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ABSTRACT 

 

Solid-state batteries hold promise for improved energy density and safety for short-term 

storage or electric vehicles compared to conventional lithium-ion batteries. The most promising 

class of inorganic solid electrolytes are the sulfide-based materials due to their high lithium-ion 

conductivity and ease of processing. However, the cost of the requisite metal-sulfide precursors 

constrains the large-scale production of sulfide-based solid electrolytes. In this work, scalable 

approaches to synthesize precursors ï in particular Li2S and SiS2 ï from metathesis reactions of 

Na2S and metal salts are developed and applied to the synthesis of sulfide solid-state electrolytes. 

First, the production of the Na2S reagent was developed. It was found that anhydrous 

Na2S can be produced from purification of technical-grade Na2S hydrate flakes or synthesized 

directly. Low cost Na2S hydrate was purified by drying, then reacting with H2 gas at elevated 

temperatures. Alternatively, Na2S was formed by reacting H2S gas with a sodium methoxide 

solution. The H2S reagent was completely abated, and H2 was generated during the methoxide 

preparation from Na metal and methanol. The Na2S was recovered from solution by solvent 

evaporation. The resulting Na2S was characterized with a complementary suite of techniques 

showing purity similar, if not superior, to commercially obtained anhydrous Na2S. 

Next, Li2S metathesis was developed. In this process Na2S is reacted with LiCl to form a 

solution of Li2S and solid NaCl byproduct, with ethanol being the preferred solvent. Removal of 

the NaCl precipitate and evaporation of the supernatant yields Li2S that retains significant levels 

of solvent-related impurities. A slow, step-wise annealing process was devised to remove or 

decompose these impurities resulting in Li2S that was significantly purified but still retained 

residual levels of oxygenated impurities such as Li3OCl, Li2CO3, LiOH, and Li2O. The resulting 

Li 2S was used to synthesize the argyrodite Li6PS5Cl, the prototype sulfide solid-state electrolyte. 

While Li2S impurities manifested as side-products in the final electrolyte, ionic conductivity was 

still similar to or better than electrolyte synthesized from commercially-available battery-grade 

Li 2S, with room-temperature conductivities over 4 mS cm-1. 

Next, the mechanism of impurity formation in metathesis-derived Li2S was investigated. 

It was discovered that the impurities likely result from the thermal decomposition of ethoxide 

compounds that form as a result of the reaction of Na2S with ethanol, which proceeds in parallel 

with the intended metathesis reaction. With this mechanism in mind, several approaches to 



iv 

 

purify the metathesis Li2S were formulated. The optimal approach was to dry the Li2S material at 

80 °C under an H2S environment, which resulted in removal of solvent impurities and retention 

of the desired nanocrystalline morphology which is lost at elevated annealing temperatures. 

Li 6PS5Cl argyrodites synthesized from this approach exhibited phase-purity with state-of-the-art 

ionic and electronic conductivity (3.1 and 6.4Å10-6 mS cm-1, respectively). 

Finally, the concept of cascaded metathesis was proposed and demonstrated. Li2S is a 

powerful metathesis reagent that can be used to synthesize nearly any metal sulfide from the 

appropriate metal chloride, including those that are unstable in protic solvents. When coupled to 

the first metathesis reaction, LiCl and the solvents are recycled and reused, resulting in metal 

sulfide synthesis from low cost Na2S and metal chloride salts. Cascaded metathesis was 

demonstrated through the first solution-based synthesis of SiS2. Li2S was reacted with SiCl4 in 

ethyl acetate to generate SiS2 and a LiCl byproduct, which precipitates from solution. The latter 

was then used to regenerate the Li2S reagent, and it was shown that over 90% of the lithium 

could be recovered and recycled along with the solvents employed to repeat a second reaction 

cycle. The metathesis-derived Li2S and SiS2 were then used to synthesize the glassy solid 

electrolyte 60Li2SÅ40SiS2, which exhibited an ionic conductivity of 0.11 mS cm-1 in good 

agreement with literature reports. In principle, cascaded metathesis could be used for the 

synthesis of nearly any metal sulfide, which are employed in numerous applications including 

energy storage/conversion, catalysis, opto-electronics, and solid-state lubricants. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation  

In past decades, global economic and population growth have driven an increase in 

greenhouse gas (GHG) emissions from fossil fuel combustion. Global warming due to 

anthropogenic GHG emissions will have serious negative impacts on geophysical systems 

(ocean, atmosphere, and land temperature and composition), biological ecosystems (both 

terrestrial and marine), and human-managed systems (food production, economies, and human 

health).1 To prevent the severe global consequences of climate change and to overcome growing 

energy uncertainty while meeting the needs of a growing population, we need to drastically 

reduce our reliance on fossil fuels. Solar- ($36/MWh) and wind- ($40/MWh) generated 

electricity are now cost competitive with natural gas combined cycle ($40/MWh) in the U.S. and 

are growing rapidly.2 However, temporal variations in renewable energy sources create 

challenges for storage and load management.3 Advanced battery technologies present a 

promising approach to address this challenge, electrify transportation, and thereby enable 

expanded deployment of renewable electricity. 

In 2016, the transportation sector was responsible for the largest share (28.5%) of U.S. 

GHG emissions.4 Studies have predicted that replacing conventional internal combustion (IC) 

engine vehicles with electric vehicles (EVs) could significantly reduce GHG emissions 

globally.5,6 Figure 1.1-a demonstrates that EVs coupled with a low-carbon energy source have 

the potential to reduce GHG emissions from vehicles by 50-75% compared to conventional IC 

vehicles.7 Since 2011 the annual sale of EVs (all-electric or plug-in hybrid) in the US has grown 

from 17,000 to >600,000 (2021).8 Continued expansion of this technology requires 

improvements in battery performance and reductions in cost. Advanced batteries are also 

attractive for grid support and load shifting applications, particularly for short durations and 

moderate loads (Fig. 1.1-b). Batteries are thought to be well-suited to grid energy storage 

because they are modular, easily dispatchable, and scalable solutions that do not rely on 

geographical location or features like pump hydrostorage does.9 
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Figure 1.1 a) Comparison of GHG emissions between IC vehicles and EVs depending on fuel 

type and electricity source.7 Reprinted with permission from Nature Publishing Group. 

Copyright 2014 Nature Publishing Group. b) Different types of energy storage based on rated 

power output and discharge time at that power.10 Key: UPS ï uninterruptable power system, T & 

D ï transmission & distribution. Reprinted with permission from the Electric Power Research 

Institute (EPRI). Copyright 2010 EPRI. 

 

1.2 Literature Review 

1.2.1 Current Technology 

Currently, lithium-ion batteries (LIBs) are the gold standard for rechargeable batteries. 

LIBs consist of a graphite anode and a lithium metal oxide cathode (e.g. LiCoO2) separated by a 

thin porous polymer separator. The system is soaked in a liquid electrolyte typically consisting of 

LiPF6 in a mixture of carbonate solvents.11,12 (Fig. 1.2-a) Todayôs LIBs are the leading battery 

technology because they are mature, reliable, energy-dense,13,14 possesses good cyclability and 

operating life, have high efficiency of 90% or more, low discharge rate of ~0.1%, and the lowest 

cost of battery technologies at $101/kWh at the cell level.15,16 However, lithium-ion batteries are 

now approaching their physicochemical limit for energy density (Fig. 1.2-b).14 LIBs also run the 

risk of undergoing thermal runaway under high temperature operation, mechanical abuse, or in 

the event of a short circuit, and exhibit poor low-temperature performance.17 Thermal 

management and physical protection systems required to manage these issues cause a severe 

reduction in pack-level energy density on the order of 36% compared to the cell level.18 
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Figure 1.2 a) Schematic of a representative LIB.11 Reprinted with permission from the American 

Chemical Society (ACS). Copyright 2010 ACS. b) Progress and limits of LIB energy density.14 

Reprinted with permission from Springer Nature. Copyright 2016 Springer Nature. 

 

1.2.2 Solid-State Electrolytes 

To expand adoption of batteries in transportation or grid energy management, researchers 

must focus on improving energy density at both cell and pack level, price and availability, safety, 

and lifetime. The electrolyte is key, which in the case of LIBs is typically an organic solvent 

because of the increased electrochemical stability window compared to water. However, the 

volatile and flammable nature of organic liquids presents a safety concern, and the electrolyte is 

often the bottleneck to achieving good performance in advanced battery chemistries which have 

the potential to drastically improve energy density by increasing cell voltage and capacity (Fig. 

1.3-a) while reducing cost. Increased power density, reduced cost, and extended longevity are 

challenges that must be overcome for these advanced battery chemistries. 

Solid-state electrolytes (SSEs) ï ion-conducting materials such as polymers, glasses, 

crystalline ceramics, and their composites ï are an emerging technology that could have a 

significant impact on all the aforementioned characteristics. Solid-state electrolytes can be used 

to construct batteries that are completely free of liquid phases and are called all-solid-state 

batteries (ASSBs). Figure 1.3-b shows a schematic comparison of a liquid battery and ASSB for 

reference. In addition, SSEs can be applied to active materials in the form of coatings or 

composites to improve their performance alongside liquid electrolytes. 

The ability to conduct ions is a function of the mobility of the ion in the conducting 

media. In liquid electrolytes mobility is governed by Stokeôs law for spheres in a viscous 

medium. In SSEs, however, charge-carrying ions are chemically bound in a solid lattice structure 
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and must ñhopò through a bottleneck in the lattice structure corresponding to an energy barrier 

(Fig. 1.3-c). Therefore, ion diffusion is a thermally activated process described by an Arrhenius-

form equation as Di = D0exp-
Ea

RT
. Combined with the equations for mobility and conductivity, 

the conductivity of ions in solids takes on an Arrhenius form: ů = 
cziF

2

RT
Di = 

ů0

T
exp-

Ea

RT
. In the 

preceding equations, c is the concentration of charge-carrier defects, which usually consist of 

vacancy (Schottky) or interstitial (Frenkel) defects that can be increased via doping. One final 

but important difference between solid and liquid electrolytes is the transference number: 

t =
ů+

ů++ů-
. Total ionic conductivity values include migration of both cations and anions. In liquid 

cells, the anion conductivity can account for up to 50% of the measured total conductivity, but in 

solid electrolytes, the anions are typically fixed in the solid structure and therefore contribute a 

negligible amount to conductivity.19,20 

 

 

Figure 1.3 a) Electrical potential and charge capacity of some anode and cathode materials. Note: 

cathode capacities are with respect to lithiated/sodiated materials. b) Comparison of a liquid-

electrolyte cell with all-solid-state batteries (ASSB)14 Key: Dark gray spheres ï anode material, 

Yellow solid ï metal anode, Purple spheres ï cathode material, Gray solid ï porous separator, 

Orange spheres ï solid electrolyte material Reprinted with permission from Springer Nature. 

