
HAL Id: hal-03601924
https://hal.science/hal-03601924v1

Submitted on 8 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

In Search of the Best Solid Electrolyte-Layered Oxide
Pairing for Assembling Practical All-Solid-State

Batteries
Tuncay Koç, Florencia Marchini, Gwenaëlle Rousse, Romain Dugas,

Jean-Marie Tarascon

To cite this version:
Tuncay Koç, Florencia Marchini, Gwenaëlle Rousse, Romain Dugas, Jean-Marie Tarascon. In Search
of the Best Solid Electrolyte-Layered Oxide Pairing for Assembling Practical All-Solid-State Bat-
teries. ACS Applied Energy Materials, 2021, 4 (12), pp.13575-13585. �10.1021/acsaem.1c02187�.
�hal-03601924�

https://hal.science/hal-03601924v1
https://hal.archives-ouvertes.fr


1 
 

In the Search for the Best Solid Electrolyte-Layered Oxide 

Pairing for Assembling Practical All-Solid-State Batteries 

 

 

Tuncay Koç1,2,3, Florencia Marchini1,3, Gwenaëlle Rousse1,2,3, Romain Dugas1,3 and 

Jean-Marie Tarascon1,2,3,* 
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Abstract 

All-solid-state batteries (ASSBs) are the subject of large enthusiasm as they could boost by 50% the energy 

density of today’s Li-ion batteries provided that several fundamental/practical roadblocks can be solved. 

Focusing on the interface between the solid electrolyte and cathode active material (CAM), we herein 

studied the chemical/electrochemical compatibility of coated-layered oxide LiNi0.6Mn0.2Co0.2O2 with the 

three main inorganic electrolytes contenders, these being lithium thiophosphate (β-Li3PS4), argyrodite 

(Li6PS5Cl), and halide (Li3InCl6). Such electrolytes were prepared by either solvent-free or solution 

chemistry and paired with the CAM to form a composite which was further tested by assembling solid-state 

batteries using Li0.5In as negative electrode. Amongst the electrolytes prepared by dry routes, the best 

performing was found to be Li6PS5Cl followed by β-Li3PS4 and lastly Li3InCl6. In contrast, no general trend 

of benefit or detriment was observed when switching to solution route as it resulted in either performance 

improvement or deterioration depending on the electrolyte. Additionally, we show a strong dependence of 

the battery performance upon the presence of carbon additives. Lastly, we unraveled a pronounced 

chemical/electrochemical incompatibility of Li3InCl6 towards Li6PS5Cl and β-Li3PS4, hence questioning the 

design of hetero-structural cell architectures. Altogether, we hope these findings to provide guidance in the 

proper pairing of electrode-electrolytes components for designing highly performing solid-state batteries. 
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Introduction 

All-solid-state batteries (ASSBs) are generating worldwide excitement among research institutions, battery 

makers and users as evidenced by the increasing volume of related scientific publications and daily 

announcements by various start-ups. This excitement was initiated back to 2011 by the discovery of an 

inorganic sulfide-based electrolyte (Li10GeP2S12) whose ionic conductivity of 10-2 S/cm-1 was comparable 

to the best Li-based liquid electrolytes.1 

ASSBs are solvent-free devices, which offer safety advantages over lithium-ion systems while being 

theoretically capable of achieving a nearly 70% and 40% increase in volumetric (Wh/l) and gravimetric 

(Wh/kg) energy densities, respectively, taking advantage of Li-metal and bipolar cell configurations.2 

However, for this to happen several roadblocks dealing with problematic electrode-electrolytes chemical-

electrochemical compatibilities at both negative and positive electrodes need to be equally addressed.3–5 

Various strategies relying on Li-surface engineering or on the use of Li-alloying coatings (LixAu, etc.) 

acting as buffer interfaces have been tried.6 The best results achieved so far have been obtained with 

“anodeless” ASSBs in which the Li-metal anode is replaced by a silver-carbon composite electrode.7 

Positive electrodes of today’s ASSBs are composites of a cathode active material (CAM, typically coated 

layered oxides) mixed with solid-ionic conductors and eventually carbon additives.8,9 Their long cycling 

stability is presently plagued by chemical/electrochemical incompatibility issues between the oxide and the 

solid Li+ conductor resulting in occasional decomposition reactions taking place at the interfaces.10,11 The 

degree of advancement of such decomposition reactions depends upon the quality of oxide coating but more 

so on the nature of the solid ionic conductor used.12–14  

Nowadays, a wide panel of fast Li+ conductors for solid-state battery applications are known. The lithium 

thiophosphate family is probably the largest and one of the most attractive for practical applications. It 

enlists typical structures such as β-Li3PS4 from the Li2S-P2S5 binary system, the argyrodite-type phases 

(Li6PS5X, X=Cl, Br and I) and the Li10GeP2S12 phases together with its derivatives obtained by partial 

substitution of Ge or S. Despite the latter exhibits the highest ionic conductivities, it is also the most unstable 

thermodynamic-wise and ruled out for practical ASSBs.15 More recently, halide-type ionic conductors 

