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Abstract: 

Ultra-thin ceramic-rich solid composite electrolytes provide a safer and potentially higher 

energy-density alternative to liquid electrolytes used in today’s lithium-ion batteries. 

Producing ultra-thin composites with ceramic-like ionic conductivity requires the 

incorporation of a polymeric binder for enhanced ductility. In this perspective, we 

discuss two key aspects that must be considered when designing composite 

electrolytes: (1) the mechanical properties of the composite and its correlation with the 

ceramic and polymer microstructure, and (2) the chemistry between the ceramic 

electrolytes, polymers, and solvents used to process the composites. We highlight the 

importance of understanding (1) the ceramic structure, crystallinity, and particle size 

upon solvent processing and (2) the ceramic/polymer interface chemistry and its 

correlation with the microstructure of the composites. We present opportunities in 

fabricating ultra-thin support structures for composites, optimizing ceramic particle 

packing parameters, and routes toward mechanically enhanced, compact, composite-

based solid-electrolytes.  

1. Introduction 

All-solid-state batteries provide a safer alternative compared to commercial liquid 

lithium-ion batteries by replacing the flammable, carbonate-based liquid electrolyte with 

a solid-state ionic conductor. The potentially enhanced energy/power density and 

improved battery safety are attracting increasing attention for potential applications in 

electric vehicles, future homes, and grid-scale energy storage systems. Ceramic ion 
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conductors including sulfides1-4 (e.g., Li3PS4, Na3PS4, Li6PS5X, Li10GeP2S12, Na3SbS4), 

oxides5 (e.g., NASICON and garnet), halides6-11 (e.g., Li3InCl6, Li3ScCl6, etc.), and their 

structurally modified derivatives show comparable room-temperature ionic conductivity 

to liquid electrolytes. However, these solid ceramic ion conductors are mechanically 

fragile and are typically used in research as millimeter-thick pellets. Reducing the 

electrolyte thickness to realize high energy/power-density commercial cells requires 

thinner electrolytes consisting of mechanically enhanced ionic conductors. Besides 

playing a critical electrochemical role in ion conduction, composite electrolytes are also 

crucial mechanical elements in an all-solid-state battery configuration. In particular, the 

composite electrolyte must support mechanical stresses during cell assembly (i.e., 

tension and initial compressive stack pressure when winding) and lifetime (i.e., 

variations in stack pressure and bending with electrochemical and thermal cycling). In 

addition, variations in winding tension or electrode loading, for instance, can lead to 

subsequent deformation after cycling.12 Indeed, from a mechanical viewpoint, reducing 

the thickness of the membrane not only increases the energy density but also promotes 

the mechanical strength of the all-solid battery because in both cylindrical and pouch 

cell configurations, electrolyte membranes will likely experience bending stresses due to 

deformation and in principle, reduced thickness results in smaller strains within the 

membrane. In a cylindrical cell at a given radius, for instance, the tensile and 

compressive stress experienced by the surfaces of the electrolyte membrane are 

directly proportional to its thickness and inversely proportional to the radius of the 

cylindrical battery. In the particular case of a multicomponent composite electrolyte 

membrane, changes in the porosity of the inner and outer surfaces might compensate 

for the accumulated stress, which could in turn affect ionic conductivity. 

The overall thickness of an electrolyte composite and its microstructure are among the 

most important pillars that dictate the mechanical properties of a solid-state composite 

electrolyte. The goal is to produce thin, high ionic conductivity electrolytes with all the 

required mechanical properties. Separators for commercial liquid-based lithium-ion 

batteries are ~20 µm thick; this imposes an upper bound on solid-state electrolyte 

thickness in order to maintain energy density. This 20 µm cross-sectioning thickness is 

comparable with the dimensions of the solid-state electrolyte particles. Therefore, to 
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maintain ceramic-like ionic conductivity and mechanical properties, critical parameters 

that dictate the ionic transport property should be optimized, this includes particle 

packing, distribution/size of grains, and the porosity (pore size, geometry, and 

connectivity) of the overall composite. Composite electrolyte design must balance grain 

and particle size, morphology, packing, and membrane thickness.  

Polymeric binders play a key role in composite electrolyte performance. There are two 

main configurations; a low-volume percentage polymer acting as a binder of ionically 

conductive ceramics (Fig. 1a) or a high-volume percentage ionic conductive polymer 

(Fig. 1b) with ceramic additives. In the ceramic-rich composite configuration, the 

ceramic portion exceeds the Li+ (or Na+) percolation threshold and the ion transport 

adopts the same mechanism as the ceramic constituents. The polymer constituents 

maintain inter-particle contacts but do not provide ion transport pathways. In the 

ceramic-rich configurations, the activation energy for ion transport (Ea) remains 

relatively unchanged compared to the pristine ceramic, and Ea is independent of 

temperature. (Fig. 1c) In marked contrast, in polymer-rich electrolytes, ceramic 

additives are introduced into polymeric ion conductors in order to alter the polymer 

crystallinity for high ionic conductivity. Specifically, polymer-rich electrolytes provide 

ionic mobility by associating/dissociating ions with ion affinitive functional groups 

residing on the polymer backbone, and polymer chain relaxation facilitates ion transport. 