Copyright 2016 Springer Nature. c) Schematic comparison of ion conduction mechanisms in 

solid and liquid electrolytes.21 Reprinted with permission from the American Chemical Society 

(ACS). Copyright 2016 ACS. 

 

Inorganic SSEs typically consist of a network-forming cation, ligand, and mobile cation. 

(Fig 1.4-a) For example, Li 4SiO4 consists of a network of tetrahedral SiO4
4- (SiO2) modified by 
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Li 2O so that Si4+ is the network cation, O2- is bound to the silicon, and Li+ balances the charge 

between the two. The crystal structure of Li4SiO4 belongs to the LISICON (Li  Superionic 

Conductor) family, which exhibits lithium-ion conductivity on the order of 10-8 to 10-6 S cm-1.22 

However, it is widely agreed that practical applications for batteries would require conductivities 

of at least 10-4 S cm-1 but preferably 10-3-10-2 S cm-1.19 The reason for this relatively low 

conductivity in Li4SiO4 is the presence of non-bridging oxygens that arise from modification 

with a mobile-ion carrier (such as Li2O). The small, charge-dense oxygen anions form very 

strong bonds with small alkali ions like lithium, thereby acting as ñion trapsò within the solid 

structure and decreasing the mobility of the charge-carrier. Changing the network former from 

Si4+ to Al3+, P5+, Ge4+, etc. can have an impact on the conductivity by about 1 order of 

magnitude. Rather than substituting one network former for another, two can be combined to 

achieve aliovalent doping (e.g. partially substitute Ge4+ for P5+), which can cause the generation 

of extrinsic defects, which can boost the ionic conductivity by several orders of magnitude. 

Another significant improvement is gained from changing the ligand from oxygen to something 

larger and more polarizable, which will form weaker bonds with mobile ions and be less likely to 

trap ions in the solid lattice. The most obvious and practical choice due to its abundance is sulfur, 

the inclusion of which led to the discovery of the so-called thio-LISICON phase with 

conductivities in excess of 10-3 S cm-1.23 Figure 1.4-b displays a map of the LISICON and thio-

LISICON phases. It is for this reason that sulfide-based SSEs are the focus of intense research 

and are the focus of this proposal. 

 

 

Figure 1.4 a) Elements that have been used to create SSEs.21 Reprinted with permission from the 

American Chemical Society (ACS). Copyright 2016 ACS. b) Map of the LISICON and thio-

LISICON phases.24 Reprinted with permission from the Journal of the Electrochemical Society. 

Copyright 2001 IOP Publishing. 
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1.2.3 Synthesis of Metal Sulfides for Solid-State Electrolytes 

Sulfide SSEs have excellent ionic conductivity as mentioned previously, and due to their 

high ductility they can be incorporated into solids-state battery designs using conventional 

electrode manufacturing processes (e.g. tape casting, drying, calendaring).25 However, a major 

drawback to sulfide SSEs is their high cost, due in part to the high cost of their precursor 

chemicals, which include Li2S, P2S5, MxSy (M = Si, Ge, Sn, Al, B, Sb, etc.), and LiX (X = Cl, Br, 

I).26 (Fig. 1.5-a,b) To justify the replacement of liquid electrolytes with SSEs, their cost per 

volume should be similar. However, the materials costs of SSEs is currently about 30x higher 

than liquid electrolytes. For example, Fig. 1.5-c shows a materials cost comparison of a 

conventional liquid electrolyte (1.2 M LiPF6 in EC/EMC)27 and a representative sulfide SSE (the 

argyrodite Li6PS5Cl) broken down by contributions from the lithium salt and other components 

(e.g. solvents, P2S5, LiCl). The breakdown demonstrates that the electrolyte cost in either case is 

dominated by the price of the lithium salt, while other component contributions are essentially 

negligible. In the case of SSEs, the high cost and concentration of Li2S ï >700 USD kg-1 and 15 

M ï increases the cost exorbitantly compared to liquids where the concentration is only about 1 

M. In this case, reducing the price of the SSE requires reducing the cost of Li2S drastically. 

Figure 1.5-d compares the prices of several lithium salts (normalized to Li content) including the 

present cost of Li2S and the target cost to enable SSEs. While the target Li2S price reduction is 

impressive, comparison with other common lithium salts (e.g. LiOH, Li2CO3, LiCl) shows that it 

is not theoretically impossible to achieve. 

The massive price difference between Li2S and other lithium salts is partly attributed to 

the expensive Li2S synthesis methods, which include the elemental reaction of Li metal and S, 

the high-temperature carbothermal reduction of Li2SO4, and the solid-state sulfurization of LiOH 

with H2S gas. (For a more detailed discussion of Li 2S synthesis methods, see Chapter 4 and 

Appendix A.) In contrast, the interconversion of more common lithium salts is conducted at low 

temperatures in aqueous solutions/slurries via ion exchange of low-cost salt precursors.28 (Eq. 

1.1-1.3)  

 

Li2CO3 + CaOH2Ÿ 2LiOH + CaCO3 1.1 

Li2CO3 + H2SO4Ÿ Li2SO4 + H2CO3 1.2 

Li2CO3 + 2HClŸ 2LiCl + H2CO3 1.3 
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Figure 1.5 a) Comparison of properties of different SSE classes. Adapted from Ref [29] b) 

Quaternary diagram of sulfide SSEs. (M = metal/metalloid, X = halogen) c) Volumetric cost of a 

liquid (1.2 M LiPF6 in EC/EMC) and solid (Li6PS5Cl) electrolyte. d) Comparison of the cost of 

lithium in several lithium-containing salts along with the current and target costs for Li2S. 

 

Aside from Li2S and P2S5, which are ubiquitous in sulfide SSEs, additional metal sulfides 

are sometimes added to control the properties of the SSE. For example, SiS2 is an extremely 

valuable reagent with relevance to sulfide SSEs due to its role as a dopant, glass network former, 

and cation sublattice former in crystalline materials. The synthesis of SiS2 is currently dependent 

on the direct reaction of Si and S at high temperatures (typically for several days in evacuated 

quartz ampoules). More scalable approaches, such as sulfurization of solid Si precursors with 
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H2S or CS2 gas at >1,000 °C followed by condensation of the SiS2 product have been 

demonstrated. However, both approaches rely on energy-intensive and slow reactions and 

separations, which increase the price of SiS2 to >1,000 USD kg-1, despite the low cost of its 

constituent elements. (See Chapter 5 for a detailed discussion of SiS2.) The lack of economical 

and scalable synthesis methods for Li2S and SiS2 comparable to the conventional lithium salts is 

a serious challenge hindering the broader adoption of SSEs in advanced lithium-ion batteries. 

 

1.3 Thesis Objectives and Outline 

The objective of this thesis work was to develop low-temperature, liquid-phase ion-

exchange, or metathesis, reactions for the synthesis of high-value metal sulfide salts with 

relevance to the synthesis of SSEs. Metathesis is a synthesis method that has been commonly 

applied to the synthesis of transition-metal sulfides and is conducted by reacting aqueous 

solutions of the relevant metal chloride and sodium sulfide (Na2S).30 Spontaneous precipitation 

of the metal sulfide drives reaction at ambient temperatures with concomitant formation of an 

NaCl byproduct solution. Further removal of NaCl can be achieved with additional washings. 

Many SSE precursor salts and their reagents, however, undergo hydrolysis with water and other 

strongly protic solvents (e.g. methanol, acetic acid, etc.) and therefore have not yet been 

synthesized with metathesis.  

Preliminary thesis work involved the synthesis of Li2S via sulfurization of a lithium 

ethoxide-ethanol solution with H2S to form a solution of Li2S. Solvent evaporation and 

moderate-temperature annealing was performed to remove solvent, forming high-purity Li2S 

nanocrystals, which possessed good applicability to the rapid mechanochemical formation of a 

glassy SSE. (See Appendix A for details.) While the use of expensive lithium alkoxides and 

hazardous H2S gas limits the real-world application of this synthesis route, the development of 

solution processing of Li2S in alcohols was transferable to subsequent work. 

The central innovation of this thesis work is the metathesis of lithium chloride with 

sodium sulfide in alcohol rather than water. In this case, the reaction is driven to completion by 

spontaneous precipitation of the NaCl byproduct due to near-zero solubility in most alcohols 

producing a solution of Li2S. Drying and annealing the supernatant solution produces Li2S 

nanocrystals with good applicability to leading sulfide SSEs such as the argyrodite Li6PS5Cl. 

Furthermore, Li2S has been demonstrated as a superior alternative to Na2S in the metathesis 
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synthesis of transition-metal sulfides.31-33 Due to its higher reactivity in the solid state compared 

to Na2S, Li2S can be reacted with metal chloride solutions in polar aprotic solvents. Compared to 

the traditional protic solvents, these organic liquids have better compatibility with moisture-

sensitive compounds, produce unique product morphologies, and provide unique separations 

capabilities. However, this synthesis method is limited by the high cost of Li2S, which is 

converted to the less valuable LiCl. The second innovation of this thesis work is the application 

of this approach to the synthesis of SiS2 with recovery and recycle of the LiCl byproduct to 

regenerate the valuable Li2S reagent, leading to a cyclical reaction economy with negligible 

lithium consumption. 