Li3MX6 (M=In and trivalent rare earth metals Er, Y, etc., X=Cl, Br and I) have been revisited owing to their 

high ionic conductivity (10-4 - 10-3 S/cm)16 and high stability against oxidation as deduced by density 

functional theory (DFT) calculations17 and confirmed experimentally18,19. New electrolyte compositions 

such as Li2Sc2/3Cl4 and Li3ScCl6 have been recently uncovered.20,21 

Such richness of ionic conductors simultaneously represents a benefit and a hassle when selecting the best 

suitable solid electrolyte for pairing with a layered oxide positive electrode. Different electrolyte 
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chemistries indeed differ in their thermodynamic stability against oxidation and reduction, in their 

electronic and ionic conductivity, in their softness (which is higher for halides than for argyrodite and 

thiophosphates) and lastly in their thermal stability.22 Moreover, their chemical-physical properties were 

also shown to depend on their synthesis method, either via solvent assisted reactions involving 

precipitation/crystallization in organic solvents, high temperature solid-state reactions (>500 °C) or 

mechanical ball milling followed by annealing steps.23–26 Among them, the solvent-based routes appear to 

be particularly attractive for solid electrolyte (SE) - CAM composite preparation in a core-shell like 

structure (namely SE-coated oxide) by maximizing the energy density at electrode level while enhancing 

ionic percolation and boosting the cell performance.27–29 However, in practice, such solution processes were 

shown to lead to phase contaminations or surficial remaining solvent species on solid ionic conductors.30,31 

Most of these aspects have already been addressed for most of ionic conductors independently and almost 

no cross-comparison between such studies have been made, with the exception of a recent study on halides 

that report their stability against argyrodite.32 

Thus to fill this gap, we decided to embark ourselves in a benchmarking study of solid-state batteries using 

coated-LiNi0.6Mn0.2Co0.2O2 as part of a composite positive electrodes also including β-Li3PS4, Li6PS5Cl and 

Li3InCl6 as solid electrolytes. The latter were prepared either by solution or by solvent-free synthesis. For 

each electrolyte, we firstly studied the interplay between synthesis strategy, ionic/electronic conductivity 

and structural properties and later tested their performances in full all-solid-state batteries. The use of 

carbon additives together with the design of hetero-structural cell architecture were also explored. Through 

this survey, we found that the carbon containing coated-LiNi0.6Mn0.2Co0.2O2/argyrodite (Li6PS5Cl, 

synthesized by solid-state method) pair gave the best electrochemical cycling performance with a sustained 

reversible discharge capacity of 141 mAh.g-1 as well as less than 3% decay upon 20 cycles. 

 

 

Experimental Section 

 

 Solid Electrolyte Synthesis 

The solvent-mediated synthesis of β-Li3PS4 solid electrolyte was prepared in tetrahydrofuran (THF). 

Stoichiometric amounts of Li2S (Alfa Aesar, purity 99 w/w %) and P2S5 (Acros Organics, purity > 98 w/w 

%) were dispersed in THF (Sigma Aldrich, 99.9 % v/v). The precursors were stirred continuously for 48 h 

at room temperature and the powder was later recovered by centrifugation at 600 rpm for 3 min. Next, the 
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obtained powder was placed in a cylindrical Schlenk flask and dried at 100 oC (heating rate 5 oC/min) for 

24 h and subsequently at 155 oC for 24 h under dynamic vacuum (P < 0.1mbar). 

The solvent-free β-Li3PS4 solid ion conductor was synthesized by mechanochemical milling of a 

stoichiometric mixture of Li2S and P2S5 using planetary ball-mill followed by annealing step. The mixture 

of precursors was placed in a ZrO2 jar of 45 mL together with 12 ZrO2 balls (10 mm diameter, 3 g each). 

Ball to powder weight ratio was 36 : 1. The mixture was milled at 510 rpm for 20 h applying 15 min milling 

followed by 15 min of cooling step. The ball-milled powder was later pelletized and annealed at 200 oC 

(heating rate 5 oC/min) for 1 h in a quartz tube sealed under vacuum. After the annealing process, the sample 

was cooled naturally. 

The solvent-engineered Li6PS5Cl was synthesized in THF/Ethanol solvents. Firstly, a suspension of 

Li3PS4.xTHF/THF was prepared by stirring of stoichiometric mixture of Li2S and P2S5 in THF at room 

temperature for 48 h. Next, stoichiometric mixture of Li2S and LiCl (Alfa Aesar, anhydrous, 99 wt. %) was 

dissolved in ethanol and further stirred at room temperature for 24 h. After the stirring processes, the 

suspension was transferred to the solution and greenish clear solution was obtained. The final greenish 

solution was later left stirring continuously overnight and further centrifuged at 600 rpm for 3 min to remove 

unreacted particles. Finally, the greenish clear solution was dried under dynamic vacuum (P < 1 mbar) to 

remove the solvent and then, a yellowish powder was obtained. The powder was introduced to a cylindrical 

Schlenk flask for further drying at 100 oC for 24h and subsequently at 155 oC for 48 h under dynamic 

vacuum (P < 0.1mbar). Next, the powder was pelletized and annealed at 550 oC (heating rate 5 oC/min) for 

6 h in a quartz tube sealed under vacuum. The pelletized sample was cooled naturally after the annealing 

step. 

