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Submicron-thick membranes of β-Li3PS4, a promising solid electrolyte for Li-metal batteries, are 

fabricated for the first time with nanoscale, plate-like building blocks composed of Li3PS4·2ACN. The 

solid electrolyte membranes offer high ionic conductivity, good thermal stability, and compatibility 

with metallic lithium anode.   
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Abstract 

Solid electrolytes represent a critical component in future batteries that provide higher energy and 

power densities than the current lithium-ion batteries. The potential of using ultrathin films is 

among the best merits of solid electrolytes for considerably reducing the weight and volume of each 

battery unit, thereby significantly enhancing the energy density. However, it is challenging to 

fabricate ultrathin membranes of solid electrolytes using the conventional techniques. Here we 

report a new strategy for fabricating submicron-thick membranes of β-Li3PS4 solid electrolytes via 

tiled assembly of shape-controlled, nanoscale building blocks. This strategy relies on facile, low-cost, 

solution-based chemistry to create membranes with tunable thicknesses. The ultrathin membranes 

of β-Li3PS4 show desirable ionic conductivity and necessary compatibility with metallic lithium anode. 

Our results also highlight a viable strategy for creating ultrathin, dense solid electrolytes with high 

ionic conductivities for the next-generation energy storage and conversion systems.  
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1. Introduction 

 

 The rapidly growing demand for energy storage requires new battery technologies beyond 

current state-of-the-art lithium-ion batteries.  Among all the potential solutions, Li-metal batteries, 

which offer the highest specific capacity of lithium and lowest negative electrochemical potential, 

are expected to provide a maximized capacity density and voltage window, increasing the overall 

energy density for the battery.[1] While different configurations of Li-metal batteries have been 

proposed, including all-solid-state, Li-air, and Li-S batteries, solid electrolytes are considered one of 

the critical components that will enable the use of metallic lithium in most of these designs.[1a, 2] 

Currently, solid electrolytes can be divided into three main categories for battery-related 

applications: polymers, sulfides, and oxides. In general, the fabrication of thin films from polymer 

solid electrolytes is the easiest, yet they often show problems associated with lower mechanical 

strength and decreased ionic conductivity.[3] Sulfides and oxides offer desirable ionic conductivity 

and increased mechanical strength, but they are generally difficult to be processed into ultrathin 

films from bulk materials. 

The fabrication of solid electrolytes as ultrathin films is critical to their function because they 

serve as both the ion transport medium and separator material. When these membranes are too 

thick, it leads to an increase in the overall volume/mass of the battery and lower power and energy 

densities, but more critically, it limits the current density that can pass during charging/discharging 

processes, especially when the solid electrolyte has a low ionic conductivity.[4] It is still challenging to 
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fabricate thin film solid electrolytes. Typical fabrication methods include radio frequency magnetron 

sputtering, atomic layer deposition, or pulsed laser deposition.[5] These techniques, however, require 

expensive and time consuming ultra-high vacuum conditions. Furthermore, controlling the 

stoichiometry of the thin solid electrolyte films using these techniques can be very difficult, 

especially for volatile elements such as Li, P, and S.  

Sulfide-based solid electrolytes have shown the highest lithium ion conductivity among the 

three main categories of solid electrolytes for battery-related applications.[6] To this end, Li10GeP2S12 

(LGPS) was reported to deliver an ionic conductivity of ≥10-3 Scm-1, comparable to the ionic 

conductivities of organic liquid electrolyte. However, LGPS is not chemically stable with lithium metal 

due to the presence of reactive Ge atoms, and the propagation of such chemical reactions limits the 

electrochemical cycling of the battery. A number of new sulfide-based solid electrolytes have shown 

relatively high ionic conductivities with necessary compatibility with metallic lithium anodes, e.g., β-

Li3PS4, Li7P2S8I, and Li2S-P2S5 glass-ceramics.[7] In general, sulfide-based solid electrolytes are 

synthesized using solid-state techniques, which require processing at temperatures >400 °C and the 

use of evacuated ampules, which add to the processing cost of the material. Several sulfide-based 

solid electrolytes such as β-Li3PS4, Li7P2S8I, and Li4PS4I, have recently been synthesized through 

solvent-based wet-chemical techniques at mild temperatures, offering flexibility in terms of 

synthesis.[7a, 7b, 8] However, the fabrication of thin films from sulfide-based solid electrolytes is 

challenging. Although many efforts have been reported, the thickness of sulfide-based solid 

electrolytes can only be pushed to the range of hundreds of microns to several millimeters.[2a, 9]  

In this work, we use sulfide-based β-Li3PS4 as a model system to demonstrate a novel 

strategy for significantly reducing the thickness of the solid electrolyte membranes. This technique 

combines a new synthesis of nanoscale plates with a unique, tiled assembly process that utilizes the 
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plates as building blocks. Thin films of β-Li3PS4 with submicron thicknesses have been fabricated. 