The following chapters provide the experimental methods (Chapter 2) used in the 

execution of this thesis work along with the details of the development of metathesis reactions 

for metal sulfides of use to the synthesis of SSEs. Chapter 3 details the preparation of the key 

reagent Na2S from the low-cost industrial byproduct Na2SÅxH2O. While this general method has 

been reported previously,34,35 it is formalized and optimized here, and kinetics of the solid-gas 

reaction are reported. Subsequent syntheses were enabled by scaling-up this purification method 

to 60 g quantities. This is in contrast to most work conducted in this field, which relies on 

expensive high purity Na2SÅ9H2O produced through recrystallization. Chapter 4 describes the 

metathesis reaction between the prepared Na2S and LiCl in ethanol solutions, and its application 

to the synthesis of Li6PS5Cl argyrodites. Chapter 5 contains an investigation of the mechanism of 

impurity formation in the synthesized Li2S material, and provides several methods of improving 

the Li2S purity and its consequent impact on argyrodite formation. Chapter 6 introduces the 

concept of cascaded metathesis reactions. In this process, Li2S is generated in a first metathesis 

reaction, followed by generation of SiS2 in a second reaction along with an LiCl byproduct. The 

LiCl and solvents are recovered and recycled to perform a repeated sequence of metathesis 

reactions. The synthesized Li2S and SiS2 are validated by forming a model glassy SSE via high-

energy ball-milling. Finally, Chapter 7 provides conclusions and recommendations for future 

work. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

 

2.1 Introduction  

This chapter summarizes the experimental methods used in this thesis work, including a 

description of reagents, purification, safety hazards, air-free handling techniques, materials 

characterization, electrochemical characterization, and a note on repeatability. Detailed 

descriptions of experimental procedures are provided in their respective chapters. 

 

2.2 Reagents, Purification, and Associated Safety Hazards 

Sodium sulfide (Na2S) was a key reagent in this work, and was purchased from Sigma-

Aldrich in the form of hydrated flakes with ~40 wt% water content. Purification of the Na2S 

flakes is described in detail in Chapter 3. Na2S was also synthesized from Na metal and H2S gas. 

Dry lumps of Na metal were purchased from Sigma-Aldrich and stored under dry Ar gas to 

prevent reaction with moisture. Immediately before use, an oxide layer was removed from the 

metal surface by scraping with a knife. Commercial samples of anhydrous Na2S were purchased 

from several vendors for comparison with the samples produced as a result of this work. 

Hydrogen sulfide (H2S) was supplied by Praxair. Since it is a toxic and flammable gas 

certain safety precautions were adopted when handling it. A blend of 10% H2S/90% Ar was used 

to reduce the risk of forming a flammable mixture on exposure to air. The gas cylinder and 

experiments are kept in a fume hood to provide proper ventilation in case of a leak. Small 

flowrates (<100 sccm) are used if exhausting to the ventilation system, while a gas scrubber 

(caustic solution such as sodium/lithium alkoxide or NaOH) is implemented to remove H2S 

before being exhausted in the case of higher flowrates. A H2S gas detector is kept in the vicinity 

of the fume hood to alert lab users if the permissible exposure limit (PEL) of 10 ppm is 

exceeded. 

Various salts are key to the following work. Lithium chloride (LiCl, Sigma-Aldrich, 

99%) was ground and dried at 150 °C under vacuum to ensure moisture is excluded from any 

subsequent syntheses. Lithium sulfide is typically synthesized from LiCl and purified as 

described in Chapters 4 and 5, respectively. Alternatively, Li2S was synthesized from dissolved 

Li metal using H2S gas (for details, see Appendix A). Similar to Na metal, an oxide layer was 
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removed from Li foils immediately before use. In some cases, a commercial material obtained 

from Alfa Aesar (99.9% purity) is used for comparison purposes. Phosphorous pentasulfide 

(Sigma-Aldrich, 98%) and SiCl4 (Sigma-Aldrich, 99.998%) were used as-received with no 

further purification.  

Many organic solvents were used in the execution of this thesis, including alcohols, 

esters, ethers, alkanes, nitriles, and amines. Typically, reagent-purity solvents free of denaturants 

or stabilizers with the lowest moisture content available were purchased. The low moisture 

content of solvents is crucial, and can be maintained by storing sealed inside a glovebox, and in 

some cases storing over molecular sieves as described in the literature.1  

 

2.3 Air -Free Handling Techniques 

2.3.1 Gloveboxes 

Two Ar-filled gloveboxes were used to handle and store air-sensitive materials. The first 

(Nexus System, Vacuum Atmospheres Co.) was dedicated to solvent handling procedures and 

general materials synthesis work. This glovebox was equipped with a four-point balance, several 

stir/hot plates, and a vortexer for conducting liquid-phase operations. The second (LC 

Technology Solutions Inc.) was dedicated to dry processes only, specifically electrolyte 

preparation and testing. It was equipped with a three-point balance, 15T hydraulic press (model 

YLJ-15L, MTI Corp.), various pellet dies, a flexible silicone electric heater with temperature 

controller, and two potentiostats (Interface1000, Gamry Instruments) accessed by feedthrough 

wires. The gloveboxes were equipped with purifiers to maintain a dry, O2-free atmosphere, 

which were regenerated according to manufacturer instructions every 6 months. 

 

2.3.2 Solvent Handling and Evaporation 

Solvents were handled in the Nexus System glovebox, taking precaution to maintain a 

low dew point inside the glovebox and to preserve the efficacy of the purifier. While handling 

solvents the glovebox purifier was isolated from the glovebox atmosphere. After handling 

solvents, the glovebox atmosphere was purged for two minutes. Finally, the purifier was 

reconnected to the glovebox atmosphere, and normal operation was resumed. 

Solvent evaporation was performed by heating the samples in an oil bath under vacuum 

with stirring to ensure homogeneous heating. (Fig. 2.1) The samples were sealed inside a 
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vacuum flask inside the glovebox prior to evaporation, then unsealed inside the glovebox 

afterwards to exclude ambient atmosphere from the procedure.  

 

 

Figure 2.1 Solvent evaporation/recovery setup. 

 

2.3.3 Dryin g, Solid/Liquid-Gas Reactions, and Annealing 

High temperature drying and solid gas reactions were performed in custom-built tubular 

units of different sizes (capable of processing from ~1 to ~100 g of material) inserted into a 

vertically oriented tube furnace. (Fig. 2.2) The units were fabricated of low carbon 316L 

stainless steel for its low reactivity with both solid samples and reactive gas atmospheres. Drying 

was typically conducted with gas flowing from bottom to top, with the flow velocity equal to the 

minimum fluidization velocity to provide excellent heat and mass transfer between gas stream 

and solid particle, and to ensure homogeneity of the sample temperature.  

For large-scale Na2S purification (~60 g quantities), the H2/Ar mixture was introduced to 

the tubular reactor from top to bottom to prevent entrainment of the Na2S particles in the gas 

stream. The tube furnace was dwelled at 600 °C for 12 h, then the flow of H2 gas was stopped to 
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purge the reactor with pure Ar and allowed to cool down naturally. An image of the setup is 

shown in Fig. 2.3. 

For the reaction of gaseous and liquid reagents in large quantities, a bubble column 

reactor was constructed. (Fig. 2.4) Precursor solutions were prepared in the aluminum flanged 

container on the left inside a glovebox and transferred into the reactor using compressed Ar. 

Once the reaction was complete, pressurized Ar was used to transfer the reaction product out of 

the column into the aluminum flanged container on the right. See Appendix A for additional 

experimental details. 

Electrolyte samples were sometimes annealed to improve performance using a custom-

built quartz tube apparatus. (Fig. 2.5) The quartz tube possesses good chemical compatibility 

with most electrolyte materials at high temperatures and can be evacuated during heating to 

maintain an inert atmosphere. Heating was provided by an electrical heating element equipped 

with a temperature controller. Electrolyte samples were first pelletized and inserted in or 

removed from the tube inside the glovebox to exclude ambient atmosphere. 

 

 

Figure 2.2 Tubular flow-heating apparatus. Sample capacity from left to right: 1 g, 10 g, 100 g 
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Figure 2.3 Large-scale Na2S purification setup. 

 

 

Figure 2.4 Large-scale bubble column-reactor. 
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Figure 2.5 Electrolyte annealing apparatus. 

 

2.4 Materials Characterization 

2.4.1 X-Ray Diffraction (XRD)  

XRD is an analytical technique that can be used to identify and quantify crystalline 

phases in solid materials. In powder XRD, a homogeneous powder is subjected to a 

monochromatic X-ray beam, which undergoes diffraction and constructive interference when 

conditions satisfy Braggôs law. (Fig. 2.6) Diffraction peaks are produced at unique sets of 2ɗ 

angles corresponding to a unique set of d-spacing in the crystal structure of the material being 

analyzed, acting as a type of ñfingerprintò for phase identification by comparing experimental 

data with reference diffraction patterns. When the powder being analyzed consists of 

nanocrystals, the diffraction peaks will be less intense and broader than those of microcrystals. 

The Scherrer equation (eq. 2.1) can be used to estimate the diameter (D) of spherical 

nanocrystals > 50 nm. ə is a shape-dependent factor typically taken to be ~0.9 (for spherical 

crystallites with cubic symmetry). ɚ is the X-ray wavelength, ɓ is the full-width half-max of the 

diffraction peak, and ɗ is the scattering angle of the peak. 

 

D = 
ə ɚ

ɓcosɗ
 ςȢρ 
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Figure 2.6 Principle of XRD. Adapted from [2]. 

 

In this work, XRD was performed with a PANalytical PW3040 X-ray Diffractometer 

with Cu KŬ radiation. To exclude moisture during the measurement, powder samples were 

placed on a glass slide then covered with Scotch Magic Tape inside a glovebox. Scotch Magic 

Tape was selected because of its low scattering background, which corresponds with that of the 

glass slide (a broad peak centered at 2ɗ = 20°), which is background subtracted with a 

polynomial fit. Data was analyzed and processed with the HighScore Plus software (Malvern 

Panalytical).  

 

2.4.2 Thermogravimetric Analysis (TGA) 

TGA measures changes in a sampleôs mass at different temperatures under a controlled 

gas atmosphere. This allows for determination of temperatures where drying, decomposition, or 

reactions with the sweep gas occur, and can be used to quantify the amount of a volatile/reactive 

phase present in the material. In this work, TGA was primarily performed on a TGA Q50 (TA 

Instruments) with an Al2O3 sample pan/cup under flowing Ar. Alternatively, TGA data was also 

obtained from an SDT, which is described in the next section. 