The solid-state synthesis of Li6PS5Cl was carried out by annealing of stoichiometric mixture of Li2S, P2S5 

and LiCl in a Al2O3 crucible. The powder mixture placed in the crucible was sealed under vacuum in a 

quartz tube and finally, annealed at 550 oC (heating rate 5 oC/min) for 72 h followed by natural cooling. 

The water-assisted synthesis of Li3InCl6 was prepared by dissolution of InCl3 (Alfa Aesar, anhydrous, 99,99 

w/w %) and LiCl in distilled water. The precursors were left stirring overnight continuously at room 

temperature and the clear solution was naturally dried at 100 oC. Following the process, white powder was 

obtained and subsequently it was further dried at 100 oC for 24 h and later at 200 oC for 24 h under dynamic 

vacuum (P < 1mbar) followed by natural cooling. 

The solvent-free Li3InCl6 solid ion conductor was synthesized by mechanochemical milling of a 

stoichiometric mixture of InCl3 and LiCl using planetary ball-mill followed by annealing step. The ball-

mill apparatus were used as explained above for solvent-free synthesis of β-Li3PS4 solid ion conductor. The 
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milling process was set at 510 rpm for 24 h applying 15 min milling followed by 15 min of cooling step. 

After the ball-milling process, the obtained powder was pelletized and annealed at 260 oC (heating rate 5 

oC/min) for 5 h in a quartz tube sealed under vacuum. After the annealing process, the sample was cooled 

naturally. 

 

Synthesis of core-shell-like cathode composites 

β-Li3PS4-coated NMC622 particles were synthesized as follows. A mixture of Li2S (0.115 mg), P2S5 (0.185 

mg) and coated-NMC622 (700 mg) was transferred in THF (in a ratio of 35 mg of Li2S and P2S5 solid 

particles per milliliter of solvent) and stirred for 48 hours at room temperature and subsequently, VGCF 

particles (50 mg) were added into the suspension by aiming a cathode composite in 70:30:5 wt% (coated-

NMC622:β-Li3PS4:VGCF). The solid particles were collected by centrifugation at 600 rpm for 5 min and 

heated at 100 oC for 24h and then 155 oC for 24 h under vacuum. 

Li6PS5Cl-coated NMC622 cathode composite was synthesized in the same line of the solvent-mediated 

synthesis of Li6PS5Cl solid electrolyte. Firstly, a suspension of Li3PS4.xTHF/THF was obtained at room 

temperature and next, the obtained suspension was transferred into a solution containing dissolved LiCl and 

Li2S in ethanol. Next, coated-NMC622 (700 mg) was added into the greenish solution and stirred for 2 h at 

room temperature. Finally, the solution containing cathode active materials and Li6PS5Cl was dried to 

remove the solvent at 100 oC for 24h and later at 155 oC for 48 h under vacuum. 

Li3InCl6-coated NMC622 particles were obtained using the dissolution of Li3InCl6 particles (300 mg) in 

THF. After 5 minutes of exposure, coated-NMC622 (700 mg) particles were transferred into the clean 

solution and stirred for 1 h. Finally, the solution containing cathode active materials and dissolved Li3InCl6 

was heated first at 100 oC for 24 h and then at 200 oC for 24 h under vacuum to dry the solvent. 

Conductivity measurements 

 The solid electrolyte samples were pelletized at 4 t/cm2 during 5 minutes in an 8 mm die set and later 

transferred to the testing cell for the ionic and electronic conductivity measurements. Ionic conductivity 

measurements were performed by electrochemical impedance spectroscopy (EIS) at OCV applying 

excitation amplitude of 50 mV in a frequency range between 7 MHz – 1 Hz with 15 points per decade with 

MTZ impedance analyzer (BioLogic). Electronic conductivity measurements were measured by direct-

current (DC) polarization on the pelletized solid electrolytes with applied voltages of 0.25 V, 0.50 V, 0.75 

V and 1 V for 60 min each using a low current channel (BioLogic). 
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Characterization 

Synchrotron X-ray powder diffraction (SXRD) patterns collected at the SOLEIL Synchrotron (St Aubin, 

France) on the CRISTAL beamline equipped with the Dectris Mythen dectector. All SXRD patterns were 

collected in transmission mode with λ = 0.58185Å, with the powder sealed in a glass capillary of diameter 

0.7 mm. The refinements of the patterns were done using the Rietveld method as implemented in the 

FullProf program. Laboratory X-ray powder diffraction (XRD) were performed in an airtight cell equipped 

with a Be window. XRD patterns were recorded in reflection mode in Bragg−Brentano geometry using a 

Bruker D8 Advance diffractometer equipped with a Cu-Kα X-ray source (λ1 = 1.54056 Å, λ2 = 1.54439 Å) 

and a LynxEye detector. 

Scanning electron microscopy (SEM)  

Solid electrolyte and core-shell cathode composite micrographs were obtained on FEI Magellan scanning 

electron microscope equipped with an Energy dispersive X-ray spectroscopy (EDX) Oxford Instrument 

detector. EDX of the composite cathode was carried out using an acceleration voltage of 20 kV. 

Battery assembling and electrochemical testing 

The battery assembly and electrochemical testing were carried out in a cell, which was developed in our 

laboratory and consisting of a cylindrical polyetherimide (PEI) cell body and two stainless steel pistons of 

8 mm diameter.  