More importantly, the thickness of each building block can be controllably tuned using our method 

without the degradation of film quality. Comprehensive structural and electrochemical 

characterizations have also been performed on the thin films. These films hold not only high ionic 

conductivity but also desirable compatibility with metallic lithium anode. Our results highlight a new, 

facile strategy for generating ultrathin, dense films of solid electrolytes with desirable ionic 

conductivities for the next-generation energy storage and conversion systems.  

 

2. Results and Discussion 

2.1 Synthesis of the Building Blocks 

The fabrication of submicron-thick membranes of β-Li3PS4 starts with the synthesis of 

Li3PS4·2ACN nanoscale plates, which involves solvent exchange and solution-based exfoliation. We 

synthesized Li3PS4·3THF first using a solvent-based soft chemistry technique by stirring Li2S and P2S5 

in anhydrous tetrahydrofuran (THF, C4H8O) under argon, using the same procedure as first described 

by Liu and co-workers.[7a] The Li2S and P2S5 were mixed together at a 3 to 1 molar ratio, and the 

powder was added into THF under vigorous stirring. After stirring for 24 h, a white precipitate was 

collected and dried under vacuum at room temperature for 1 h to yield Li3PS4·3THF. The Li3PS4·3THF 

was composed of particles with an average size of ca. 10 µm (Figure S1). We then fabricated 

Li3PS4·2ACN nanoscale plates by exchanging the co-crystallized THF with ACN by adding 200 mg of 

the Li3PS4·3THF powder in to 100 mL of anhydrous acetonitrile (ACN, C2H3N) under vigorous stirring 

to initiate the process:  

Li3PS4·3THF + 2ACN   Li3PS4·2ACN + 3THF 
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After 40 min, the ACN solution changed from white to light blue (Figure S2), indicating the formation 

of Li3PS4·2ACN. During the stirring process, samples were collected at different time points and 

deposited on silicon wafers for scanning electron microscopy (SEM) imaging. Figure 1A shows an 

SEM image of the initial Li3PS4·3THF powder and Figure 1B-D shows SEM images of the samples after 

15 s, 20 min, and 40 min after stirring in ACN. After 15 s, the Li3PS4·3THF became exfoliated as 

evidenced by the formation of sheet-like structures (Figure S3). After 40 min of stirring in ACN, the 

Li3PS4·3THF was converted to Li3PS4·2ACN with a well-controlled plate-like morphology, together 

with a thickness around 80 nm (Figure 2). Energy-dispersive x-ray spectroscopy (EDS) elemental 

mapping shows that the nanoscale plates contain both S and P (Figure 2C). It is worth noting that 

directly reacting Li2S and P2S5 in ACN could not produce shape-controlled plate-like building blocks, 

but rather, irregularly shaped microflakes with a wide size distribution.[4] The procedure based on 

exchanging the co-crystalized THF with ACN, as explored in the current work, is the key to the 

successful production of well-defined Li3PS4·2ACN rectangular-shaped thin nanoplates that could 

then serve as building blocks for the fabrication of ultrathin films. 