 

2.4.3 Differential Scanning Calorimetry (DSC) 

DSC measures the heat flow into or out of a sample under a controlled gas environment 

by comparison of the temperatures of a cup containing a sample and an empty reference cup. In 

heat-flux DSC, which was employed in this work, integration of the reference holder heat 

capacity over the temperature differential results in the heat flow output. In this work, DSC was 
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performed on a Q600 Simultaneous DSC-TGA (SDT, TA Instruments) with use of Al2O3 cups 

under flowing Ar. The SDT also collects TGA data while measuring heat flow, which simplifies 

interpretation of the heat flow data. 

 

2.4.4 Fourier Transform Infrared Spectroscopy (FTIR)  

FTIR measures the transmittance ï ratio of the intensity of incident to emitted light ï of 

infrared light by a material. IR light is absorbed by the sample material when the frequency 

resonates with the vibrational mode of a specific molecule or functional group. The intensity of 

IR absorption is dependent on the change in dipole moment of the chemical moiety, so that more 

polar bonds (such as O-H) that maintain charge distribution during vibration are more easily 

detected with IR spectroscopy. The transmittance spectrum provides information about the 

molecular structure and composition of the sample. In particular, FTIR was used in the work to 

detect traces of organic or inorganic impurities in metal sulfide samples, which generally possess 

vibrational modes outside of the measurement range (400-4000 cm-1). In this work, FTIR was 

performed with a Nicolet Summit FTIR (ThermoFisher) with an attenuated total reflection 

(ATR) sampling accessory. In ATR, the IR beam passes not through the sample directly, but 

instead through an internally-reflecting crystal in contact with the sample. Use of the ATR 

expedites solid sample measurement, eliminating the need for complex sample preparation or 

protection, such as the KBr pellet method of Nujol method. A diamond ATR crystal was used 

due to its chemical and mechanical durability and low refractive index, which allows for greater 

penetration depth of the IR beam into the bulk of the sample. 

 

2.4.5 Raman Spectroscopy 

Raman spectroscopy is a complimentary technique to FTIR spectroscopy that detects 

chemical bonding by change of the polarizability of a bond dipole rather than the magnitude of 

the change itself. Since weakly polar bonds (such as S-S) possess a weak dipole moment, they 

are weakly absorbing in IR, but since the polarizability of the bond changes strongly with 

vibration, the bonding signature is much stronger in Raman spectroscopy. In Raman, a visible 

laser is directed on the solid sample, and inelastic scattered light is measured. The difference in 

frequency between incident and scattered light is the Raman shift, and indicates the frequency of 

vibration mode of the molecule that interacted with the light. Similar to FTIR and XRD, this 
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produces a fingerprint spectra unique to certain chemical moieties, such as S-S bonds or M-S 

lattice vibrations. The Raman used in this work is a confocal Raman microscope (WiTec). 

Samples are prepared by placing the powder on a glass slide then sealing under a glass 

microscope cover slip with tape, which provides a temporary seal to protect the sample from air-

exposure. The Raman laser can then be focused through the cover slip on the sample using the 

confocal microscope.  

 

2.4.6 Scanning Electron Microscopy (SEM) 

SEM was used to characterize the microscopic morphology of the powder samples 

produced in this work. SEM is conducted by scanning the surface of the material with an 

electron beam in a raster pattern under high vacuum and measuring the current produced from 

the low-energy secondary electrons emitted from the near vicinity of the electron beam spot. In 

this work, a field emission SEM (JEOL JSM-7000F) was employed for SEM imaging. Samples 

were dispersed on conductive carbon tape. Due to the generally low electronic conductivity of 

samples, lower accelerating voltages (~5 keV) and currents were typically employed to reduce 

the impact of charge accumulation near the sample surface, which produces streaked images due 

to electrostatic repulsion of the incident electron beam. 

 

2.4.7 Energy-Dispersive Analysis of X-Rays (EDAX) 

EDAX was performed in the same instrument as SEM to analyze the elemental 

composition of samples. When the electron beam interacts with the sample, some ground state 

electrons are ejected to a higher energy state producing an electron hole. When a high energy 

electron fills the hole, an X-ray is produced, with energy characteristic of the electronic structure 

of the element it originated from. By analyzing the X-rays produced from this process, elements 

can be identified and quantified. EDAX provides elemental composition data, but must be 

calibrated. Unfortunately the X-rays produced from light elements such as Li are below the 

detection limit.   

 

2.4.8 Mass Spectrometry (MS) 

Mass spectrometry is a method of identifying a sample based off its molecular mass. In 

this work, a residual gas analyzer (RGA200, Stanford Research Systems) was employed. In this 
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instrument, gases under vacuum are ionized with electrons emitted from a hot filament, then 

filtered by electric quadrupole to measure the amount ionization fragments of specific mass-to-

charge. Gases have unique mass fragment spectra that allow gas flows to be sampled and 

identified. 

 

2.5 Electrochemical Characterization 

2.5.1 Electrochemical Impedance Spectroscopy (EIS) 

EIS is performed by applying an alternating voltage of small amplitude (e.g. 10 mV) to a 

sample. In the case of this work, the voltage was applied to pelletized samples by stainless steel 

rod electrodes. (Fig. 2.7-a) By measuring the magnitude and phase shift of the current response, 

the sample impedance can be calculated for a range of input frequencies. Since the samples in 

this work consist of simple ion conductors sandwiched by ion-blocking electrodes, the frequency 

at which the impedance is purely ohmic in nature reflects the characteristic ion-hopping 

frequency of the material. The magnitude of the impedance at this frequency equals the 

resistance due to ion conduction (plus negligible electron conduction), from which the ionic 

conductivity can be calculated using Ohmôs law. The impedance that is not purely ohmic reflects 

the ohmic and capacitive resistance of the system, including the parallel-plate capacitance of the 

electrodes and capacitance of internal surfaces within the sample, such as grain boundaries. EIS 

data is often presented as a Nyquist plot, where a semicircle represents a typical ion conductor, 

and an angled spike represents a ñleakyò capacitor. (Fig. 2.7-b) The cell can be represented as a 

simple equivalent circuit shown in the inset in Fig. 2.7-b.  

 

 

 

Figure 2.7 Measurement and data analysis of EIS. a) Split cell for characterizing electrolyte 

pellets. b) EIS Nyquist plot with equivalent circuit inset. 
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2.5.2 Chronoamperometry 

Chronoamperometry (sometimes referred to as DC polarization) is the measurement of 

the transient current response of a system to a change in voltage, and is used in this work to 

estimate the electronic conductivity of pelletized samples. In the same cell as used for EIS, a 

step-change is applied to the voltage, and a spike followed by exponential decay to a steady-state 

value is observed in the current response. (Fig. 2.8) The spike represents capacitive charging 

while the steady-state current represents electronic leakage current through the sample, from 

which electronic conductivity is calculated using Ohmôs law. 

 

 

Figure 2.8 Chronoamperometry data example. 

 

2.6 Repeatability 

Multiple experimental samples and measurements are preferred to improve the precision 

and accuracy of experimental results. However, due to the time-consuming nature of sample 

generation and method development, data in this thesis work corresponds to one sample and 

measurement unless otherwise noted. While only one sample is typically used, control samples 

are provided for comparison, and multiple experimental samples yield consistent trends that 

provide useful information about the underlying scientific phenomena and the impact of 

processing on material performance. 
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CHAPTER 3 

PRODUCTION AND PURIFICATION OF ANHYDROUS SODIUM SULFIDE 

 

Based on a paper published in the Journal of Sulfur Chemistry1 

William H. Smith,2 Jerry Birnbaum,3 Colin A. Wolden4 

 

3.1 Abstract 

Anhydrous sodium sulfide (Na2S) is a key component in sodium-sulfur batteries as well 

as an important chemical reagent. However, anhydrous Na2S is currently prohibitively expensive 

for applications outside of research labs and purity is a concern. Herein, we compare the 

properties of three forms of anhydrous Na2S: (i) commercially supplied, (ii) Na2S produced 

through dehydration and purification of commercial hydrate flakes (Na2SÅxH2O), and (iii) Na2S 

formed by the reaction of hydrogen sulfide with dissolved sodium alkoxide and recovered 

through solvent evaporation. Crystallinity, purity, thermal stability, and morphology of the 

various forms of Na2S were characterized by XRD, FTIR/Raman, TGA, and SEM respectively. 

Vacuum annealing of low-cost Na2S hydrate at 150 °C produced anhydrous Na2S. This 

dehydrated material retains impurity signatures attributed to polysulfide (Na2Sx) and oxysulfur 

impurities (SOx) that were also observed in commercially supplied Na2S. Impurity removal 

typically requires hydrogen reduction at very high temperature (700-900 ºC), but it is 

demonstrated here that this can instead be accomplished at 400 ºC, preventing auto-oxidation and 

following kinetics well-described by a shrinking core model. The solution-based approach 

resulted in the direct synthesis of crystalline Na2S anhydride at low temperatures (100 °C) 

without need for further purification. Both approaches presented herein are inherently scalable 

with materials costs that are one to two orders of magnitude lower than the current price of 

anhydrous Na2S. 

 
1 Reprinted with permission of The Journal of Sulfur Chemistry, 2021, DOI: 10.1080/17415993.2021.1907390. 

Copyright 2021 Informa UK Limited, trading as Taylor & Francis group. 
2 Primary author 
3 Co-author 
4 Co-author, advisor, and corresponding author 
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Figure 3.1 Graphical abstract. 