The two-electrode cell was assembled as follows. 30 mg of solid electrolyte were firstly added into the cell 

and cold pressed at 1 t/cm2 for few seconds under a hydraulic press. 16 to 18 mg/cm2 of cathode 

composite(coated-NMC622/SE/VGCF, 70:30:5 wt%) was then spread onto one side of the pre-compressed 

solid electrolyte and next, a mixture of Li0.5In and solid electrolyte (in a 60:40 weight ratio) was added onto 

other side of the solid electrolyte pellet as counter electrode. Finally, the whole stack was further densified 

at 4 t/cm2 for 15 minutes. After the compression, the fully assembled cell was later closed with a torque 

key applying 2.3 Nm torque in each screw, which yields an internal pressure of 1 t/cm2. All assembling 

procedures were carried out under argon atmosphere in a glove box ([O2] < 1 ppm, [H2O] < 1 ppm). 

The three-electrode cell setup was modified from two electrode cell by placing 15 µm Al metal foil as RE 

current collector between two PEI body parts and the cell assembly was realized as explained in our 

previous work.33  

Galvanostatic cycling studies were carried out in the voltage range of 2.1 - 3.6 V vs. LiIn/In at room 

temperature at C/20 (C correspond to 1 mole of Li per mole of active material in 1 h). Three-electrode full-

cell impedance spectra were measured upon galvanostatic cycling at 3.2 V, 3.4 V, 3.6 V, 3.4 V, 3.2 V and 



8 
 

2.1 V after 4 h rest at each point using a 10 mV sinusoidal perturbation. 10 points per decade were taken 

for frequencies between 1 MHz - 10 mHz.  

All electrochemical measurements were conducted with a VMP3 potentiostat/galvanostat (BioLogic) 

controlled with EC-Lab software. 

Results and Discussion 

 

Pure solid electrolytes 

β-Li3PS4, Li6PS5Cl and Li3InCl6 powders were synthesized via solvent-assisted and solvent-free methods 

according to experimental protocols derived from the literature (see experimental section) and will be herein 

denoted with the prefixes W- and C-, respectively (Figure 1). The solid electrolytes were first characterized 

for their structure, morphology and electronic-ionic conduction by XRD, SEM and EIS spectroscopy, 

respectively. The collected XRD patterns (Figure 2a, b and c) match those already reported and indicate 

that nearly all the samples are pure phases. As expected, a greater broadening of the peaks was observed 

for samples made by mechanical ball milling given that this route promotes microstructural defects and 

particle nano-sizing. It is to note that Li6PS5Cl can be prepared as single phase by solid-state reaction, as 

opposed to the solution route, which also yields several crystalline impurities (see symbols in figure 2b) 

identified as Li3PO4, Li2S and LiCl (Figure S1). Such a difficulty was also mentioned in the literature and 

associated to the interaction between PS4
3- unit and ethanol.26,31 

 

 

Figure 1: Synthesis routes and abbreviations used for studied solid electrolytes. 
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Figure 2d-i shows the SEM micrograph of the synthesized powders whose particles adopt various shapes 

depending upon the electrolyte chemistry. Particle morphology is nearly independent of the synthesis 

strategy for the halides in contrast to the noticeable differences for β-Li3PS4 and Li6PS5Cl when prepared 

by solid-state and wet route. The relative density of pelletized solid electrolytes (SEs) was also calculated, 

revealing that solvent-free route seems to facilitate the material densification enabling a porosity decrease 

down to ~5% for Li3InCl6 (Figure S2). 

 

  

Figure 2: Powder X-ray diffraction patterns of a-c) W-β-Li3PS4 (dark green), C-β-Li3PS4 (green), W-

Li6PS5Cl (wine), C-Li6PS5Cl (red), W-Li3InCl6 (navy) and C-Li3InCl6 (blue). Asterisks indicate Be 

reflections from the sample holder. SEM images of d) W-β-Li3PS4, e) C-β-Li3PS4, f) W-Li6PS5Cl, g) C-

Li6PS5Cl, h) W-Li3InCl6 and i) C-Li3InCl6 as synthesized. 

 

Room temperature ionic and electronic conductivities were determined for all the SEs by EIS and DC 

polarization (Figure S3), respectively, and are shown in Figure 3a and Figure 3b together with the 

corresponding EIS spectra in Figure 3c, d and e. A slightly better ionic conductivity was obtained for the 

solvent-free electrolytes compared to their counterpart prepared by wet route with the only exception of W-

Li3InCl6. The obtained ionic conductivities rank as follows: Li6PS5Cl (4x10-3 S.cm-1), β-Li3PS4 (0.66x10-3 

S.cm-1) and Li3InCl6, (0.64x10-3 S.cm-1) and are in line with previous reports.  
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Turning to the DC electronic conductivity, it remains nearly constant and equal to 10-9 - 10-10 S.cm-1 for 

most of SEs except for the W-Li6PS5Cl whose electronic conductivity is three orders of magnitude higher 

(1.1x10-6 S.cm-1) and exceed the values reported in the literature.26 Interestingly, the DC electronic 

conductivity determined for the same W-Li6PS5Cl prior to the firing at 550°C was 1.8x10-9 S.cm-1 (Figure 

S3g). Thus, we believe that the enhanced electronic conductivity of W-Li6PS5Cl after firing could be rooted 

in the pyrolysis of residual solvent at high temperature (550 oC) yielding carbonaceous species. Overall, the 

highest ionic and lowest electronic conductivities were achieved by C-Li6PS5Cl and W-Li3InCl6 

electrolytes. 