The activation energy for ionic transport in polymer-rich electrolytes varies with 

temperature. This temperature-dependency of the activation energy for ion transport is 

fundamentally limited by the physicochemical properties of polymers (i.e., Li+ (Na+) 

affinity, crystallinity, glass transition temperature, etc.), posing challenges in 

applications. Wang et al. used Li1.3Al0.Ti1.7(PO4)3 (LATP) as a plasticizer to reduce the 

crystallinity of poly(ethylene oxide) (PEO)-based polymer electrolytes. The addition of 

LATP reduces the glass transition temperature of the PEO-based electrolytes and 

provides 10-3 mS·cm-1-level ionic conductivity13, 1-2 orders of magnitude higher 

compared to solvent-free PEO-based polymer electrolyte. This conductivity was further 

increased to ~0.1 mS·cm-1 by tuning the wt% of LATP and compounding a polyimide 

nanofiber to further reduce the crystallinity of PEO.14 Yang and co-workers 

demonstrated that 5 wt% of garnet electrolyte Li7La3Zr2O12 (LLZO) and its Ta- or Al-
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doped analog functions to modify the local chemical environment of Li+ in 

polyacrylonitrile-LiClO4-based polymer electrolyte (PAN-LiClO4). Specifically, a distinct 

6Li chemical environment was found in PAN-LiClO4-LLZO via NMR compared to the 6Li 

in either LLZO or PAN-LiClO4. Evidence obtained from an isotope replacement 

approach indicated that the additives create Li+ transport pathways across the interface 

between LLZO and PAN-LiClO4 particles. In this case, the PAN-LiClO4 polymer 

electrolyte remained amorphous independent of LLZO content, indicating that LLZO 

was not acting as a plasticizer.15 By way of contrast, Zheng et al. demonstrated that in a 

ceramic-rich scenario Li+ transport adopts a solo pathway – through the LLZO.  At a 50 

wt% (20 vol%) of LLZO in a PEO-based composite, no Li exchange was found via 6Li 

NMR in either the PEO constituents or at the PEO/LLZO interface.16  

This perspective focuses on the ceramic-rich configuration due to its potential of 

providing high ionic conductivity, and its relatively polymer-independent ion transport 

mechanism. In the ceramic-rich configuration, the addition of polymer binders will 

provide enhanced ductility to the material, however, the reduced ionic conductivity of the 

composite is expected due to the ion-insulating nature of the binder. In order to achieve 

minimal polymer binder incorporation for sufficient mechanical property enhancement, it 

is ideal that polymers are integrated at the ceramic particle, crystal grain, or down to the 

unit cell level. The microstructures of the composites presumably play key roles in its 

mechanical properties. In this regard, the volume percentage of the polymer and 

porosity in the composite will affect the ionic conductivity and the mechanical properties 

of composite electrolytes. Specifically, porosity will partially compensate for tensile and 

compressive stresses experienced by the composite during assembly and operation; 

however, increased porosity will reduce the ionic conductivity of the material by 

reducing the surface contact between ceramic particles, impacting the cell performance 

negatively.17 Compared to weight percentage which is often reported in the discussion 

of composite electrolytes, the understanding of volume percentage and the specific 

microstructures are required to access the composite configuration toward the optimal 

conductivity/ductility combination. Measurements such as electron microscopy and 

micro-computed tomography can provide insights to access these important 

morphological characteristics.18 
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Figure 1. (a) Ceramic-rich and (b) Polymer-rich composite electrolytes; (c) Arrhenius plot 
showing the correlation between ionic conductivity of composites and temperature. Table shows 
the activation energy of ion transport in the selected composite electrolyte at high and low 
temperatures. Data used to create the plot and table shown in (c) was extracted from references 
19-24 

Various approaches to integrating ceramic particles and polymer binders have been 

investigated. These include creating frameworks of ceramics or polymer and 

incorporating the other components via vacuum or thermal processing, dry mixing 

ceramic and polymer through a shearing process or mediating polymeric binder and 

ceramics in a solution followed by casting the slurry to a substrate. Polymer integration 

can be achieved at the ceramic pellet level. One approach is to synthesize a three-

dimensional nanostructural framework of ceramic that serves as the ion transport 

pathway, within which polymer binder is infiltrated. Bae et al showed a 3D 

interconnected nanofiller made of Li0.35La0.55TiO3 (LLTO) ceramic electrolyte, and this 

3D framework defines the ion percolation pathways within the ceramic component. 

Polyethylene oxide (PEO) binder was infiltrated into the pores of the 3D structure.25 
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Although the overall thickness of the flexible composite electrolyte was not reported, 

accounting for the on average 150 nm thick LLTO nanofiller, 100-150 fillers will occupy 

the cross-section of a 20 µm thick electrolyte. The voids presented in the 3D structure 

will accommodate mechanically enhancing polymer components. In this previous work, 

a PEO-based Li+ conductive polymer was used to fill the pores, and the authors claimed 

that a second channel for ion transport was provided, the concept remains applicable 

for the composites fabrication using ion-insulating polymers. This approach requires the 

formation of a 3D nanostructure of LLTO via a hydrogel matrix. This hydrogel synthetic 

reaction is specific to LLTO and is so far not applicable to other ceramic electrolytes. In 

an alternative approach, ceramic electrolytes were infused into an inorganic supporting 

structure – a 3D ZrO2 skeleton. Wang and coworkers reported a solution infusion 

method to embed Li3InCl6 into a pre-synthesized ZrO2 nanowire skeleton.26 The Li3InCl6 

constituent provided ion conductive channels. This approach requires solution-

synthesized ceramic electrolytes, and the percentage of binder is not tunable. Beyond 

the infiltration approach, a solvent-free approach was reported and was demonstrated 

applicable for the synthesis of oxide-, sulfide-, and halide-based composites. Zhang et 

al.,27 and Wang et al.19 both showed shearing mixed ceramic electrolytes with 0.5 wt% 

of polytetrafluoroethylene (PTFE) binder. The resulting composite shows fiber-like 

features in the microstructures, supporting the mechanical integrity of a thin and free-

standing layer of ceramic. To the best of our knowledge, PTFE is the only dry-

processed binder material that has been demonstrated to form fiber-like microstructures 

providing sufficient mechanical support to the ceramic electrolytes. PTFE, however, is 

not electrochemically stable at Li+ and Na+ reducing potentials28 and PTFE also 

undergoes side reactions with cathode materials29 or graphite anodes30 during cycling.  