 

3.2 Keywords 

Sodium sulfide; sodium batteries; metal sulfides 

 

3.3 Introduction  

High-purity, anhydrous Na2S is a key material for several applications including energy 

storage, chemical synthesis, and as an H2S generator in biological systems. For example, Na2S 

nanocrystals can serve in high-capacity cathodes for low-cost, high-energy-density Na-S 

batteries.1-3 Na2S is also a key precursor for solid state electrolytes that may enable the safe use 

of a sodium-metal anode.4-6 Additionally, Na2S is a convenient reagent for the synthesis of 

specialty chemicals ranging from sulfide-containing polymers to a broad selection of metal-

sulfide compounds.7-10 Lastly, Na2S has gained attention as a ñrapid-releaseò donor of H2S in 

aqueous solutions, which is a crucial gasotransmitter, with potential for several medical 

therapeutic applications ranging from cardiovascular to neurological diseases. The purity of Na2S 

intended for therapeutic applications is crucial because polysulfide and oxysulfur impurities may 

cause unintended biological effects.11 In contrast to the earth abundance of its constituent 

elements, anhydrous Na2S is prohibitively expensive (>$10 g-1), an issue that must be addressed 

to enable widespread deployment of the technologies discussed above.  

The high cost of anhydrous Na2S reflects the difficulty to synthesize and purify this key 

material. Anhydrous Na2S is produced primarily through two routes:12 

 

Na2SO4 + 2CÓ 
ȹ
ᴼ Na2S + 2CO2 3.1 

Na2SĀ9H2O
ȹ
ᴼ Na2S + 9H2O 3.2 
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In the first route, Na2SO4 undergoes carbothermal reduction in a furnace at 900-1,000 °C, 

which is time- and energy-intensive, and directly emits carbon dioxide. The second route is 

preferred for applications where high purity is crucial and consists of three steps. First, Na2S is 

dissolved in water to form a supersaturated solution. Second, Na2SÅ9H2O is recrystallized from 

the solution at relatively high purity (e.g. 98%). The recrystallization process is expensive and 

time-consuming, and results in a hydrate that only consists of 32 wt% Na2S. Last, the 

nonahydrate is heated to elevated temperatures (> 700 ºC) to drive off water and induce 

crystallization. Therefore, there is a need for economically viable and inherently scalable 

methods of producing high-purity anhydrous Na2S. 

A low-grade form of Na2S is also produced as a byproduct of several industrial processes, 

including caustic scrubbing of natural gas and processing of sulfide-containing ores like BaS.12 

This ñtechnicalò grade of Na2S is commercially available at low cost (~$0.50 kg-1 in bulk 

quantities), but in the form of a hydrate (Na2SÅxH2O, x~3) that contains ~40 wt% water. Its 

characteristic yellow color reflects the presence of polysulfide impurities (Na2Sx). In addition to 

polysulfides, this Na2S hydrate contains significant concentrations of oxysulfur impurities 

(Na2SOx) such as sodium sulfate, sulfite, thiosulfate, and hyposulfite. The hydrate also typically 

contains a high concentration of sodium hydrosulfide (NaHS). As such, this grade of Na2S finds 

use in applications where purity and moisture content is not of concern, such as in the Kraft 

process in the pulping industry or as a bleaching agent in the manufacture of textiles or rubber. 

Efficient purification of this low-grade form of Na2S would be an economically attractive route 

to anhydrous Na2S for the applications listed above. 

Alternatively, we have developed a solution-based approach based on green chemistry for 

the synthesis of alkali metal sulfide (Li2S, Na2S) nanocrystals (NCs).13 Reactive precipitation of 

anhydrous sulfide NCs was achieved through a two-step process where an alkoxide precursor is 

first prepared by complexing the alkali metal with alcohol, which also liberates clean-burning 

hydrogen (eq. 3.3). In the second step the industrial waste hydrogen sulfide (H2S) is bubbled 

through the solution resulting in NC precipitation and regeneration of the alcohol reagent (eq. 

3.4). The net reaction (eq. 3.5) is the conversion of the alkali metal into a sulfide NC with co-

generation of H2 and full abatement of the H2S. These spontaneous reactions proceed to 

completion with an atom economy approaching unity at ambient temperature and pressure. 
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2Ms + 2ROHsln 
RT,   1 atm
ựựựựự  2ROMsln + H2 g 3.3 

H2Sg + 2ROMsln 
RT,   1 atm
ựựựựự  M2Ss + 2ROHl 3.4 

Ms + H2Sg 
RT,   1 atm
ựựựựự  M2Ss + H2 g 3.5 

 

Both anhydrous Li2S and Na2S were successfully produced, and we developed a novel 4-

phase bubble column for conducting reactive precipitation in a scalable fashion.14 Precipitation is 

induced by the presence of a co-solvent, and NC size and morphology could be manipulated 

using various alcohol/solvent combinations.13 However, with reactive precipitation the minimum 

crystal size achieved was ~100 nm, and while electrochemical performance was improved over 

commercial Li2S, it was still far short of theoretical capacity. In the case of Li2S we overcame 

this issue by eliminating the co-solvent that induced precipitation, allowing the Li2S produced to 

remain dissolved in ethanol. NCs are recovered by evaporation and purified by a mild annealing 

treatment. Using this modified solvation/evaporation approach we demonstrated control over NC 

size (5-25 nm), good uniformity, and cathodes fabricated from these NCs attained theoretical 

capacity (1164 mAh g-1).15 Scalable approaches were developed and performance was validated 

in glassy 70Li2S-30P2S5 electrolytes.16 

In this work we demonstrate formation of anhydrous Na2S by either purification of 

technical grade Na2S hydrate or via direct synthesis using the liquid-phase reaction between 

sodium alkoxide and H2S. Na2S hydrate is purified by first dehydrating the material using a two-

step vacuum annealing process at moderate temperatures followed by high-temperature reduction 

in hydrogen to remove polysulfide and oxysulfur impurities. Process conditions are identified to 

produce phase-pure material, and the kinetics of the H2-reduction process are characterized. 

Alternatively, we extend the solvation/evaporation route to produce anhydrous Na2S, 

demonstrating that methanol is preferred to ethanol as the complexing agent. A complementary 

suite of characterization techniques (XRD, TGA, FTIR, Raman, and SEM) was employed to 

characterize the purity and morphology of Na2S produced through these processes, which are 

shown to compare favorably to commercially obtained anhydrous Na2S. Finally, a basic cost 

analysis is performed indicating that either route requires materials costs one to two orders of 

magnitude lower than commercial anhydrous Na2S. 
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3.4 Experimental 

3.4.1 Purification of Na2SÅxH2O. 

Sodium sulfide hydrate (Na2S-h) flakes (60%, Sigma-Aldrich) were ball-milled using a 

SPEX Mixer/Mill 8000M equipped with ZrO2 balls for 5 minutes to reduce the particle size. The 

as-milled material was sieved through a #50 mesh to exclude particles over 300 µm. The milled 

and sieved Na2S-h was dehydrated by heating under reduced pressure (~150 mbar) in a vacuum 

oven. 100 g of Na2S-h powder was spread in a thin layer (~0.15 g cm-2) on an evaporating tray 

and placed in the preheated oven at 70 °C and left under vacuum for 12-16 h. The temperature 

was then increased to 150 °C at a rate of ~1 °C min-1 and left for an additional 12-16 h. The 

furnace was then cooled down at the same rate to 70 °C. Approximately 60 g of dehydrated Na2S 

(Na2S-d) was recovered and placed in an argon filled glove box for further handling and storage.  

Impurities were removed from the dehydrated material by reacting with a flowing 

mixture of 5% H2 in Ar (General Air, 99.99%) at elevated temperatures. The reaction was 

conducted by placing 2 g Na2S-d in a custom stainless-steel Swagelok reactor (ID = 6.3 mm, 

length = 70 mm). The reactor was placed in a vertically oriented tube furnace and supplied with 

100 sccm of the H2/Ar mixture. The material was retained in the reactor by use of two stainless-

steel Swagelok filter gaskets (pore size = 20 µm) placed at the inlet and exhaust of the reactor. 

The pressure in the reactor was typically 650 torr (~atmospheric pressure in Golden, CO), and 

the composition of the gas effluent was monitored with an on-line quadrupole mass spectrometer 

(Stanford Research Systems RGA200). The effect of temperature was first investigated by 

introducing the H2 gas mixture to a preheated reactor and monitoring the gas effluent for signs of 

H2 consumption in the range from 200-500 °C for a time of 2 h. To distinguish the effects of 

temperature and H2 reduction, similar experiments were conducted by heating 2 g Na2S-d under 

vacuum in a horizontal tube furnace. Once the optimum temperature of 400 °C was established, 

the kinetics of the H2 reduction at this temperature were explored by monitoring the time-

evolution of the effluent gas composition. In each case, the recovery of H2-reduced Na2S (Na2S-

r) from the reactor was over 95% based on the initial mass-loading of Na2S-d. 

 

3.4.2 Solution-Based Synthesis of Anhydrous Na2S. 

Sodium sulfide was synthesized using a procedure analogous to that previously reported 

for Li2S.16 First, a sodium alkoxide precursor solution was prepared by reacting sodium metal 
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(1.8 g, Sigma-Aldrich, ACS reagent) with either ethanol (EtOH, Sigma-Aldrich, anhydrous, 

²99.5%) or methanol (MeOH, Sigma-Aldrich, anhydrous, 99.8%) under dry Ar in a glove box in 

40 mL quantities with a sodium concentration of 2.0 M. In both cases, the solution was stirred 

for at least 1 hour to fully dissolve the precursor and allow the solution to equilibrate with room 

temperature. The precursor solution was then loaded into a 20 mm diameter bubble column 

reactor (described previously16) under Ar, and was reacted with a stoichiometric or near-

stoichiometric amount of a 10% H2S/Ar gas mixture (Matheson) at a rate of 500 sccm 

(superficial velocity, u = 2.7 cm s-1). The resulting homogeneous product solution (Ó35 mL) was 

then retrieved from the bubble column reactor inside a glove box, and aliquoted in 10 mL 

volumes into an evaporating dish, which was loaded into a horizontal tube furnace and heated to 

100 °C under flowing Ar for 2 h. The solid product (~0.88 g, Na2S-s) was then recovered and 

stored under dry Ar in a glove box. 

 

3.4.3 Materials Characterization. 

Commercial samples of technical grade Na2S from Alfa Aesar were ground in mortar and 

pestle before characterization to reduce particle size and homogenize the mixture. 