 

  

Figure 3: Comparison of a) ionic and b) electronic conductivities of studied solid electrolytes and Nyquist 

plots of c) β-Li3PS4, d) Li6PS5Cl and e) Li3InCl6 prepared through solvent-engineered and solvent-free 

methods. 
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general configuration was used: coated-LiNi0.6Co0.2Mn0.2O2/SE/VGCF | SE | Li0.5In/SE, where SE refers to 

the corresponding electrolyte. However, such configuration was not suitable to test Li3InCl6 due to its 

known instability at the anode interface leading to the reduction of In3+.34 Thus, a hetero-structure cell 

design was employed. It consists in the use of Li3InCl6 only in the cathode composite, C-Li6PS5Cl as 

separator and a composite made of C-Li6PS5Cl and Li0.5In as the anode. At least three cells were cycled for 

each cathode composite in order to assess reproducibility of the results. 

 

Pairing coated-NMC622 with electrolytes obtained from solvent-free route (ceramic) 

The voltage profiles of the first galvanostatic charge/discharge cycle as well as the evolution upon cycling 

of the discharge capacity are comparatively shown, respectively, in Figures 4a, 4b for the full-batteries 

containing electrolytes prepared by solvent-free route. Additionally, the cell polarization (ΔV, difference 

between average charge and discharge voltages as shown in Figure S4a) is depicted in Figure 4c. 

The cell using coated-NMC622/C-Li6PS5Cl/VGCF composite positive electrode showed initial charge and 

discharge capacities of 173 and 141 mAh.g-1, respectively (Figure 4a) with a 81.5% of Coulombic efficiency 

and a remarkable high capacity retention of 97% up to 20 cycles. (Figure 4b). With such figures of merits, 

C-Li6PS5Cl-based cells outpaces the ones containing C-Li3InCl6 and C-β-Li3PS4. In contrast, the analogous 

cell with a carbon-free cathode composite exhibited a limited initial capacity of 73 mAh.g-1, which 

gradually increased up to 101 mAh.g-1 after 20 cycles (Figure S5a and 5b), most likely due to progressive 

activation of the CAM particles upon cycling. Additionally, such carbon-free batteries showed a higher cell 

resistance compared to their carbon-containing counterparts (Figure S6), in line with its poorer cycling 

performance. Overall, this indicates that the addition of carbon to the composite containing C-Li6PS5Cl 

enhanced the reversible capacity of the battery and its overall cycling performance without any major 

degradation (Figures 4c). 

Turning to the cell based on carbon-containing coated-NMC622/C-β-Li3PS4 composite, it showed an initial 

charge and discharge capacities of 156 and 109 mAh.g-1, respectively (Figure 4a) with a 10% capacity 

decay after 20 cycles (Figure 4b) as opposed to the carbon-free composite, which exhibited an almost 

constant discharge capacity of 110 mAh.g-1 (Figure S5b). Moreover, the carbon-containing composite 

showed an increase in polarization ΔV upon cycling (Figures 4c). In summary, the addition of carbon to β-

Li3PS4-based composite electrodes resulted in a capacity boost but at expenses of a poor Coulombic 

efficiency and further capacity fading. Such a negative effect of carbon has been ascribed to its electron 

mediator role to trigger electrochemical-driven degradation.35 The greater deterioration of β-Li3PS4 - carbon 
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composites rather than Li6PS5Cl - carbon ones is rooted in the lower stability against deterioration of the 

former at oxidation potentials greater than 3.2 V as deduced independently by EIS experiments. 

Lastly, carbon-containing composite electrodes with C-Li3InCl6 (coated-NMC622/C-Li3InCl6) was tested 

using C-Li6PS5Cl as separator. High charge and discharge capacities were delivered in the first cycle (166 

and 143 mAh.g-1, respectively, Figure 4a), comparable to our best performing material (C-Li6PS5Cl-based 

composite). However, its capacity fading upon cycling resulted the worst of the three investigated systems, 

reaching 50% after 20 cycles (Figure 4b). Such a rapid capacity decay is mirrored by a fourfold increase of 

ΔV upon cycling (Figure 4c). Moreover, when replacing C-Li6PS5Cl testing separator by W-β-Li3PS4 

separator, we observed an even greater capacity fade that reached 95% after cycling (Figure S7). In order 

to interrogate the origin of such a drastic capacity fading, we investigated the chemical compatibility 

between W-Li3InCl6 and the aforementioned electrolytes also used in the cell architecture. To this effect, 

C-Li3InCl6/C-Li6PS5Cl and C-Li3InCl6/W-β-Li3PS4 mixtures of the pristine powders (in 1:1 wt%) were 

prepared and subjected to a thermal treatment at 150°C during 72 hours in order to promote chemical 

reactivity. Thereafter, synchrotron X-ray powder diffraction of the annealed powders revealed the presence 

of LiCl as the decomposition product, thus confirming thermally promoted chemical reactions between the 

two solid electrolytes (Figure S8a and S8b). This degradation was certainly more pronounced in presence 

of  b-Li3PS4, in consistence with the rapid performance degradation of halide-based cells using b-Li3PS4 as 

the separator. Bearing in mind that our heating treatment was below the synthesis temperature of the mother 

electrolytes (W-β-Li3PS4: 155 °C, C-Li6PS5Cl: 550 °C and C-Li3InCl6: 200 oC) and therefore far from their 

unstable thermal stability range, we can relate the newly found chemical instability of Li3InCl6 towards β-

