. 

Nevertheless, the amount of OCl- does not change after 120 cycles to 4.3 V despite the more 

negative reaction enthalpy between LIC (LSIC) and Li1-xNiO2 at higher SOC (Table 1). This 

tendency suggests that In3+ and Sc3+ might contribute to the kinetic stabilization of the interface 

formed between the SEs and NCM85. However, the study of the mechanism of kinetic stabilization 

is outside the scope of this study and requires a separate investigation.

The reduced accumulation of InCl3
- exhibited by the NCM85-LSIC cathode highlights 

another critical property that M influences in Li-M-Cl: the electronic conductivity of the SE. The 

Figure 5. (A-C) Evolution of the mass-spectra of MCln
- fragments upon the cycling of NCM85||In/InLi 

SSB cells at a 0.2 C rate between 2.7 and 4.3 V vs. Li/Li+. (D) Evolution of the mass-spectra of OCl- 
fragment upon cycling. (E-F) Quantification of the decomposition of Li-M-Cl SEs.
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electronic conductivity of LSIC (4.710-10 S/cm) is almost an order of magnitude below the 

electronic conductivity of LIC (5.4 10-9 S/cm), which, in turn, kinetically stabilizes the SE against 

electrochemical oxidation.31 This effect is also responsible for the improved performance of LSIC 

in comparison with its unsubstituted version – Li2Sc2/3Cl4
31 that undoubtedly illustrates that 

electronic conductivity of the SE is an as important property as ionic conductivity and the 

electrochemical stability window.

Conclusions

A multi-pronged experimental and theoretical analysis of the origins of the different cycling 

stability of high energy-density NCM85 with three Li-M-Cl solid electrolytes - Li3InCl6 (LIC), 

Li2Sc1/3In1/3Cl4 (LSIC), and Li5/2Y1/2Zr1/2Cl6 (LYZC) - demonstrates that these SEs behave very 

differently despite their similar anionic sublattice and ionic conductivity. For the first time, we 

establish the decisive effect of the central metal M on the performance of the solid state battery 

(SSB) cells upon cycling to cutoff voltages of 4.3 and 4.6 V and deconvolute the decomposition 

pathways of the chloride SEs. We demonstrate that while LYZC facilitates very stable cycling of 

the SSB cells with an NCM111 cathode, this SE is not suitable for high-capacity NCM85 cycled 

at high voltage (≥ 4.3 V) due to the limited interfacial chemical stability caused by the formation 

of YOCl (and likely ZrO2) triggered by the oxygen redox reactions of NCM85. Meanwhile, SSB 

cells with LSIC outperform LIC due to the lower electronic conductivity of LSIC and better 

electrochemical stability.
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Our work presents a comprehensive approach for analyzing the applicability of novel 

halide SEs. We suggest that the chemical compatibility with a target cathode material should be 

evaluated alongside the electrochemical stability window. For example, a theoretical calculation 

predicted products at the interphase and the reaction enthalpy could be the initial criterion for 

stability, followed by more advanced simulations that take kinetics into account. Additionally, the 

electronic conductivity of the SEs must not be undermined and requires exceptional attention due 

to its extreme importance in achieving the stable performance of the SSB cells.

Overall, our work establishes a platform for the metrics and the approach that can be 

utilized to efficiently evaluate the stability of new halide (chloride and fluoride) SEs in SSB cells.

Experimental details

1. Synthesis of the SEs

Chloride SEs were synthesized by the solid-state route in an Ar-filled glovebox (p(O2)/p < 

0.5 ppm, p(H2O)/p < 0.5 ppm). Li2.5Y0.5Zr0.5Cl6
25 (LYZC) and L2Sc1/3In1/3Cl4

31 (LSIC) were 

synthesized following our previously reported procedures. For Li3InCl6 (LIC), a stoichiometric 

mixture of LiCl (Sigma-Aldrich, 99.9%) and InCl3 (Sigma-Aldrich, 99.99%) was hand-ground and 

sealed in a quartz tube under vacuum. The quartz tube was ramped at a rate of 5 °C/min to 450 °C, 

dwelled for 48 hours, and cooled to room temperature at a rate of 1 °C/min. Argyrodite 

Li5.5PS4.5Cl1.5 SE was synthesized by a solid-state reaction at 550 °C for 48 hours. The heating and 

cooling rates were 5 °C/min.

2. Cell assembly and electrochemical measurements

The electronic conductivity of the SE was measured by the DC polarization of the SE 

pellets in a symmetric Ti|SE|Ti cell under the constant pressure of 255 MPa. In brief, the SE 

powder was pressed into a ~ 400 m pellet for 1 minute, and then DC polarization of 1 V was 

applied. The steady-state current was averaged over time, and the average was used to calculate 

the partial electronic conductivity of the SE. The error in electronic conductivity is based on 

averaging the steady-state current.