Thermogravimetric analysis (TGA) was performed by loading approximately 10 mg of sample 

into an Al2O3 pan, which was then transferred into a TGA Q50 (TA Instruments) and heated 

from 50 to 200 °C at a slow rate of 1.0 °C min-1 to prevent melting of hydrate phases. X-ray 

diffraction (XRD) was measured on a Philips XôPert X-ray diffractometer with Cu K‌ radiation 

(ɚ = 0.15405 nm) between 10 and 70° at a scan rate of 5° min-1. Samples were prepared on a 

glass slide with a piece of Scotch Magic Tape covering the material to prevent undesired 

reactions with ambient moisture. The contribution from the quartz slide was background 

subtracted with a polynomial fit. Fourier-transform infrared spectroscopy (FTIR) was performed 

with a Nicolet Summit FTIR spectrometer using an attenuated total reflection (ATR) accessory 

equipped with a diamond crystal. Raman spectroscopy was conducted with a WiTec alpha300 M 

Confocal Microscope/Raman Spectrometer employing a 100 mW 532 nm laser. Samples were 

mounted on a glass slide and sealed under a quartz cover slip. The laser was focused through the 

cover slip onto the sample using a 20X objective, and spectra were collected using a CCD 

detector (Andor Technologies) at -60 °C. Field emission scanning electron microscopy (FESEM) 

images were taken on a JEOL JSM-7000F FESEM instrument with an accelerating voltage of 5 
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kV. Particle size was measured with dynamic light scattering (DLS) of a freshly prepared 

suspension of Na2S in N-methyl-2-pyrrolidone (NMP) with a ZetaPALS (Brookhaven 

Instruments). 

 

3.5 Results & Discussion 

3.5.1 Purification of Na2SÅxH2O. 

The as-purchased Na2S hydrate consists of dense flakes ranging from 0.1-2 cm across 

with a bright yellow color. The milling and sieving process implemented herein resulted in a 

homogeneous, free-flowing powder with a pale-yellow color and an average particle size of 28 

µm. (Fig. 3.2-a) TGA of the as-milled hydrate results in approximately 40% mass loss from 50 to 

200 °C, which is consistent with the stated composition, and the majority of mass loss occurred 

below 90 °C with residual mass loss occurring above 100 °C. (Fig. 1-b) FTIR demonstrates a 

strong absorption band due to O-H stretching at 3,200 cm-1 and a moderate peak at 1,570 cm-1 

due to O-H bending modes, which are attributable to the water of hydration.17 The strong 

absorption at 820 cm-1 has been attributed to the bending mode of coordinated water.17 The broad 

absorption band at 2,800 cm-1 corresponds to the S-H stretching mode, indicating the presence of 

NaHS.18 FTIR also reveals the presence of other impurities including  Na2SOx species, such as 

Na2SO4, Na2SO3,
19,20 and Na2SO2 

20 indicated by the peaks at 1,130 cm-1; 960 and 630  cm-1; and 

1,430 cm-1, respectively. (Fig. 3.2-c) XRD of the milled hydrate results in a complex diffraction 

pattern reflecting the multitude of hydrate phases including Na2SÅ9H2O (PDF 00-018-1248), 

Na2SÅ5H2O (PDF 00-018-1249), and Na2SÅ2H2O (PDF 00-040-0521) as well as other 

unidentified phases. (Fig. 3.2-d) Finally, Raman spectroscopy shows a doublet peak at Raman 

shifts of 195 and 240 cm-1. The former has been attributed to the primary Na2S crystal lattice 

vibrational mode,21 while it is speculated that the latter belongs to the same vibrational mode, but 

has been upshifted due to coordination by water. This explanation is supported by the systematic 

decrease in relative intensity of the peak at 240 cm-1 throughout the dehydration process, which 

mirrors the attenuation of the FTIR absorbance band at 820 cm-1, which is attributed to the 

rocking mode of coordinated water.17 The Raman spectra also shows a moderate disulfide band 

at 470 cm-1 indicating the presence of Na2Sx polysulfide species21 and a water scattering band at 

1,700 cm-1.22 (Fig. 3.2-e) Detailed peak assignments for FTIR and Raman spectroscopy can be 

found in Tables 3.2 and 3.3, respectively, in the Supporting Information. 
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When drying hydrated salts, it is crucial to avoid fusing the hydrate, which can lead to 

decomposition and agglomeration into large particles.23 The melting point of Na2SÅxH2O 

increases with decreasing values of x, e.g. from 49 °C for x = 9 to 98 °C for x = 5.24 Early 

accounts of Na2SÅ9H2O dehydration reported drying under vacuum near room temperature in the 

vicinity of a desiccant for two weeks to achieve the anhydrous product.25 Later accounts describe 

the more rapid dehydration of large crystals of the nonahydrate by utilizing a slow (e.g. 2 °C 

min-1) temperature ramp to avoid melting. However, due to the large size of the crystals, 

exceedingly high temperatures of 800-900 °C under vacuum were required to achieve full 

dehydration.17,19,26 Andersson and Azoulay discovered that the water of hydration could be 

completely driven off at temperatures as low as 200 °C using nonahydrate crystals with sizes 

ranging from 0.5-1.0 mm. This later led to the invention of a low temperature, two-step 

dehydration route by researchers at Sankyo Kasei Co.,27 which was adapted for this work by 

heating the milled hydrate under vacuum at 70 °C then 150 °C. 

Figure 3.2 b-e shows the evolution of TGA, FTIR, XRD, and Raman throughout this two-

step dehydration. TGA shows a systematic decrease in the volatile content of the material from 

~40% in the hydrate to 2% after heating at 70 °C, and finally to the elimination of volatile 

content after heating at 150 °C. FTIR reflects this systematic decrease in moisture content via 

attenuation of the signature absorption peaks of the water of crystallization. In addition to 

vaporization of water, NaHS apparently undergoes thermal decomposition from 70 ï 150 °C as 

indicated by the attenuation of the strong S-H absorption band at 2,800 cm-1, which is in good 

agreement with literature reports.28 It is important to note however that the dehydrated material 

retains Na2SOx impurities. After heating to 70 °C, XRD undergoes a dramatic change from the 

complex hydrate diffraction pattern to one nearly identical to the expected powder pattern of 

anhydrous cubic Na2S (c-Na2S). However, there is also a signature peak attributed to the 

orthorhombic phase of Na2S (o-Na2S), which has previously been reported to form during the 

thermal dehydration of the pentahydrate.19 XRD also detects the presence of some unidentifiable 

impurity phases not associated with either c-Na2S or o-Na2S. In the Raman spectra, the 

sequential heating steps result in the attenuation of the water scattering band at 1,700 cm-1. The 

dehydration is also reflected in the simultaneous attenuation of the water-coordinated Na2S band 

and growth of the anhydrous Na2S band. However, polysulfide impurities are retained in the 

anhydrous material. Color serves as a useful indicator of purity because sodium polysulfides 
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exhibit a range of colors from yellow to gray to red depending on the value of x in Na2Sx
21 while 

pure Na2S is pure white. The dehydrated Na2S maintains a pale-yellow color indicating likely 

contamination from Na2S2 and Na2S4.
21 (Fig. 3.2-a) It has been observed that melting or 

overheating the material results in various colors, such as brown or red, related to the formation 

of different polysulfide impurity profiles.  

 

 

Figure 3.2 Dehydration of commercial Na2S hydrate flakes (60%, Sigma-Aldrich). Photograph 

summary of the dehydration process (a). TGA (b), ATR-FTIR (c), XRD (d), and Raman 

spectroscopy (e) of milled Na2S hydrate before treatment, after heating at 70 °C under vacuum, 

and after subsequently heating at 150 °C under vacuum. 
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For applications requiring high-purity Na2S, the dehydrated Na2S (Na2S-d) can be 

reduced under flowing H2 at elevated temperatures to remove Na2SOx and Na2Sx
 impurities. In 

previous studies, this process was conducted at temperatures ranging from 700-900 °C.19,25 In 

this study however, it was found that the process can and should be carried out at much lower 

temperature. Na2S-d was reacted under flowing 5% H2/Ar in a packed-bed reactor at 

temperatures between 200 and 500 °C, and the H2 mole fraction in the effluent over time was 

monitored with on-line mass spectrometry. (Fig. 3.3-a) At 200 °C no H2 consumption is 

detected, and the color of the material is unchanged. However, at 300 °C a small amount of H2 is 

consumed as evidenced by a brief decrease in the effluent concentration and a lightening of the 

materialôs color. This may be explained by reduction of a surface layer of oxides and 

polysulfides. At 400 °C, however, there is a sustained decrease in the effluent H2 concentration 

indicating ongoing reduction of the material beyond a surface layer, and the material recovered 

from the reactor exhibits an off-white color. At 500 °C, initially there is significant consumption 

of H2, but it could not be sustained due to sintering of the Na2S powder. In addition, the color of 

the Na2S was changed to red indicating further auto-oxidation of the polysulfide species. 

Figure 3.3 b-d compares the evolution of XRD, FTIR, and Raman over increasing 

temperatures under both 5% H2/Ar and vacuum to distinguish between the effects of temperature 

and reaction with H2. XRD shows that temperature alone has little effect on the crystal structure 

of the material or its crystalline impurities. Little change is detected for the material treated under 

H2 at 200°C, but there is evidence for the formation of crystalline polysulfide species (most 

likely Na2S4),
21 which could indicate reaction between the existing polysulfides and H2. At 300 

°C and above, however, all crystalline impurities are removed to below the detection limit, and 

there is an apparent rearrangement of the crystal structure from partially orthorhombic to fully 

cubic. FTIR shows that there is no significant impact of temperature on Na2SOx impurities until 

500 °C, at which point there is clear decomposition of both forms of impurities. Under flowing 

H2 there is a significant reduction in absorbance due to these impurities at 400 °C, indicating 

successful purification at this temperature. In Raman spectroscopy, heating under vacuum alone 

reduces the intensity of the characteristic Raman shifts of Na2S and Na2Sx making them hard to 

distinguish from the background, indicating possible melting of the crystalline lattice. Annealing 

under H2, however, shows a systematic reduction in the relative amount of polysulfide impurities 

with increasing temperature up to 400 °C. At 500 ºC the characteristic anhydrous Na2S Raman 
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signature peak is considerably broadened and shifted, indicating partial decomposition of the 

desired phase. 