Li3PS4 and Li6PS5Cl to the cycling performance degradation of the hetero-structural battery. Such chemical 

incompatibility leads to the formation of a passivation interlayer between the positive electrode and the 

separator that is prejudicial to battery performances.  
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Figure 4: Electrochemical performance results of hand-ground carbon-containing coated-NMC622 and β-

Li3PS4 / Li6PS5Cl / Li3InCl6 cathode composites in ASSBs at room temperature. Voltage profile of the first 

galvanostatic charge–discharge cycle, discharge capacity as a function of cycle number and cell polarization 

over cycling depicted, respectively, for the cells containing electrolytes prepared by solvent-free (a, b, c) 

and wet-based (d, e, f) synthesis routes. 
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Pairing coated-NMC622 with electrolytes obtained from wet route 

The initial charge/discharge performances and the discharge capacity upon cycling are shown in Figures 

4d and 4e respectively, for the full-batteries containing solid electrolytes synthesized by wet route. 

Additionally, the ΔV (the difference between average charge and discharge voltages as shown in Figure 

S4b) as a function of the cycle number is depicted in Figure 4f. 

The cathode composite of the W-Li6PS5Cl (coated-NMC622/W-Li6PS5Cl/VGCF) exhibited a remarkably 

high first charge capacity of 246 mAh.g-1 accompanied by a pronounced oxidation slope starting at ~ 2.3 

V, likely ascribed to electrolyte decomposition. In line with such hypothesis, the Coulombic efficiency of 

the first cycle was very poor (54.3%) (Figure 4d). This suggests a magnified electrochemical decomposition 

for the W-Li6PS5Cl, which may be possibly related to faster decomposition reaction36 triggered by its 

unexpected very high electronic conductivity shown in the previous section together. Nevertheless, after 

completing the first cycle, the system showed a striking 96.8% of capacity retention and an almost constant 

Coulombic efficiency of 86.5% after 20 cycles (Figures 4e and S9, respectively). Note that, variation on 

fabrication conditions of W-Li6PS5Cl did not deliver better cycling performance (see Figure S10). Equally, 

the system showed a nearly stable ΔV and apparent resistance upon cycling represented in Figures 4f and 

S11, respectively. Interestingly, the carbon-free positive electrode displayed an increasing discharge 

capacity upon battery cycling starting from 67 mAh.g-1 up to 100 mAh.g-1 (Figure S5e), possibly related to 

a gradual activation of the CAM given along cycling, in the line with C-Li6PS5Cl reported above. Such an 

activation period upon cycling is nearly common to all the carbon-free positive electrodes. A possible 

reason could lie the repetitive contraction-expansion of the active material that enables through cycling a 

better contact between the active material and solid electrolyte, hence enabling a greater participation of 

the NMC particles and by the same token an increase in capacity. 

When moving to the W-β-Li3PS4, carbon-containing composite (coated-NMC622/W-β-Li3PS4) exhibited a 

relatively high charge and discharge capacities upon the first cycle (171 and 129 mAh.g-1, respectively) that 

is accompanied by a rapid capacity decay of 71.5% after 20 cycles. This differs from the analogous carbon-

free composite, which delivered a stable discharge capacity of 58 mAh.g-1 upon cycling (Figures S5d and 

S5e). The differences between the carbon-containing and carbon-free composites are also reflected in the 

evolution of the cell polarization (DV) which either increases (Figure 4f) or remains constant (Figure S5f) 

upon cycling, respectively. We believe that such a carbon-driven decrease in performance is nested in the 

electrochemical degradation of the solid electrolyte that is evidenced as a sloping region at the early stage 

of the first charge (~2.3V), in line with the reported study in literature.37 Aside from such detrimental 

effects, a beneficial effect of carbon is that it enables to tap more capacity from the positive composite 

electrode via improved electronic conductivity as already well-described.37–39 
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Lastly, we tested W-Li3InCl6 in a dual solid electrolyte cell architecture, as described above. A first charge 

and discharge capacities of 165 and 142 mAh.g-1 respectively (Figure 4d) was obtained together with the 

lowest irreversible capacity through the first cycle (13.6%) obtained among all the cathode-solid ionic 

conductor pairs tested in this work. However, a progressive capacity degradation was observed, reaching a 

50% of decay after 20 cycles (Figure 4e) as witnessed by an increase in ΔV (Figures 4f), analogous to the 

case of C-Li3InCl6 reported above. As it was previously shown, the scenario upon cycling became worse 

when switching to W-β-Li3PS4 as separator, with a rapid capacity decay (11.7% after 20 cycles) (Figure 

S12). To further evaluate the origin of the electrochemical degradation in the dual solid electrolyte cell 

structure, W-Li3InCl6-based cathode composite was tested in a three-electrode cell configuration using C-