The challenge with incorporating binders after the ceramic framework has formed is the 

need for a driving force for binders to penetrate and fill the voids throughout the 

ceramic. Another approach is to integrate binders at the single ceramic particle level for 

designated microstructures that support sufficient mechanical strength. Dong and co-

authors show a water-processed composite comprised of 92.5 wt% of Na3SbS4 ceramic 

component and 7.5 wt% of carboxymethylcellulose sodium (CMC-Na) as a binder 

material. CMC formed a ~50 nm thick coating on the Na3SbS4 particles, ca. 0.5% 
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compared to the particle diameter.31 The composite provides ceramic Na3SbS4-level 

Na+ conductivity, and the more than 5-fold decrease of electrolyte thickness provided a 

5-fold increase in Na+ conductance compared to pristine Na3SbS4. The unique 

microstructure formed via solution processing indicates the critical role of solvents – 

dispersing the ceramic components while defining their particle size, dissolving the 

binder constituents, and facilitating the formation of coatings. In this case, the surface 

chemistry between the ceramic particles and the polymer binders facilitates the 

formation of the unique microstructure. 

Ren and co-authors demonstrated the unit cell structural-level integration of polymer 

binder into sodium thioantimoniate (Na3SbS4) ceramic electrolyte by cross-linking the 

base structure in Na3SbS4, the SbS4
3- tetrahedron. Pentaerythritol tetraacrylate (PETEA) 

was used as the linker.32 A ceramic-like Na+ conduction mechanism was observed at 

temperatures between 17 – 90°C, below the glass transition temperature of the PETEA 

binder. The activation energy for Na+ transport within pristine Na3SbS4 and its cross-

linked analog was demonstrated comparable. This structural-level integration enabled 

the solution processing of a Na3SbS4-based flexible electrolyte membrane. Although not 

specified in this work, this approach potentially accesses the precise control of binder 

weight percentage through the specific ceramic-linker reaction chemistry. In this 

designed chemistry each PETEA monomer exhibits four cross-linking sites, which can 

potentially host two equivalent Na3SbS4 units. Accounting for fully occupied PETEA 

linkers, composites containing 33 molar% of SbS4
3- can be obtained, approaching the 

theoretical maximum of ceramic percentage. Tuning the ceramic-to-linker ratio is 

possible yet requires redesigning the cross-linking chemistry.  

2. Mechanical Properties of Ceramic-rich Composites: Manufactured 
Configuration and Microstructure 

Substrate-deposited vs. Free-standing Electrolyte 

The two major approaches for manufacturing thin composite electrolyte membranes 

include substrate deposition and free-standing membrane fabrication. Specifically, 

substrate-deposited membranes are manufactured over an anode or cathode substrate 

that acts as a support.33 The membranes might have a nonwoven network of fibers to 
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provide mechanical resistance to bending.33 By contrast, free-standing membranes can 

be fabricated with or without a support structure. (see Fig. 2) To produce free-standing 

membranes with a support structure, (Fig. 2a) various ceramic electrolyte particle types 

(i.e., nanoparticles,34, 35 nanorods,26, 36 or microsized ceramic particles19, 37) and polymer 

components as nanostructures or fibers are mediated in solvents and are subsequently 

applied via slurry casting38 or infiltration25 over the support structure following solvent 

removal at moderate temperatures in an evacuated environment.39-41 Woven38, 39, 42 and 

nonwoven40, 41, 43, 44 support structures (Fig. 2a) have been used, including cellulose 

membranes, polymeric net membranes, and glass fibers. These support structures are 

as thin as 15-30 𝜇𝑚40 to minimize the overall composite thickness. The support 

structures also exhibit high porosity (~70%) to accommodate the maximum ceramic 

electrolyte constituents in the composites.40 Due to the presence of the ion-insulating 

polymer constituents, the coverage of ceramic ion conductors is <100%, yet the overall 

composite shows ceramic-like ionic conductivity – comparable in magnitude (on 

average 1.6 mS⋅cm-1, with a range of 0.18 - 6.31 mS⋅cm-1, see Fig. 2c), and Ea of ion 

conduction independent of operating temperature.19 (Fig. 1c) The use of a support 

structure is shown to resist mechanical failure resulting from loads, providing a robust 

balance between mechanical flexibility and ionic conductivity; however, the non-zero 

thickness of the support structure also contributes to additional thickness in the free-

standing composite electrolyte. Zhu and coworkers reported that the thicknesses of a 

cellulose support structure and the composite produced using the support are linearly 

correlated.38 This observation is consistent with the generally observed contrast: on 

average, thicker membranes are produced when a support structure is present (~80 

µm) versus absent (~52 µm) as shown in Fig. 2d. Significant reductions in thickness are 

required to meet the target thickness of 20 µm or less. 