A thicker pellet (~ 800 m) of the SE was pressed for the ionic conductivity measurements. 

The ionic conductivity was measured by the EIS (200 mV amplitude) of the SE pellets in the 

frequency range from 1 MHz to 100 Hz under the constant pressure of 255 MPa. The bulk ionic 
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resistance of the SE was estimated from the positive intercept of the experimental spectra. The 

error in ionic conductivity is based on multiple measurements.

The cells were assembled in an Ar-filled glovebox. LiNi0.85Co0.1Mn0.05O2 (NCM85, BASF, 

D50 = 5 m) or LiNi1/3Co1/3Mn1/3O2 (NCM111, NEI Corporation, D50 = 8 - 12 m) active materials 

were ground with a chloride SE in a mass ratio of 4:1 for 1 hour. No carbon was added to the 

cathode to avoid oxidation of the SE at the carbon surface.

The NCM SSB cells were assembled in several steps. First, 70 mg of argyrodite 

(Li5.5PS4.5Cl1.5) SE and 30 mg of a chloride SE were pressed into a bilayer pellet in a 10 mm PEEK 

cylinder at 1 ton for 2 minutes. Then,  6.5 - 7.5 mg of the NCM-chloride SE composite was 

uniformly spread over the chloride side of the SE and pressed at 2 tons for 5 minutes. We note that 

30 mg of a halide SE translates into a > 100 m thick layer ( (halide SE)  2.5 g/cm3) that prevents 

any physical contact between the argyrodite Li5.5PS4.5Cl1.5 layer and the NCM-chloride SE 

composite. Next, an In/InLi anode was prepared by attaching a 10 mm In electrode (100 m thick) 

to the sulfide layer of the cathode/SE pellet. Finally, an 8 mm 50 m Li on Cu  foil (China Lithium 

Energy) was placed on the In disc, and the cell was placed into a custom-made stainless steel cage 

with a constantly applied pressure of ~250 MPa. The In/InLi anode was separated from the Li-M-

Cl by the argyrodite layer to prevent reduction of the Li-M-Cl.57 The areal loading of NCM  7 

mg/cm2 provides a theoretical capacity of 1.4 mAh/cm2. SSB cells were cycled at a constant 

current of 0.2 C (1 C = 200 mAh/g) within the voltage windows of 2.08 – 3.68 V and 2.08 – 3.98 

V vs. In/InLi (ie, 2.7 – 4.3 V and 2.7 – 4.6 V vs. Li+/Li) at room temperature. Voltage vs. In/InLi 

was converted to voltage vs. Li+/Li by adding 0.62 V because polarization of the In/InLi anode is 

effectively negligible, as its contribution to the overall cell polarization is only ∼ 3 mV at a cathode 

loading of ∼7 mg/cm2 and a current density of 0.28 mA/cm2.

Two cells made with each SE were cycled to 4.3 V vs. Li+/Li, and one cell with each SE 

was cycled to 4.6 V vs. Li+/Li. The performance retention of the NCM85||In/InLi SSB cells is 

consistent with the previously reported by our group.31

In-situ EIS of the SSB cells was measured at a voltage of 3.8 V vs. Li+/Li every charging 

step between 1 MHz and 20 mHz. Before the EIS acquisition, the SSB cells were held at constant 

voltage until a C/100 current cutoff. EIS of the SSB cells during aging was recorded from 1 MHz 

to 100 mHz hourly for 30 hours. Before the aging step, the SSB cells were charged to the cutoff 
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voltage of 4.1, 4.3, or 4.6 V vs. Li+/Li Li at a current of 0.2 C and then held at the cutoff voltage 

until the current decayed to 0.01 C. The voltage amplitude was 10 mV for all the experiments. 

The temporal evolution of the cathode resistance (Rcathode) at different cutoff voltage was 

fitted via a parabolic growth function as described by Zuo et al.17 The values of Rcathode at 4.1 V 

are based on one cell per SE. At 4.3 V Rcathode of NCM85-LYZC is the average of three cells, and 

Rcathode of NCM85-LIC is the average of 2 cells. At 4.6 V, Rcathode of NCM85-LIC was calculated 

as an average of three reproducible cells. Due to the significantly higher impedance of NCM85-

LYZC, its growth constant k was calculated based on one cell. Rcathode of NCM85-LSIC at 4.3 V 

and 4.6 V were calculated based on one cells per voltage point due to their consistency with the 

previously reported results31. The error in kinetic constant k represents the fitting error.