Li6PS5Cl as separator and Li0.5In/C-Li6PS5Cl as reference and negative electrode. Galvanostatic cycling 

together with EIS measurements were performed in order to monitor the impedance evolution upon cycling 

of the positive and negative electrode separately (see experimental details). Figure 5a displayed the 

comparison of galvanostatic cycling profiles of positive and negative electrodes between first and 20th 

cycles, which exhibit a pronounced capacity degradation, consistent with the two-electrode cell setup, as 

well as higher polarization in positive electrode rather than negative electrode after 20 cycles. On the other 

hand, the impedance response revealed that the most significant change came from the positive electrode 

by delivering up to a six-fold increase of the resistance at f= 1Hz after 20 cycles (Figure 5b). Such 

impedance response was mainly originated in the mid frequency region as opposed to the high frequency 

region. In contrast to the remarkable impedance growth at the positive electrode interface, no significant 

impedance enhancement was observed for the negative electrode over cycling (Figure 5c). When 

reconstructing the hetero-structure with W-β-Li3PS4 as separator, the impedance increase in the positive 

electrode became even higher over cycling, aligned with its rapid electrochemical cell fading (Figure S13). 

Overall, the electrochemical performance degradation in the hetero-structure cell of W-Li3InCl6-based 

cathode composite upon cycling was found via three-electrode cell-setup to originate from highly resistive 

positive electrode interface. This interfacial resistance as well as the poor performances of halide-based 

cells are rooted in the chemical incompatibility between Li3InCl6 towards the two sulfide-based electrolytes 

used in the heterogeneous cell architecture, evidenced in their thermally driven reactivity at low temperature 

as shown in Figure S14a and b. 



16 
 

 

Figure 5: Galvanostatic voltage profiles of W-Li3InCl6/coated-NMC622/VGCF positive electrode, C-

Li6PS5Cl as separator and Li0.5In/C-Li6PS5Cl negative electrode in three-electrode cell configuration a) 1st 

and 20th cycle curves. The impedance spectrums of b) the W-Li3InCl6/coated-NMC622/VGCF positive 

electrode, where the symbols show first and last impedance sequence over cycle and the black arrows 

indicate the evolution of the impedance at each cycle (offset was added between each impedance spectrums) 

and c) the Li0.5In/C-Li6PS5Cl negative electrode for each charge and discharge sequences for 1st and 20th 

cycles. 
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Pairing coated-NMC622 with solvent-based electrolytes in a core-shell architecture 

Inspired by earlier literature reports, we have replaced our hand grinding-based procedure for cathode 

composite preparation by a process consisting in seeding our reacting electrolyte solution in presence of 

cathode active material powders (coated-NMC622). The idea behind such new strategy is to produce 

cathode particles coated with SE in a core-shell like structure and thus to favor the intimate contact between 

these two components. However, such an implementation was not free of complications. Synthesis 

limitations became quickly evident for the argyrodite-based and halide-based composites, namely during 

the subsequent temperature treatment of the solution. For instance, we experienced a structural degradation 

of W-Li6PS5Cl-coated NMC622 powders when firing at 550 °C as shown by XRD (Figure S15). We thus 

limited the annealing temperature to 155 °C thus sacrifying the SE ionic conductivity which reaches its 

maximum (3.5x10-3 S.cm-1) for W-Li6PS5Cl powders fired at 550 °C. Moving to halides did not simplify 

the task since re-crystallized W-Li3InCl6 from THF solution at 200 °C in either absence or presence of 

coated-NMC622 particles revealed a multi-phased product as evidenced by XRD (Figure S16a) that has an 

order of magnitude lower ionic conductivity (Figure S16b). In contrast, W-β-Li3PS4-coated NMC622 based 

composites could be successfully prepared at 155 °C via our solution process without any major roadblock.  

Figures 6a-c show SEM micrographs and EDX analysis for the prepared composites based on W-β-Li3PS4, 

W-Li6PS5Cl and W-Li3InCl6. In all cases, the rounded rather than salient particle edges pertaining to coated-

NMC622 suggest the presence of deposits. However, they differ in their EDX mapping indicating a uniform 

repartition of Ni and P for the W-β-Li3PS4-coated NMC622 particles as opposed to a non-uniform 

repartition for the two other composites (see Cl and In mapping on Figure 6b and 6c, respectively), hence 

confirming the difficulties in achieving efficient core-shell coated particles. 

Despite these differences, the cycling performance of the composites were tested in full ASSBs assembled 

within the same electrode-electrolyte configuration and results are solely reported after duplicated 

measurements. The results are recapped in Figures 6d-f, respectively. The composite based on W-Li3InCl6 

showed the worst performance, and this does not come as a surprise in light of phase purity and non-uniform 

deposit issues deduced from combined XRD and conductivity results. Similar but less pronounced problems 

rendered the performance of W-Li6PS5Cl-coated composites, which resulted worse capacity than those 

obtained previously on hand-ground Li6PS5Cl-based cathode composites. Turning to the performance of 

W-β-Li3PS4-coated NMC622 cathode composite, it nearly compares to that of their hand-ground 

counterpart with in one way a lower reversible capacity (118 vs. 129 mAh.g-1) but a slightly higher capacity 

retention after 20 cycles (78% vs. 75.8%). It is worth mentioning that adding carbon additives to this 

composite electrode resulted in a deterioration of the capacity retention, in line of what observed before 

(Figure S17). Altogether, these results provide no advantage of the in-situ solution coating of coated-
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NMC622 particles by SEs. Other approaches towards the synthesis of tailor made core-shell particles 

remains to be developed.  