Overall, free-standing composite electrolytes with no support structure show minimal 

approachable thicknesses ranging between 15 and 110 𝜇𝑚 with an average thickness 

of 65 µm. (Fig. 2d) The diverse manufacturing approaches involve mechanical and 

chemical processing. To achieve ceramic-like conductivity, a minimal amount of binder 

was always attempted. For example, the solvent-free processing approach by Wang et 

al. introduced earlier showed a series of 15 µm thick composites comprised of 0.5 wt% 
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of PTFE with no support structures.19 Another approach is to functionalize ceramic 

electrolyte particles with nanometer-scale homogeneous polymer coatings to improve 

the adhesion between ceramic particles. Dong et al. showed a solution-processing 

approach to produce cellulose-encapsulated sodium thioantimonate particles. The less 

than 10 wt% of cellulose coating provided a ductile interface between particles which 

enhanced the flexibility of the overall composite.31 Fig. 2e shows the relation between 

energy density and composite membrane thickness, using data obtained from published 

information. Although some outliers are present, the data suggested a general trend 

that thicker membranes result in lower energy-density batteries. The highest 280 

W⋅h⋅kg-1 energy density was obtained from a free-standing composite electrolyte-based 

battery.19 We also note that the subtle differences in computing the mass of the battery 

(e.g., including the overall mass of electrodes) could lead to discrepancies in the 

reported values of the energy density. 

Particle Packing and Mechanical Loading  

Composite electrolyte membranes for mass production require a wide range of 

mechanical properties. Different requirements will appear depending on the cell type 

and how the electrolyte is incorporated into the membrane. For instance, in wound cells, 

rolls of free-standing electrolyte membranes would need sufficient tensile strength, and 

flexibility to allow cell assembly. Another factor usually overlooked in membrane 

characterization is Poisson's ratio (ratio of decrease in width to increase in length when 

under lengthwise tension) of composite membranes.  

The specific cell design will impose an overall mechanical load on the cells and determine 

other specific requirements. For instance, membranes will most likely be subjected to 

bending stresses, placing requirements on maximal tensile and compressive stresses, 

membrane porosity, and polymer distribution. Other aspects, such as surface roughness 

and membrane deformation, must be considered to ensure optimal electrode contact and 

improve cell rate capability.  
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Figure 2. Schematic illustration of free-standing composite solid electrolyte membranes. Free-
standing membranes with support structures with high-content ceramic particles (98 wt%) and 
little binder (2 wt%) for woven and nonwoven structures. Free-standing membranes without 
support structures showcase a range of binder/ceramic particles from 0.5 wt% to 20 wt% of binder 
and up to 99.5 wt% of ceramic particles. Solid electrolyte thicknesses and ionic conductivity 
comparison for different types of membranes. Data used to create the plot shown in c-e were 
extracted from references 18, 19, 25-27, 31, 33, 34, 36-61 

Composite electrolyte membranes have shown a wide range of mechanical properties. In 

practice, measuring the elastic modulus of a composite electrolyte membrane is 

challenging due to inaccuracies in determining the end of the elastic regime and the low 

stiffness of the membranes. Zhu et al. and Kang et al. highlighted high tensile strength 

ranging from 10 – 20 MPa when support structures were used to manufacture the 

membranes.38, 42 Other methods of determining membrane flexibility can be applied, such 

as the mandril bend test,62 providing a fast and quantitative comparison between different 

membranes. The advantage of using these types of tests is the reproducibility of the 

results, their easy implementation, and the ease of quantitative comparison between 

different membranes containing multiple types of ceramic particles that might affect the 

tensile strength of the membrane.  
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When manufacturing composite electrolyte-based batteries, the ceramic particle size 

and the compressive load applied to the cell configuration play key roles in the 

mechanical strength and the ultimate thickness of a battery. The current literature 

shows that monodispersed particles with an average diameter of 1-5 µm were used in 

the composites.19, 25 Some exceptions appeared, including the use of smaller particle 

sizes between ~50 – 500 nm and nanorods with ~40 nm diameter.36 The collective 

results show no obvious correlation between the particle size, morphology, distribution, 

and the ultimate obtainable membrane thickness. For instance, smaller particle sizes 

did not result in smaller thicknesses or higher ionic conductivities.26 Although not 

investigated extensively, experimental results do show that particle morphology is 

associated with the ionic conductivity of ceramic electrolytes.63 Maximized contact areas 

between ceramic particles will plausibly provide increased ion transport pathways and 

reduce ion-insulating voids. At the microscopic level, monodispersed ceramic particles 

will result in high porosities of membranes regardless of binder/solvent and 

compression methods. The fact that particle size and distribution are relatively 

independent of key mechanical properties suggests that it is possible to engineer 

polydispersed particle distribution toward reduced porosity within the composite 

membrane, enhanced inter-particle contact, increased ionic conductivity, and 

mechanical properties. Perfect packing of monodisperse spheres in a face-centered 

cubic structure gives a packing fraction of 74% (26% pore space) based on geometric 

consideration. Farr and coworkers have shown that for a monodisperse particle 

distribution, random close-packing, like encountered after tapping a vial of particles, 

leads to a packing fraction of ~64% (36% void space). In contrast, polydisperse 

distributions could reach packing factors above 80%.64 Shimamoto et al. demonstrated 

that increased packing factors will increase contact points, potentially enhancing the 

diffusion pathways of ions through the membrane.65  

Compressive loads are frequently applied to densify composite electrolyte materials, 

reduce membrane thickness, and improve electrode/electrolyte contacts. Compressive 

stresses ranging from 30 - 440 MPa have been applied to achieve better contact 

between anode/cathode and solid electrolytes.26, 38, 42, 53, 55, 58-60, 63  Aside from the 

aforementioned benefits, this compressive stress potentially induces plastic deformation 
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within the composite electrolytes along with creep deformation in lithium electrodes.66 