Powder X-ray diffraction (XRD) and Raman spectroscopy confirmed the transformation of 

Li3PS4·3THF to Li3PS4·2ACN when the precursor is stirred in ACN (Figure 3). The XRD patterns of 

Li3PS4·3THF and Li3PS4·2ACN display distinct peaks that are in good agreement with previous 

reports.[4, 7a, 7b] The exchange of THF with ACN happens rapidly, with nearly all the coordinated THF 

being replaced by ACN after about 60 s. After stirring Li3PS4·3THF in ACN for 40 min, X-ray diffraction 

reveals the complete transformation from Li3PS4·3THF to Li3PS4·2ACN. The exchange of solvent 

coordination with Li3PS4 was further proved by Raman spectroscopy. The initial Li3PS4·3THF displayed 

the characteristic peak for vs(PS4) at 422 cm-1 and C-H vibrations of THF at 2850-3050 cm-1 in the 

Raman spectrum.[7a, 10] After Li3PS4·3THF was stirred in ACN for 60 s, a series of spectral changes 
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occurred, including: i) disappearance of C-H vibrations in THF; ii) appearance of C≡N stretch for ACN 

at 2240-2270 cm-1; and iii) appearance of symmetric and asymmetric C-H stretching at 2942-3000 

cm-1.[11] These results clearly indicate that Li3PS4 prefers to coordinate and co-crystallize with ACN 

molecules over THF. The appearance of peaks at lower frequencies also confirmed the strong 

coordination of ACN with lithium ions in Li3PS4. Such preferential coordination with ACN could be 

attributed to the fact that ACN has twice the dipole moment as compared to THF.[12] To evaluate the 

temperature that was needed to remove the co-crystallized solvent, the phase evolutions of 

Li3PS4·3THF and Li3PS4·2ACN upon annealing was monitored using in situ XRD. We found that THF 

could be removed from Li3PS4·3THF at a temperature as low as 80 °C, resulting in an amorphous 

Li3PS4 phase, similar to what was described in a previous report.[7a] In comparison, a temperature 

>180 °C was needed to remove the co-crystallized ACN in Li3PS4·2ACN (Figure 3B).  It is reasonable to 

conclude that the relatively high polarity, small size, and steric effects of the ACN molecules are 

expected to play crucial roles in strongly binding to Li3PS4.  

Upon solvent removal, the product quickly converted to nanocrystalline orthorhombic β-

Li3PS4 with an average crystallite size ranging from 80 to 120 nm, as derived using the Scherrer 

equation.[13] Rietveld refinement analysis of β-Li3PS4 indicated that peak broadening occurs as a 

result of both the crystallite size and the microstrain (Figure S4). The as-prepared β-Li3PS4 samples 

have a microstrain of ~0.12% for an average crystallite size ranging from 80 to 120 nm,  which is 

comparable to the values previously reported β-Li3PS4 prepared from Li3PS4·3THF.[7a] It is worth 

mentioning that the XRD patterns show that the resultant film was made of pure β phase, without 

the existence of γ phase that gives a lower ionic conductivity.[7a, 10a]   
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2.2 Fabrication of Solid Electrolyte Membranes 

Thin membranes of β-Li3PS4 solid electrolyte were fabricated using a novel three-step 

processing method, involving i) assembly of the nanoscale solid electrolyte building blocks, ii) 

decomposition of Li3PS4·2ACN to β-Li3PS4, and iii) fusion of the solid electrolyte building blocks. By 

taking advantage of the solvent exchange mechanism, thin films of plate-like Li3PS4·2ACN building 

blocks were first dispersed on Ni substrates by tiled assembly, similar to what is used in evaporation-

induced self-assembly (EISA), where solvent removal through evaporation directs the deposition of 

solid electrolyte particles.[4, 14] The tiled assembly of plate-like Li3PS4·2ACN building blocks relies on 

their well-defined aspect ratios, such that the nanoscale building blocks stack face-to-face as thin 

films during deposition. In a typical process, polished Ni substrates were dipped into a suspension of 

plate-like Li3PS4·2ACN building blocks in ACN with a specific concentration (e.g., 0.01–0.8 M), 

followed by a heat treatment at 80 °C to remove the excess solvent. As shown by the SEM images, 

the surface of the Li3PS4·2ACN nanoscale building blocks maintained their rectangular, flaky 

morphology after heating to 80 °C and uniform films were produced (Figure S4). The key to making 

ultrathin films is to directly disperse suspensions of Li3PS4·2ACN building blocks on substrates. In 

order to improve the ionic conductivity of these Li3PS4 thin films, the remaining co-crystalized ACN 

must be removed. As evidenced by XRD patterns of Li3PS4·2ACN, a temperature of greater than 180 

°C was necessary to remove the co-crystallized ACN and produce β-Li3PS4. After warm pressing at 

200 °C and 200 MPa for 15 min, the particles in the β-Li3PS4 thin films fused together, yielding dense 

solid electrolyte membranes. Freestanding membranes were obtained by carefully peeling the 

polished Ni foil from the surface of the β-Li3PS4 thin film (see experimental for details).  