 

 

Figure 3.3 On-line mass spectrometry of gas effluent from a Na2S-H2 packed-bed reactor at 

different bed temperatures. The dashed line at 0.05 represents the mole fraction of H2 in the inlet 

gas. (a) Evolution of XRD (b), FTIR (c), and Raman spectroscopy (d) after dehydration (150 ºC) 

and subsequent heating (200/300/400/500 ºC) under vacuum or H2/Ar. Key: Å - orthorhombic-

Na2S, Ƹ ï unknown crystalline impurity, ǅ - Na2SOx vibrational mode, ƴ ï Na2Sx polysulfides, 

 ᴖï Na2S 

 

The kinetics of the H2 reduction at 400 °C were explored by ramping the temperature of 

the reactor to 400 °C and holding for 7 h while monitoring the H2 mole fraction in the reactor 
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effluent with on-line mass spectrometry. (Fig. 3.4-a) This data was used to calculate 

instantaneous rates of H2 consumption within the reactor, which yields cumulative H2 

consumption upon integration. (Fig. 3.4-b) The evolution of this cumulative H2 consumption (or 

fractional reduction) over time resembles a classic first-order process with no ñs-shapedò 

behavior, indicating that intraparticle mass transfer is the rate-limiting step in the reaction 

mechanism.29 A heterogeneous, shrinking-core kinetic model with a pseudo-steady-state 

approximation as described by Froment et al.29 was fit to the fractional reduction curve. This 

model captures the observed behavior remarkably well, considering it assumes a uniform particle 

size. A more detailed discussion of the reaction model and fitting procedure is included in the 

Supporting Information. This model suggests that the required H2 reduction time could be further 

reduced by increasing the H2 partial pressure and/or reducing the particle size. The solid-gas 

purification route is easily scalable30 and has been extended to purify 30 g batches of dehydrated 

Na2S. 

Complementary experiments were performed in which the process was stopped 

prematurely at specified percent-reduction levels (40 and 80%) to characterize the Na2S with 

increasing extent of reaction. As shown in XRD, only a brief anneal under H2 is required to 

remove crystalline impurities and for rearrangement into the cubic crystal structure, after which 

no change can be detected. (Fig. 3.4-c) FTIR, however, reveals a more monotonic reduction of 

Na2SOx impurities with increasing extent of reaction. (Fig. 3.4-d) Finally, Raman spectroscopy 

indicates a relatively rapid reduction in polysulfide content as evidenced by the near complete 

attenuation of the disulfide Raman shift at 470 cm-1 after only 40% reduction. (Fig. 3.4-e) This 

polysulfide removal is reflected in the color of the Na2S as shown in the insets of Fig. 3.4-b - the 

Na2S undergoes a dramatic color change from pale yellow to an off-white after 40% reduction, 

and after 100% reduction the Na2S is nearly pure white. 
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Figure 3.4 On-line mass spectrometry of gas effluent from a Na2S-H2 packed-bed reactor over 

time with the corresponding bed temperature (a); cumulative H2 consumption in the same reactor 

as a function of time with core-shell model fit and photographs of Na2S at varying degrees of 

reduction (b); XRD (c), FTIR (d), and Raman spectroscopy (e) of Na2S at varying degrees of 

reduction. Key: Å - orthorhombic-Na2S, Ƹ ï unknown crystalline impurity, ǅ - Na2SOx 

vibrational mode, ƴ ï Na2Sx polysulfides, ᴖ  ï Na2S 

 

3.5.2 Solution-Based Synthesis of Anhydrous Na2S. 

The solution-based synthesis in ethanol was found to be very sensitive to the 

stoichiometry of H2S/NaOEt. XRD data for synthesized Na2S in EtOH with different H2S 

amounts are shown in Fig. 3.5 a-c. When an exact stoichiometric ratio of H2S/NaOEt was 

supplied to the reactor, a NaHS impurity was detected in the recovered Na2S, possibly due to a 

small amount of solution loss when transferring the solution into the bubble column. When 92% 

of the stoichiometric amount of H2S was used, unreacted NaOEt was detected in the recovered 

Na2S. At 95% of the stoichiometric amount of H2S there was no NaOEt or NaHS detected in the 

final Na2S. In addition, sub-stoichiometric amounts of H2S also lead to a preferential orientation 

in the recovered crystals that was distinct from the Na2S XRD powder pattern. When methanol 

was used as the solvent for the solution-based synthesis the sensitivity to changes in 



38 

 

stoichiometry were not present. Using methanol, the delivery of a stoichiometric amount of H2S 

to the reactor resulted in the expected Na2S powder pattern with no impurities present and a 

significantly reduced background. (Fig. 3.5-d) 

 

 

Figure 3.5 XRD of synthesized Na2S recovered from ethanol by drying at 100 °C (a-c) after 

reaction with 92, 95, and 100% of the stoichiometric amount of H2S, respectively, and of 

synthesized Na2S recovered from methanol by drying at 100 °C after reaction with 100% of the 

stoichiometric amount of H2S (d). 

 

3.5.3 Comparison with Commercial Anhydrous Na2S. 

Anhydrous Na2S produced from dehydration and H2 reduction of technical grade hydrate 

as well as the methanol-based synthesis were compared directly to commercial anhydrous Na2S 

purchased from both Sigma-Aldrich and Alfa Aesar using TGA, FTIR, XRD, and Raman 

spectroscopy. (Fig. 3.6) In almost all samples, TGA revealed little or no mass loss up to 200 °C, 

indicating the very low moisture content of all materials. The material sourced from Alfa Aesar 

exhibits a mass loss of ~1.5 wt%, and the synthesized Na2S loses a small (~0.5 wt%) amount of 

mass below 70 °C. The mass loss experienced by the synthesized material is attributed to 

evaporation of a surface layer of moisture that is adsorbed while loading the sample into the Ar-

blanketed furnace for TGA. Drying the synthesized Na2S at yet higher temperatures results in a 

similar mass loss in TGA, and no signature alcohol peaks are present in FTIR or Raman, so it is 

concluded this minor mass loss is due to adsorbed moisture rather than retained solvent from the 

synthesis.  

The dehydrated material retained significant impurities including the presence of the 

orthorhombic phase in XRD, Na2SOx species in FTIR, and polysulfides in Raman. Both 



39 

 

commercial samples of Na2S were phase-pure with respect to XRD but retained typical Na2SOx 

impurities, albeit in much lower concentrations than the dehydrated material. However, FTIR 

shows the presence of residual H2O content in the Sigma Aldrich Na2S and Raman shows that it 

contains appreciable polysulfide impurities, consistent with its pale-yellow color. The Alfa Aesar 

material, on the other hand, possessed nearly undetectable levels of polysulfide species in 

Raman, but a significant amount of Na2SO4 as indicated by the strong IR absorption in the SO4
2- 

symmetric stretching region. Nagy et al. characterized the polysulfide content of commercial 

sodium sulfide in different grades by absorbance measurements of 150 mM solutions in distilled 

water.31 They found similar polysulfide levels of (0.1 ï 0.6%) for both the anhydrous and hydrate 

forms. In contrast to this work, they found higher levels of polysulfide in the Alfa Aesar relative 

to Sigma. Such variation may reflect batch to batch variability, highlighting the importance of 

the characterization methods described herein for applications where the impurity profile is a 

concern.  

Hydrogen reduction at 400ºC and the solution synthesized Na2S displayed the highest 

purity. Both were phaseïpure with respect to XRD and there was no evidence of the polysulfide 

band in their Raman spectra. FTIR proved to be the most sensitive diagnostic. Both forms were 

free of impurities with the exception of low intensity absorption signatures from oysulfur groups, 

and arguably the solution synthesized Na2S was superior to the H2-reduced. 

The variation in microstructure among the different Na2S samples was characterized 

using SEM (Fig. 3.7) along with their respective photographs to provide context of color and 

macroscopic texture. Commercial and dehydrated Na2S displayed similar morphologies 

consisting of polydisperse nodules with little surface roughness or micro-features. However, the 

dehydrated Na2S undergoes a dramatic structural rearrangement during hydrogen reduction. The 

smaller particles from the dehydrated material appear to coalesce during reduction to form 

somewhat larger, more uniform particles with a highly porous skeletal structure. In contrast to 

the other forms, the solution-synthesized Na2S possesses a very fine microstructure with small, 

monodisperse particles on the order of 1-10 ɛm in diameter. Both the skeletal structure and the 

uniformly small particle size of reduced and synthesized Na2S, respectively, could have 

important impacts on reactivity owing to their higher specific surface area. The small particle 

size, monodisperse nature, and high purity of Na2S-s could make it especially relevant to 

emerging applications in energy storage, such as high-capacity Na-S cathode materials or as a 
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precursor to Na2S-based solid-state electrolytes, the synthesis of which would presumably 

benefit from smaller particle size and higher surface area of the Na2S reagent. Lower 

magnification images, and images of the as-milled Na2S-h are provided in the Supporting 

Information. (Fig. 3.9) 

 

 

Figure 3.6 Comparison using TGA (a), FTIR (b), XRD (c), and Raman spectroscopy (d) of the 

anhydrous Na2S produced in this work. Key: * - H2O, ǅ - S=O vibrational mode, ƶ ï NaHS, Ƹ 

ï unknown crystalline impurity, Å - o-Na2S, ƴ ï Na2Sx, ᴖ  ï Na2S 

 

Finally, the potential material cost of the described methods of Na2S preparation and 

purification are compared to the current cost of anhydrous Na2S. Though pricing of research-

grade materials is not always directly relevant to prices at bulk scales, in this case the low 

availability of anhydrous Na2S in bulk quantities necessitates their use. Table 3.4 (Supporting  
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Figure 3.7 SEM of Na2S from different preparation routes and corresponding photograph (inset): 

commercial anhydrous from Sigma Aldrich (a); dehydrated (b); H2-reduced (c); and synthesized 

(methanol system) (d). 