Although generally unreported, some studies show that the surface roughness of 

electrolyte membranes ranges between ±0.5 – 1.2 µm.37 Under compressive loads, the 

increased interface contact area is likely to induce mechanical deformation within the 

compliant electrolyte membranes. Practical design could include packaging that 

produces compressive or bending stresses to ensure proper contact between these 

components.65 For instance, vacuum packaging of an all-solid-state battery pack could 

offer opportunities for applying compressive loads between the components. 

3. Ceramic in Solvents: The Evolving Structure and Morphology  

Beyond the consideration of composition and mechanical properties, solvents are often 

involved in the processing of composite electrolytes. Solvents function to mediate the 

ceramic electrolyte particles with polymeric binders by dissolving the polymeric binder 

materials yet not chemically reacting with the ceramic electrolytes. Sulfide- and halide 

ceramic ion conductors are among the most ionically conductive solid-state electrolytes, 

making them an ideal choice for the ceramic component in solid-state composite 

electrolytes. However, most sulfides and halides show poor chemical stability in water, 

oxygen, and polar solvents, posing challenges in solvent-assisted composite synthesis. 

To achieve ceramic-binder incorporation that provides ceramic-like conductivity and 

enhanced mechanical properties, a complete set of fundamental understanding of 

sulfide (halide) – solvent reaction chemistry is required to support the design of 

composite synthesis.  

Halides in Solvent – Dissolution-driven Degradation 

Halide Li+ (Na+) conductors are comprised of (post-) transition metal (Zr, Y, Sc, In) or 

lanthanide (Er and Yb) centered octahedrons that adopt an overall layered structure. Li+ 

(or Na+) sites are present between the layers, enabling ion mobility. Halogen ions (F-, 

Cl-, Br-, I-) exhibit lower charge density compared to sulfide (S2-),  and it was believed 

that weaker interactions between halogen ions and Li+ (or Na+) are present which 

potentially provide higher  Li+ (or Na+) conductivity in halide compared to sulfide.7 Many 

Li-containing Halide conductors showed a promising liquid-electrolyte-level ionic 

conductivity;7, 9, 67, 68 in contrast, the conductivity observed in Na-containing Halide  
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are two orders of magnitude lower. This observation was attributed to an alternative Na+ 

migration behavior due to the larger ionic radius of Na+.69 The ionic conductivity of 

halides shows a strong correlation with their crystal structures.7, 9, 67-69 Li3YCl6 in its 

crystallized trigonal form shows moderate room temperature conductivity at 4×10-5 

S·cm-1, and its amorphous form exhibits ten times higher ionic conductivity, up to 

5.1×10-4 S·cm-1. Trigonal Li3ErCl6 produced by ball milling has a conductivity of 3.3×10-4 

S·cm-1, however through annealing this conductivity reduces to 5.0×10-5 S·cm-1.7 In both 

Li3YCl6 and Li3ErCl6, when Zr was introduced to the structure to partially replace the 

center metal, a trigonal-to-orthorhombic structural transition occur resulting along with a 

Li+ conductivity increase. This conductivity increase was attributed to the reduced 

activation energy for Li+ transport through a different pathway due to the structural 

transition.7, 68 Monoclinic halides such as Li3InCl667  and Li3YX6
70

 are another type of 

extensively studied halide ionic conductors. Similar correlation between the crystal 

structure and the ionic conductivity monoclinic halides were reported. For instance, 

Schlem et al. demonstrated a strong correlation between the crystal structure of Li3YX6 

and the Li diffusion mechanism within the material. The slight tweak in the volume of 

YX6
3- octahedral can induce local structural disorder and alter the thermal displacement 

of lithium in its designated crystal plane,70 thus changing the Li+ mobility in the structure. 

This octahedral volume and the Li occupancy – another determining factor of the overall 

ionic conductivity – are directly related to methods used to process Li3YX6. Samples 

synthesized via calcination versus mechanochemical provide discrepancies of both 

octahedral volume and Li occupancy.70  

When interacting with solvent, the crystal structures, polyhedral volume, and Li 

occupancy can plausibly change. This solvent-induced decomposition depends on the 

nature of solvent–halide interactions. Shen et al. treated Li3YBr6 with a range of solvents 

and interrogated the recovery of halides after post-solvent evaporation. Non-polar 

solvents including cyclohexane, heptane, hexane, toluene, and xylene show little effect 

on the Li+ conductivity of the recovered material. When interacting with polar solvents, 

Li3YBr6 either irreversibly dissolved (i.e., in acetonitrile, N-Methyl-2-pyrrolidone, methyl 

ethyl ketone, and 1-butanol) or decomposed to form the precursor compounds, LiCl and 