An interesting discovery in this work was that the thickness of the β-Li3PS4 solid electrolyte 

films could be readily tailored by tuning the concentration of the Li3PS4·2ACN nanoscale building 
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blocks in ACN between 0.01 and 0.8 M, and more importantly, the thickness of these films could be 

pushed all the way down to the submicron scale. Figure 4 shows SEM images of the warm-pressed 

solid electrolyte membranes fabricated from suspensions of Li3PS4·2ACN building blocks with 

different concentrations. Tuning the concentration of Li3PS4·2ACN in ACN from 0.1 to 0.8 M allowed 

for the fabrication of micron-thick membranes ranging from 6 to 35 μm.  When the concentration of 

Li3PS4·2ACN building blocks was further reduced to 0.01 M, we obtained a submicron-thick solid 

electrolyte film of β-Li3PS4 after warm pressing at 200 °C, which was measured to be 0.4 μm in 

thickness, making it among the thinnest reported for warm-pressed sulfide-based solid electrolyte 

films.  Figure 4A shows an SEM image of the cross section of the 0.4 μm β-Li3PS4 membrane, implying 

that the warm-pressed membrane was comprised of 4-5 layers of the plate-like, nanoscale building 

blocks. Figure 4B displays an SEM image of the surface of the β-Li3PS4 membrane, indicating that 

most of the flakes had fused together to form a dense, continuous membrane. After warm pressing 

at 200 °C, the membranes achieved densities between 95-98% of the reported bulk β-Li3PS4 material, 

implying that the warm-pressed membranes have a porosity of 2-5%. Similar densities were 

achieved with glassy sulfides, but the glassy sulfide membranes were generally much thicker than 

those highlighted in the current report.[15]   

 

2.3 Electrochemical Performance of β-Li3PS4 Membranes 

The ionic conductivity of the newly formed membranes were studied using electrochemical 

impedance spectroscopy. Figure 5 shows a representative comparison of Nyquist and derived 

Arrhenius plots of Li3PS4·2ACN and the β-Li3PS4 films after warm pressing. Li3PS4·2ACN show a larger 

diameter in the semicircle of the Nyquist plot (Figure 5A), indicating a lower conductivity. This can be 

explained by the presence of solvent molecules, which lowers the Li+ mobility. Upon the removal of 
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ACN, the thin β-Li3PS4 membranes exhibited an average AC ionic conductivity of 7.2 × 10-5 Scm-1 at 

20 °C (Table S1), an improvement of four orders of magnitude over the Li3PS4·2ACN (Figure 5). 

Additionally, the total observed ionic conductivity displayed an Arrhenius behavior between 20 and 

100 °C according to the following relationship (Equation 1): 

         
   
    (1) 

where o denotes the temperature independent ionic conductivity of the film, k represents the 

Boltzmann constant, and Ea denotes the activation energy. The Arrhenius activation energy of 

Li3PS4·2ACN and β-Li3PS4 were determined to be 0.69 eV and 0.36 eV, respectively.[4, 7a, 7d]  It should 

be noted that the activation energy of our β-Li3PS4 thin film is lower than that of bulk β-Li3PS4, which 

was reported to be ~0.46 eV.[10a] Such an enhancement can be attributed to i) the desired phase 

purity, i.e. no impurity phases such as the γ phase, Li4P2S6, or Li3.2P0.96S4,
[16] and ii) the small grain size 

that gives a larger concentration of grain boundaries concentrations along which Li+ may have a 

higher mobility.[7a]  

The compatibility of the β-Li3PS4 thin film with metallic lithium was evaluated using a 

symmetric cell configuration (Li/β-Li3PS4/Li) with direct current (DC) polarization. Such configuration 

allows for the evaluation of interfacial stability through resistance measurements.[17] As shown in 

Figure 6, the solid electrolyte membranes adopted in the present work could be cycled hundreds of 

times at current density between 0.1 and 0.3 mAcm-2. The ionic conductivity from DC polarization 

was 6.8 × 10-5 Scm-1 at 20 °C, which is comparable to the AC ionic conductivity of 7.2 × 10-5 Scm-1 at 