The cells for CV measurements were prepared similarly to the NCM SSB cells, except no 

Li was placed on In foil. The carbon-SE composites for CV studies were prepared by grinding C65 

carbon (MTI) and chloride SE in a mass ratio of 1:9. Electrochemical stability of the SEs mixed 

with C-65 carbon was studied by stepwise CV between 2.7 and 4.6 V vs. Li+/Li. Initially, the 

voltage was swept from OCV to 4.1 V and then cycled once between 2.7 and 4.1 V vs. Li+/Li. 

Then, the cells were cycled twice within the range of 2.7 – 4.3 V vs. Li+/Li  and 2.7 – 4.6 V vs. 

Li+/Li. The onset of the SE oxidation was evaluated from the last scan to 4.6 V vs. 4.6 V vs. Li+/Li. 

The CV was performed at a rate of 0.1 mV/s.

3. UPS

For measuring UPS on chloride SSEs, the SSE powders were dispersed in xylene and 

screen printed on Al foil, followed by pressing with 100 MPa to obtain thin and flat films of the 

SSEs. The samples were prepared and transferred to the photoelectron chamber without air contact. 

The coverage of the films was confirmed by measuring XPS spectra prior to UPS, showing no 

signal of the Al substrate. UPS was carried out on a PHI5000 Versa Probe II system (Physical 

Electronics Inc) equipped with a He-Iα source (21.22 eV). In order to properly observe the high 

binding energy cutoff, a sample bias of -9 V was applied.

4. FIB-SEM

FIB-SEM images of SSB cathodes were recorded on a XEIA3 system (Tescan). Prior to 

the measurement, the cathodes were covered by a copper tape to ensure a flat surface and reduce 

the curtaining effect. Cross-sections were cut by a 2.5 µA Xe-ion beam and polished with a 0.1 µA 
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Xe-ion beam. SEM was performed on these cross-sections by probing with a 5 kV, 500 pA electron 

beam and detecting the backscattered electrons with an in-beam detector. 

5. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

All pellet samples were transferred from Waterloo to Giessen under argon atmosphere. The 

cathodes were removed from the SSB cells in an Ar-filled glovebox and attached on a sample 

holder using an insulative tape. A transfer system Leica EM VCT500 (Leica Microsystems GmbH) 

was used to transfer the samples from glovebox to the ToF-SIMS instrument. ToF-SIMS 

characterization was performed by using a ToF-SIMS 5-100 system (IONTOF GmbH) equipped 

with a 25 keV Bi cluster primary ion gun for analysis.

During ToF-SIMS measurement, the surface of the samples was flooded with low-energy 

electrons to compensate charge. The negative ion mode using Bi3
+ species and a cycle time of 60 

μs were chosen for analysis. To minimize the effect of mass interference, the spectrometry 

(bunched) mode was used for surface analysis to enable a high signal intensity and a high mass 

resolution (FWHM m/Δm > 5,000 @ m/z= 34.97 (Cl−)). The analysis area was set to 150 × 150 

μm2 and rasterized with 256 × 256 pixels, and every patch was analyzed with 1 frame and 1shot 

per pixel and frame. The primary ion current was ca. 0.5 pA, and the stop condition was set to a 

primary ion dose of 1012 ions cm−2. To quantitatively compare the specific signal intensity, we 

collected more than 10 mass spectra at different areas on each sample.

All ToF-SIMS data was evaluated with SurfaceLab 7.0 (IONTOF GmbH) software. In this 

work, the spectra were normalized in relation to the total ion signal, and the signal intensities in 

the box plots were extracted from the respective normalized secondary ion images.

6. DFT calculations

The Vienna ab initio simulation package (VASP)58,59 was used to perform density 

functional theory (DFT) total energy calculations. The planewave pseudopotentials with projector 

augmented wave (PAW) potentials for core electrons were used, and the exchange-correlation term 

was treated with the Perdew-Burke-Ernzerhof (PBE) version within the generalized gradient 

approximation (GGA).60,61. All the DFT calculations were performed with input parameters 

compatible with the Materials Project (MP) database62 . The ScOCl ground state, missing in the 

Materials Project (MP) database, was obtained using a reported structure from Springer Material.63 

To obtain the low energy configurations of LIC, LSIC, and LYZC we have generated, using 
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pymatgen,64 the 50 lowest Ewald energy structural orderings considering the partial occupancies 

of the atomic species in their experimental structures.25,31 These structural orderings were 

computed using DFT, and the lowest DFT energy configurations were used to explore the interface 

reaction energies. We have used a pseudo-binary mixing approach of two reactants to calculate 

interfacial reactivity among LixNiO2 (an approximation to NCM85) and chloride SEs as described 

in detail elsewhere.14,15,17 The calculated reaction energies and reaction products for most 

energetically favorable reactions involving oxide chlorides as products, at various states of charges 

of  LixNiO2, are summarized in Table 2.
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