YCl6 (i.e., in dimethylformamide, dimethylsulfoxide, and cyclohexanone).53 Consistently, 
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in the fabrication of a Li3InCl6-ethyl cellulose composite using acetonitrile as the 

mediation solvent, Li3InCl6 was suspected to present in the form of a Li3InCl6-acetonitrile 

complex after solvent removal, also indicating a strong ionic-polar interaction between 

halide particles and the polar solvent.51 

Water as a polar protic solvent and its interactions with halide electrolytes are the most 

extensively studied. Halide electrolytes were found to decompose to LiCl (NaCl) and 

MClx when exposed to moisture, generally irreversibly. Zhu and co-workers calculated 

the hydrolysis of ternary halide solid-electrolytes Li-M-Cl and Na-M-Cl and considered 

the formation energy of hydroxides and oxides after H2O removal. Results suggest that 

the oxidation of binary halides exhibits positive Gibbs free energies, indicating that the 

binary halides are the most plausible water-induced decomposition products of halide 

electrolytes.71 Although most halide electrolytes undergo irreversible decomposition in 

H2O, in the special case of Li3InCl6, the dissolution of Li3InCl6 in H2O produces solvated 

Li+, In3+, and Cl-. The removal of H2O yields the formation of a relatively stable 

Li3InCl6·2H2O complex, facilitating the reversible recovery of Li3InCl6 after complete 

dehydration.9, 67 A small percentage of Li3InCl6·2H2O can further decompose, producing 

LiCl and InCl3, which can further undergo hydrolysis to form In2O3.72 Coatings on solid-

electrolyte particles were fabricated to reduce the moisture permeability of Li3InCl6. This 

partially reversible hydration was applied to synthesize Li3InCl6 composites using 

various water-mediated approaches. Wang et al. fabricated a thin Li3InCl6 membrane by 

infiltrating an electrospun ZrO2 skeleton with a Li3InCl6 aqueous solution followed by 

evaporation to remove H2O.26 Zhao et al. employed a polar protic co-solvent, 1:1 

H2O/ethanol, to perform the Li3InCl6 solution infiltration into a glass fiber and obtained 

Li3InCl6 composites exhibiting 5.4×10-4 S·cm-1 Li+ conductivity,44 ~50% of pristine 

Li3InCl6.67 The reduced conductivity was attributed to the presence of Li+ insulating 

constituents (glass fiber) and oxidative decomposition product, In2O3.73  

The decomposition of halides in polar solvents is likely driven by the dissolution of a 

metal-centered polyhedron into solvated monatomic ions. Non-polar solvents will not 

induce the dissolution of ionic compounds. Using the Li-conducting halide, Li3MX6, as 

an example, in polar solvents, halides are dissociated to form Li+ and counter ion MX6
3- 
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and are solvated. In sequence and depending on the specific polar solvents, MX6
3- likely 

dissolves further to form solvated monoatomic ions M3+, and X-. Upon the removal of 

free solvent using heat and vacuum, binary salts (i.e., LiX (NaX) and MXx) typically form 

as decomposition products. Polar aprotic solvents such as acetone,74, 75 acetonitrile76, 77 

and DMF,78, 79  can form stable solvation structures with monoatomic ions, and the 

solvated complex ion likely remains over vacuum/heat treatment after the removal of 

free-solvent. 

Sulfide in Solvents – Polyhedral Decomposition 

Sulfide-based solid-state electrolytes, Li11P3S7 glass ceramics, Li6PS5Cl argyrodite, and 

Li10GeP2S12 in particular, are attracting increasing attention due to their liquid-

comparable ionic conductivity. These materials contain similar phosphorus-centered 

polyhedrons as building blocks. The overall structures exhibit a mixed 

crystalline/amorphous nature, hosting Li+ defects and/or interstitial sites for Li+ mobility. 

Specifically, Li11P3S7 contains PS4
3- and P2S7

4- , PS4
3- serves as the building block of 

Li6PS5Cl, and Li10GeP2S12 comprised of PS4
3- and GeS4

3-. The moisture and solvent 

susceptibility of sulfide electrolytes originate from the decomposition of polyhedral 

structures. The polyhedron degradation and the consequential destruction of the 

materials' crystal structures result from the Lewis acid-base-like chemistry between the 

polyhedral structures and solvent molecules.80 This mechanism is in marked contrast to 

the mostly dissolution-driven degradation seen in halide electrolytes.  

 

 

Scheme 1. Solvent-assisted ceramic electrolyte decomposition – dissolution-driven halide 
degradation versus sulfide degradation due to polyhedral reaction with solvent molecules. Li-ion 
conductors are used as examples. Reversible recovery of ceramics occurs when a relatively 
stable ceramic-solvent complex is formed. Examples of these complexes are Li3InCl6·2H2O and 
Li3PS4·3THF.  
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Li11P3S7, Li6PS5Cl, and Li10GeP2S12 react with H2O and form H2S along with by-

products such as lithium binary compounds (LiCl, Li2S, and Li3P), phosphate, and 

germanate. During the reaction, a proton acts as a Lewis acid center and attacks the 

Lewis-basic sulfur site, extracting sulfur from the PS4
3- and P2S7

4- polyhedra structures 

and forming H2S gas. The oxidation of the phosphorus center likely follows, forming 

PO4
3-. Beyond H2O, other proton donors such as methanol and ethanol were reported to 

react with Li6PS5Cl and form H2S.63 Nikodimos et al. discussed the moisture 

susceptibility of sulfide electrolytes and its origin – the Lewis acid-base reaction.80 In a 

separate study, a Li6PS5Cl complex was synthesized by attaching a weak Lewis acid to 

the Lewis-basic sulfur site. This complex functions to prevent the proton-sulfur 

interaction and the irreversible hydrolysis due to the formation of a gaseous H2S.81 

Other strategies for the suppression of H2S to reduce the electrolyte decomposition 

include substituting the P center82 or introducing additives such as oxides and halides at 

both the ceramic electrolytes’ particle level83 and structural level.84-86 These structural 

designs are intended to reduce the proton affinity of S present in the structures.  