20 °C, signifying that the conductivity mainly originates from lithium ions in the thin β-Li3PS4 solid 

electrolyte membranes. This result is comparable with that of the previously reported β-Li3PS4 and 

Li2S-P2S5 glass-ceramics,[7a, 7d, 7e] indicating that the thin film does not experience propagating 

chemical reactions with lithium metal. A slight increase in the interfacial resistance was observed in 
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the first 3000 min (Figure 6), possibly due to the formation of a passivation layer and/or lithium 

redistribution at the interface. Similar results were also obtained with thin β-Li3PS4 solid electrolyte 

membranes of other thicknesses in the range of 0.428 μm, as shown in Figure S7. After cycling over 

500 times (Figure S8), the resistance from DC polarization did not increase significantly, suggesting 

the desired interfacial stability of Li/β-Li3PS4 thin film during electrochemical cycling. As the increase 

in interfacial resistance happened at the beginning and became stable upon long-term cycling, it is 

most likely that an interphase layer that is electronically insulating forms at the interface and in turn 

prevents the propagation of chemical transformations at the interface. In fact, as predicted by 

theory, it is possible that β-Li3PS4 decomposes to Li3P and Li2S due to its electrochemical instability to 

metallic lithium, however, the decomposed interface layer is often self-limiting and capable of 

passivating further interfacial reactions.[18] Such a phenomenon is not rare and has been 

experimentally observed[7a, 19] and theoretically predicted[20] in multiple solid electrolyte materials.  

 

3. Conclusion 

In summary, we have demonstrated a new approach to the fabrication of ultrathin solid 

electrolyte membranes for all-solid-state batteries. This technique combines a new synthesis 

strategy for generating shape-controlled nanoplates of Li3PS4·2ACN with a unique tiled assembly 

process that utilizes these nanoplates as building blocks to produce submicron thin membranes. This 

method offers the flexibility of synthesizing thin films with desired thicknesses in a controlled way. 

Ultrathin β-Li3PS4 membranes of less than 0.5 µm in thickness were fabricated for the first time. 

Apart from the desirable thickness, the ultrathin β-Li3PS4 films also hold additional advantages: 

increased ionic conductivity, a decreased Arrhenius activation energy compared with bulk Li3PS4, and 

good electrochemical compatibility with metallic lithium anode. This new solution-based soft 
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chemistry method offers the flexibility of fabricating ultrathin solid electrolyte membranes for the 

next-generation of energy storage and conversion devices.   

 

4. Experimental Section 

Synthesis of Materials: Lithium sulfide (Li2S, Alfa Aesar, 99.9%) and phosphorus pentasulfide (P2S5, 

Sigma-Aldrich, 99%) were mixed with a stoichiometry of 3 to 1 in anhydrous tetrahydrofuran (THF, 

Sigma-Aldrich, >99.8%) at room temperature. After stirring for 24 h, a white precipitate was 

observed. The precipitate was collected by filtration and dried at room temperature under vacuum 

for 1 h to remove excess solvent, yielding Li3PS4·3THF. In the next step, 200 mg of the as-obtained 

Li3PS4·3THF was added into 100 mL of anhydrous acetonitrile (ACN, Sigma-Aldrich, >99.8%) and 

stirred vigorously. A drop of the suspension was deposited on a Si substrate and dried under vacuum 

at room temperature to monitor the morphology variation after stirring for 15 s, 1 min, 5 min, 10 

min, 20 min, 40 min, 60 min, and 24 h, respectively. The final product was collected by filtration and 

then heated at 80 °C to produce Li3PS4·2ACN. Considering the sensitivity of the system to O2 and 

moisture, all the experiments were carried out in an Argon-filled glove box. 

Characterization of Materials: SEM images were collected on a field-emission scanning electron 

microscope (SEM, Zeiss Merlin) at an acceleration voltage of 5.0 kV equipped with a custom 

designed stage for handling air-sensitive samples.[21] Identification of the crystalline phase was 

conducted on a X’pert Pro Powder Diffractometer (PANalytical) with Cu Kα radiation. All XRD 

samples were prepared in a glovebox and the quartz slides were sealed with Kapton® films. Rietveld 

refinement was performed with HighScore Plus, a software package provided by PANalytical. Raman 
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spectra of Li3PS4·3THF, the intermediate, and Li3PS4·2ACN were collected on an Acton Trivista 555 

spectrometer (Princeton Instruments).  