 

 

Figure 6: SEM images and the corresponding EDX elemental maps (representative elements nickel, 

phosphorous, chlorine and indium are shown in yellow, turquoise, blue and red for coated-NMC622, W-β-

Li3PS4, W-Li6PS5Cl and W-Li3InCl6, respectively) of a) W-β-Li3PS4-coated NMC622, b) W-Li6PS5Cl-
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coated NMC622 and c) W-Li3InCl6-coated NMC622 powders as synthesized, where the solid electrolytes 

are witnessed as a shell onto the coated-NMC622 core particles. Electrochemical performance results of β-

Li3PS4-coated NMC622, W-Li6PS5Cl-coated NMC622 and W-Li3InCl6-coated NMC622 carbon-containing 

cathode composites in ASSBs at C/20 between 2.1 V and 3.6 V vs. In/InLi at room temperature d) first 

cycle charge–discharge capacity curves, e) the discharge capacity versus cycle number and f) cell 

polarization upon cycling. 

 

 

 

Figure 7: Comparison of the charge (dark colored bars) - discharge (light colored bars) capacities and the 

cell polarization of the all studied carbon-based cathode composites between 1st and 20th cycles. 
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Conclusion 

We have herein reported systematic crossed-comparisons of the chemical/electrochemical compatibility of 

coated-LiNi0.6Mn0.2Co0.2O2 cathode material against the today’s three most studied solid ionic conductors 

prepared via various synthesis approaches. From this survey, which has not taken into accounts effects of 

particle size and morphology, we found that solvent-free synthesis leads to high ionic and low electronic 

conduction, impurity-free structure and high densification for solid ionic conductors (except for Li3InCl6). 

Furthermore, amongst all studied cathode composites whose electrochemical performance results are 

recapped in Figure 7, C-Li6PS5Cl and coated-LiNi0.6Mn0.2Co0.2O2 composite positive electrode (hand-

ground) was found to enable the best electrochemical cycling performance with a sustained reversible 

capacity of 141 mAh.g-1 for at least 20 cycles in all-solid-state batteries and preserved the best performance 

upon 50 cycles as shown in Figure S18. This remarkable performance was linked to the presence of carbon 

additive to boost the electronic conductivity of cathode composite at expenses of its detrimental effect on 

sulfide-based solid ionic conductors, as we obtained in β-Li3PS4-based cathode composites with capacity 

degradation up to 30%. This illustrates two sides of the same coin when considering how adding carbon in 

the cathode composite will affect the battery performance. Whereas a boost in the electronic conduction of 

the cathode may be beneficial capacity-wise, it can also promote electrolyte decomposition as deduced from 

XRD measurements, which will translate into poor Coulombic efficiency and capacity fading. The extent 

of this decomposition depends upon the thermodynamic stability of the ionic conductor with respect to the 

active material for which DFT can inform us. A way to alleviate such deterioration of the SE is to use 

sulfide-based composite electrodes such as Li1.13Ti0.57Fe0.33S2 rather than oxide ones (NMC) which 

operating voltage falls within the range of the electrolyte stability so that coatings are not needed. Sulfides 

offers better ionic and electronic conductivities, both leading to a smaller polarization with however a 

penalty in terms of energy density owing to their lower redox voltage as compared to oxides.  

Through this study, we have revealed the limitations of solvent-assisted synthesis approach of solid 

electrolytes, namely residual solvent and phase purity issues, which perturb both chemical and 

electrochemical properties. Although conceptually elegant, the in-situ design of core-shell cathode active 

material-solid electrolyte structures in solution was shown to suffer from detrimental effect of solvents on 

solid electrolytes or chemical instability between layered oxide and sulfide-based solid electrolyte at high 

temperature, hence they observed limited performances compared to hand-ground cathode composites. 

Halide-based solid electrolytes are particularly attractive for their high voltage stability and therefore for 

its electrochemical compatibility with oxide-based cathode materials. However, their instability towards 

Li-based anodes rules out the possibility of having full halide-based cell architectures. To contour this 
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difficulty, specific cell configurations with either b-Li3PS4 or Li6PS5Cl interposed between the halide 

positive composite electrode and the negative were used. While enabling to quantify the performances of 

ASSBs based on halide-based composite electrode, our study has clearly revealed, via combined 

synchrotron-XRD and impedance measurements, the chemical incompatibility between Li3InCl6 and either 

Li6PS5Cl or β-Li3PS4 that translates into the formation of a passivation interlayer in the hetero-structure cell 

design, which leads to degraded electrochemical performance up to 50% upon cycling. Obviously, the 

presence of a triple phase NMC-Li6PS5Cl-Li3InCl6 contact point within a composite is detrimental. Thus, 

designing hetero-structured separators together with anodic protective approaches stands as common 

strategies to overcome these interface issues. They are being explored in our group and preliminary data 

indicate promising results, hence enabling to envision the future use of halides in solid-state batteries.  

Overall, we hope this work could provide guidance in properly selecting optimized electrolyte-electrode 

pairs for developing practical all-solid-state batteries. 
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