Aside from the reaction of S due to its Lewis-basic feature, the P or Ge centers in the 

polyhedrons exhibit Lewis acidic properties. Electron-donating groups in polar solvents 

react with P- or Ge-center in PS4
3- or P2S7

4- and form PS3
4- and P2S6

4-, the building 

blocks of Li+ insulators. Tan et al. observed the formation of P2S6
4- when Li7P3S11 reacts 

with acetonitrile and dimethyl carbonate while the structure of  Li7P3S11 remains stable in 

non-polar solvents such as xylene and toluene.58 Ruhl and coworkers observed the 

formation of oligo- and polysulfide in Li6PS5Cl treated with THF and acetonitrile. PO4
3- 

was another by-product following Li6PS5Cl – THF reaction. Polar solvents containing 

proton donors such as ethanol and methanol react with Li7P3S11 and form Li2S and P-

Sn-P likely accompanying the production of H2S gas.63 For LGPS, S3 radical was found 

in the suspension of LGPS in polar solvent DMF and NMP. After recovery from DMF 

and NMP, oxidized Ge was observed in the ceramic electrolyte particle.59   

Uniquely, THF forms a Li3PS4 ·3THF complex when reacting with Li3PS4 at room 

temperature. The complex adopts a different crystal structure compared to β-Li3PS4, 
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and it converts to β-Li3PS4 at elevated temperatures. Although THF contains a strong 

electron-donating site, it does not alter the structure integrity of Li3PS4, likely due to the 

presence of the stable Li3PS4 ·3THF complex.1, 87, 88  

Non-polar solvents were found chemically compatible with Li11P3S7, Li6PS5Cl, and 

Li10GeP2S12.58, 60, 63, 87 P-Xylene,87 toluene,40, 87 1,2-dichloroethane,60 

methoxybenzene,60, 61 and heptane39, 61 have been applied as mediating solvent to 

synthesize sulfide composites. Tan et al. calculated the Gibbs free energy of three 

reactions associated with Li3P7S11 decomposition: 1) the solvation of P2S7
4-, 2) the 

reduction of P2S7
4- forming P2S6

4- and S2-, and 3) the reaction between P2S7
4- and PS4

3- 

forming two equivalent of PS4
3-. No particular correlations were found between the 

polarity index of a solvent and the Gibbs free energy of all three reactions. This result 

indicates that the reaction of P and S sites highly depends on the structure of solvents. 

In particular, the presence and the structure of the Lewis-acidic and Lewis-basic center 

in the solvent dictate its reaction with sulfide solid electrolyte. Parameters such as 

formation energy of polyhedra-solvent complexes, electron density (deficiency) of the 

specific electron donating (accepting) sits, and steric hindrance that can possibly alter 

the accessibility of the electron-donating (-accepting) sits within the solvent molecule 

are parameters correlated with the polyhedral decomposition chemistry.  

Particle Morphology 

Beyond the structural-level decompositions, ceramic particle morphology can alter upon 

solvent treatment. Ruhl et al. interrogated the reduced ionic conductivity seen in 

Li6PS5Cl following the treatment with three solvents, acetonitrile, THF, and toluene63. In 

all three types of solvent, the crystal structure of Li6PS5Cl remains unchanged, however 

marked differences in Li+ conductivity were observed from the recovered Li6PS5Cl. 

Within the three solvent-treated samples, toluene-treated Li6PS5Cl shows the most 

significantly reduced Li+ conductivity, to 0.066 mS·cm-1, ca. 25 times lower than the 

untreated material, although as a non-polar solvent, toluene induces no structural-level 

decompositions. Electrochemical impedance spectroscopy results suggest an increased 

capacitance originates from the grain boundary and it is strongly influenced by solvent 

treatment. For example, acetonitrile treatment induced over one order of magnitude 
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increase in the grain boundary capacitance in Li6PS5Cl, while toluene and THF cause 

close to two orders of magnitude increase in grain boundary capacitance. At the 

electrolyte/cathode interfaces, a six-fold increase in interfacial resistance was observed 

in THF- and toluene-treated Li6PS5Cl. The marked change in Li+ transport properties 

seen in solvent-treated samples were attributed to the evolved microstructure. Toluene-

treated Li6PS5Cl shows a continuum of clustered morphology, while acetonitrile- and 

THF-treated samples show reduced particle size exhibiting more uniform size 

distribution when compared to pristine Li6PS5Cl.  

Although the morphological change in ceramic particles is seemingly correlated with the 

Li+ transport property within the solid electrolyte, the origin of this possible correlation 

was unresolved. First, the change in ceramic particle size must originate from the 

materials' structural-level interaction between the ceramic surface and solvent 

molecules. In the case that ceramic structure destruction was not observed (i.e., sulfide 

electrolyte in non-polar solvents) a weak inter-molecular interaction is likely present to 

partially solvate the ceramic particles, which then followed by a change in particle 

morphology. It is, therefore, plausible to fine-tune the ceramic particle morphology 

toward the optimal Li+ transport property by a selected solvent treatment.  