Fabrication of Membranes: Thin membranes of β-Li3PS4 were fabricated using the Li3PS4·2ACN plates 

by following our previous report.[4] Simply put, a suspension of Li3PS4·2ACN plates was prepared by 

dispersing Li3PS4·2ACN plates in a beaker containing ACN. The concentration of Li3PS4·2ACN plates 

was tuned between 0.01–0.8 M to create membranes with varying thicknesses. Polished Ni 

substrates were dipped into the Li3PS4·2ACN suspensions, placed on a horizontal surface, transferred 

into a chemical dryer, and heated under vacuum at 80 °C to remove excess solvent. The membranes 

were then warm pressed at a temperature of 200 °C at 200 MPa between two nickel substrates for 

15 min. Freestanding thin films of β-Li3PS4 were obtained by carefully peeling the polished Ni foil 

from the surface of the solid electrolyte after warm pressing. All processes were completed under 

Argon due to the sensitivity of Li3PS4 to moisture and air.   

Electrochemical Measurements and Fabrication of All-Solid-State Batteries: Swagolok® cells were 

used to complete all electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and 

cycling performance measurements. For EIS, films were prepared between two carbon-coated Al 

foils and measured between 1 MHz and 1 mHz at an amplitude of 100.0 mV. For the CV tests, Li/β-

Li3PS4/Pt cells were scanned at a rate of 0.1 mVs-1 between -0.5 and 5 V vs. Li/Li+ at room 

temperature using a Bio-Logic VSP multi-channel potentiostat. The Li/β-Li3PS4/Li symmetric cells 

were cycled on a battery system (Bio-Logic VSP) at current densities of 0.1 and 0.3 mAcm-2.  
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Figure 1. SEM images of Li3PS4·3THF (A) before and (B-D) after stirring in ACN for B) 15 s, C) 20 min, 

and D) 40 min.  During this process, well-defined plates of Li3PS4·2ACN were precipitated out from 

the reaction solution. 
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Figure 2. A, B) SEM images of plate-like, nanoscale building blocks of Li3PS4·2ACN at different 

magnifications. The inset shows a side-view image of some plates, revealing a thickness of around 80 

nm for the individual Li3PS4·2ACN plates. C) SEM image and EDS elemental mapping of nanoscale 

plates of Li3PS4·2ACN, showing uniform distributions of phosphorus and sulfur across the Li3PS4·2ACN 

plates.  
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Figure 3. A) XRD patterns of the as-prepared Li3PS4·3THF, Li3PS4·2ACN (after solvent exchange and 

drying at 80 °C), and β-Li3PS4 (after heating Li3PS4·2ACN at 200 °C). B) XRD patterns after heating 

Li3PS4·2ACN at different temperatures, showing that a temperature of 200 °C is critical to the 

removal of ACN and thus formation of β-Li3PS4. C) Raman spectra taken from Li3PS4·3THF (an 

intermediate) and Li3PS4·2ACN. The solvent exchange process started to occur in less than 60 s, 

indicating that Li3PS4 preferentially coordinates with ACN. 

 

 

 



 

 

 

This article is protected by copyright. All rights reserved. 

21 

 

 

 

 

 

Figure 4. SEM images of the A) cross section and B) top surface of a β-Li3PS4 ultrathin film with a 

thickness of 0.4 m after warm pressing at 200 °C (inset scale bars: 100 nm). C-F) SEM images of β-

Li3PS4 thin films with thicknesses varying from 6 to 35 µm after warm pressing at 200 °C. 
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Figure 5. A) Nyquist and B) Arrhenius plots for representative films of Li3PS4·2ACN and the β-Li3PS4 

derived from the Li3PS4·2ACN with a thickness of 12 µm. The Nyquist plots in (A) were both collected 

at 25 °C.  
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Figure 6. Electrochemical stability of an ultrathin film of β-Li3PS4 with a thickness of 12 µm in contact 

with metallic lithium. Representative cycling data of a Li/β-Li3PS4/Li symmetric cell at current 

densities of 0.1 mAcm-2 and 0.3 mAcm-2, respectively, at 25 °C. The full cycling profile over 500 

cycles is shown in Figure S5.  

 