4. Perspectives: A demand for the fundamental understanding of Configuration 

Engineering, Mechanical Properties, and Solvent-ceramic Chemistries. 

Fabricating a solution-processible ceramic-rich composite electrolyte that 

simultaneously exhibits ceramic electrolyte-like ionic conductivity and sufficient 

mechanical strength to support a thin and flexible free-standing structure requires a 

rational design of the composite’s microstructure and the processing protocols. To 

achieve this ultimate goal, a few key fundamental aspects still require in-depth study. 

This includes the following aspects: 

(a) Ceramic particle size, crystallinity, and local structure  

Understanding the effect of solvent on ceramic particle size, crystallinity, and materials' 

local structure is important for optimizing the solvent-polymer-ceramic system for 

composite processing. Yu and coworkers observed a significantly lower Li+ conductivity 

across the ceramic/liquid electrolyte interface compared to the conductivity within single 

https://doi.org/10.26434/chemrxiv-2024-p2jvr ORCID: https://orcid.org/0000-0002-1052-8947 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-p2jvr
https://orcid.org/0000-0002-1052-8947
https://creativecommons.org/licenses/by-nc-nd/4.0/


phases. An increased ceramic particle size (i.e., reduced overall interface area) in the 

liquid electrolyte yielded increased interface Li+ conductivity, confirming the hypothesis 

of the high energy barrier for ion transport through the ceramic particle and liquid 

electrolyte interface.89 This high energy barrier was attributed to the structural instability 

at the interface. Busche et al.90, 91 and Simon et al.20 combined EIS, ToF SIMS, and 

XPS to unravel the evolving solid-liquid electrolyte interphase. Schleutker demonstrated 

Butler-Volmer-like ion transport behavior across the interface and the ion-transfer-driven 

exchange current across the interface is a function of charge-carrier concentrations.92 In 

the similar case of ceramic/polymer composite, reducing the overall interface area is 

preferred and this can be achieved via increasing ceramic particle size at a designated 

ceramic wt%. Under this hypothesis, ceramic particles with a diameter close to the 

thickness (≤100µm) of the composite membrane are seemingly ideal.89 In ceramic-rich 

composite electrolytes the crystallinity of the dominating ceramic component dictates 

the ionic conductivity of the ceramic and the overall composites. The correlation 

between crystallinity and ionic conductivity varies with the ceramic electrolyte (e.g., 

higher ionic conductivity was observed in amorphous sulfides and more crystalline 

Li3InCl6). Rigorous grinding and solvent processing are likely playing a key role in 

introducing amorphousness into the composites. Grinding or solvent treatment, 

however, is likely to also reduce the particle size, creating an increased interface area. 

Collectively, insights into the interplay of ceramic particle size and crystallinity in the 

ionic conductivity of a composite electrolyte are required to guide the design of the 

material. Also, as indicated in previous studies, defects, and local structures affect the 

ion transport mechanism.93 Therefore the effect of solvents and polymer constituents on 

the local structure of ceramic electrolytes should be interrogated and considered for the 

selection of the optimal processing approach. 

(b) Ceramic–binder reaction and surface chemistry 

Interactions between ceramic electrolyte and polymer binders require in-depth analysis. 

First, possible chemical reaction between selected ceramic and polymer binders are not 

available. To realize the orthogonal processing of ceramic particle recovery and polymer 

binder dispersion, the structural integrity of the ceramic and polymer should remain 
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unchanged throughout the solution process. Second, the distribution of polymer within 

the composite electrolyte dictates the microstructure of the composite, which impacts 

the mechanical properties and ionic conductivity54 of the overall composite. For 

example, Sakuda et al. examined Li11P3S7 – based composite prepared in two 

binder/solvent systems, the styrene butadiene styrene copolymer in methoxybenzene 

and styrene ethylene butylene styrene in heptane. The former system exhibits less ideal 

mechanical strength compared to the latter, likely resulting from the different 

microstructure within the composite.61 The distribution of polymer is plausibly associated 

with its dispersion within the ceramic/polymer/solvent slurry. Third, inter-molecular 

interactions (or the surface/interface energy) between ceramic and polymer will affect 

the heterogeneity and microstructure of the final composites. For instance, lower 

interface energy (stronger adhesion) at the particle/polymer interface likely yields 

polymer coatings on the ceramic particles,31 in contrast, a higher energy interface likely 

produces larger domains of polymer segregates dispersed within the overall composite. 

With the same polymer weight percentage and ceramic particle morphology, the 

microstructure provided by the unique choice of binder/solvent system will dictate the 

mechanical properties of the overall composites. 

(c) Ultra-thin free-standing membranes 

Free-standing membranes present tremendous opportunities for producing miniaturized 

battery thickness and maximal energy densities. Composite membranes with support 

structures are generally thicker due to the presence of the support structure. Further 

reducing the thickness of the composite can benefit from advances in 3D printing 

techniques to manufacture nano-/microsized support scaffolds to hold slurry mixtures 

during fabrication. Significant advances in additive manufacturing for nano-architected 

materials should provide avenues to print support structures with sub-micron 

resolution.94, 95  Moreover, the microstructure of free-standing membranes can be 

further optimized by increasing packing factors using polydisperse ceramic particles. 

This, in turn, will increase the overall contact area between ceramic particles, ultimately 

providing more pathways for ion diffusion. At the same time, mechanical loads can also 

serve as a means to ensure better contact between the different elements in the battery, 
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and practical design could include packaging that produces compressive or bending 

stresses to ensure proper contact between these components.  
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