 

Information) provides a summary of reagent costs. Solid reagent pricing was retrieved 

from the Sigma-Aldrich website for reagent-grade chemicals (accessed October 2020), while 

gaseous reagent prices are typical for industrial use. The cost to produce Na2S is not expected to 

be very sensitive to the cost of gaseous reagents due to their much lower molar price, which are 

at least two orders of magnitude lower than the solid reagents. The reagent costs per gram-Na2S 

for Na2S-d, Na2S-r, and Na2S-s are derived from the stated reagent costs and then shown in 

comparison to two commercial forms of anhydrous Na2S ï Sigma Aldrich and Alfa Aesar ï in 

Fig. 3.8, revealing that dehydration and purification of Na2S-h and the liquid-phase synthesis 

route could be one and two orders of magnitude cheaper than the current commercially available 

material, respectively. The difference is driven by the cost of sodium source, with metallic 

sodium being considerably more expensive than the technical grade hydrate. Table 3.4 
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(Supporting Information) shows pricing of research grade materials. Both technical grade Na2S 

hydrate and Na metal are widely available commodity chemicals at pricing two orders of 

magnitude below the values shown in Table 3.4, suggesting that at scale anhydrous Na2S 

produced through either method would be a very low cost. Finally, Table 3.1 provides a 

summary of the different samples of Na2S investigated in this work. 

 

 

Figure 3.8 Materials cost comparison of different Na2S grades at lab-scale.  

 

3.6 Conclusions 

Two methods to prepare anhydrous Na2S of high purity have been described in this work. 

First, low-cost Na2S hydrate was dehydrated and then purified under flowing H2. It was found 

that optimal reduction occurred at T = 400 ºC, significantly lower than previous reports, through 

a diffusion limited process that was well described by a shrinking core model. The reduction 

process produced a unique skeletal microstructure. Second, Na2S was formed via reaction of H2S 

gas with a dissolved sodium alkoxide and recovered by solvent evaporation at moderate 

temperatures with no further purification. Methanol robustly produced phase-pure Na2S with a 

narrow particle size distribution, whereas in ethanol minor stoichiometry variations resulted in 

impurity phases.  

The purity of material produced from both routes were compared to two commercial 

forms of Na2S anhydride. All four materials were indistinguishable by XRD, but vibrational 

spectroscopies proved to be more sensitive diagnostics. Commercial Na2S contained appreciable 

polysulfide (Raman) and Na2SOx (FTIR) impurities. Polysulfide signatures were eliminated and 
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Na2SOx signals greatly attenuated in both synthesis methods presented, with the solution-based 

synthesis perhaps being slightly superior. Color is a sensitive and cost-effective diagnostic, with 

pure white being the hallmark of phase pure, impurity free Na2S. Both solution synthesis and the 

hydrate reduction processes are readily scalable with materials costs one and two orders of 

magnitude lower than the price of commercially available Na2S, respectively. 

 

Table 3.1 Summary of Na2S samples investigated in this work 
Source Form/Color TGA 

Mass Loss 

(wt%) 

XRD 

Crystalline 

Phases 

FTIR 

Impurities 

Raman 

Impurities 

Materials 

Cost Estimate 

($ g-1-Na2S) 

Sigma 

Aldrich 

(97-103%) 

Granular/Powder 

Pale Yellow 

ND* c-Na2S H2O (trace) 

NaHS (trace) 

Na2SO4 (trace) 

Na2SO3 (trace) 

Na2SO2 (trace) 

Na2Sx 10.2 

Alfa Aesar 

(>95%) 

Large Chunks 

Yellow surface 

coating, off-

white interior 

1.5 c-Na2S Na2SO4  

Na2SO3 (trace) 

Na2Sx (trace) 7.2 

Na2SÅxH2O 

Sigma 

(>60% 

Na2S) 

Large Flakes 

Yellow-Orange 

38.5 Na2SÅ9H2O 

Na2SÅ5H2O 

Na2SÅ2H2O 

Various 

unidentified 

H2O  

NaHS  

Na2SO4  

Na2SO3  

Na2SO2  

Na2Sx 

H2O 

0.1 

Dehydrated 

Na2SÅxH2O 

Powder 

Yellow 

ND c-Na2S 

o-Na2S 

Trace 

Unidentified 

H2O (trace) 

NaHS (trace) 

Na2SO4 (trace) 

Na2SO3  

Na2SO2 

Na2Sx 

 

0.1 

H2-Reduced Powder 

Pure white 

ND c-Na2S Na2SO4 (trace) 

Na2SO3 (trace) 

Na2SO2 (trace) 

ND 0.1 

Synthesized 

(MeOH) 

Fine Powder 

Pure white 

0.5 c-Na2S Na2SO2 (trace) ND 1.2 

*ND = Not Detected 
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3.8 Supporting Information  

Spectroscopic peak assignments, additional SEM images ï including lower 

magnifications and milled Na2S hydrate ï lab-scale reagent cost summary, and shrinking-core 

reaction model details. 

 

Table 3.2 FTIR Peak Assignments 

Wavenumber 

(cm-1) 

Vibrational Mode Chemical Identity References 

3,200 H2O Stretch H2O 17 

2,800 H-S Stretch NaHS 18 

1,570 H2O Bending H2O 17 

1,430 SO2
2- Asymmetric Stretch Na2SO2 

20 

1,130 SO4
2- Symmetric Stretch Na2SO4 

20 

960 SO3
2- Symmetric Stretch Na2SO3 

20 

820 Coordinated H2O Bending H2O 17 

630 SO3
2- Bending Na2SO3 

20 

 

Table 3.3 Raman Peak Assignments 

Raman Shift 

(cm-1) 

Vibrational Mode Chemical Identity References 

1,700 H2O Bending H2O 17 

470 S2
2-/S4

2- Stretch Na2S2/Na2S4 
21 

240 Water Coordinated Na2S 

Lattice Vibration 

Na2S 
 

195 Na2S Lattice Vibration Na2S 21 
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Figure 3.9 Lower magnification SEM images of Na2S from different preparation routes: 

commercial anhydrous (a), as-milled hydrate at 1,000X (b) and 5,000X (c) magnifications, 

dehydrated (d), H2-reduced (e), and synthesized (methanol system) (f). 
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Table 3.4 Prices of Na2S reagents 

Chemical 

Quantity 

(g) 

Price 

($) 

Unit Price 

($ g-1) 

Molar Mass 

(g mol-1) 

Unit Price 

($ mol-1) 

Na2S Anhydride 

(Sigma Aldrich) 50 512.00   10.24  78.04 799.13  

Na2S Anhydride 

(Alfa Aesar) 100 723.00 7.23 78.04 564.23 

Na2S Hydrate (60%)a 1000 66.00  0.07  54.02 3.57  

H2
b 1000 3.50  0.00  2.02 0.01  

Na Metala 50 $98.30  1.97  22.99 45.20  

H2S
b 1000 $2.00  0.00  34.10 0.07  

aSigma-Aldrich pricing 

bEstimates 

 

3.8.1 Shrinking-Core Reaction-Model Details. 

The chemical basis of the hydrogen-reduction purification process is the reaction of H2 

gas with oxidized impurities in the anhydrous Na2S including polysulfides (Na2Sx) and oxysulfur 

compounds (Na2SOx). The chemical reactions underlying this process are: 

H2g + Na2Sxs Ÿ Na2Ss + H2Sx-1g;     x > 1 3.6 

x-1H
2
g + Na2Sxs Ÿ Na2Ss + x-1H2Sg;     x > 1 3.7 

xH2g + Na2SOxs Ÿ Na2Ss + xH2OgȠ     2 Ò ὼ Ò 4 3.8 

The kinetics of the hydrogen-reduction reaction at 400 °C were modeled using a single 

heterogeneous gas-solid reaction controlled by gas diffusion through a shrinking unreacted core 

with a pseudo-steady-state approximation, assuming a uniform particle size of 28 µm. The 

external film mass transfer and gas-solid reaction are assumed to be much faster than internal gas 

diffusion ï an assumption that is well-supported by the first-order nature of the fractional 

reduction curve: A lack of s-shaped behavior is characteristic of a large Thiele Modulus 

(ᶫ
''
=Rp

kɟ
s

De,A
 for zero-order gas-solid reaction kinetics in a spherical particle) indicating the 

process is internal-diffusion-limited.  
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For an internal-diffusion-limited gas-solid reaction, the time, ὸ, required to achieve 

fractional conversion, ὼ, is given by the following relations:29 

 

t =
Rp
2

CH2

aCs0

De,H2

1

2
1-
rc

Rp

2

-
1

3
1-
rc

Rp

3

3.9 

x =
᷿nH2dt
t

0

᷿nH2dt
Ð

0

=1-
rc

Rp

3

3.10 

 

The experimental H2 flowrate vs. time data (Fig. 3a) was used to calculate fractional 

conversion vs. time (Fig. 3b), which was fit to the above model using the method of least 

squares. The domain was limited to time larger than 1.22 h to avoid the impact of flow 

instabilities at the beginning of the reaction, which manifest as an apparent increase of H2 flow in 

the effluent. This instability is possibly caused by partial sintering of the reactant bed leading to a 

temporary change in pressure at the inlet of the mass spectrometer. The apparent increase in H2 

concentration is explained by the slower pumping speed of H2 relative to Ar during this pressure 

fluctuation. Because it is difficult and time-consuming to extract values for a, Cs0, and De,H2, 

these values were instead lumped into a single fit parameter, ὄ with a best-fit value of 

B=
aCs0

De,H2

 = 5.75Ā10
14mol H2Ās

msolid
3 m2

.  

The coefficient of determination, R2, was calculated according to the following equations, 

and the best fit value was found to be R2 πȢψφ. 

 

R2 =1-
SSres

SStot
σȢρρ 

SSres = y
i
-f
i

2

i

3.12 

Sres = y
i
-y
2

i

3.13 
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List of Symbols 

Letters 

 

Units 

a Number of moles of H2 reacting with 1 mole 

of solid reactant 

mol H2

mol S
 

 

B Lumped fit parameter = 
ȟ

 mol H2Ās

msolid
3 m2

 

 

CH2 Concentration of H2 in gas phase mol H2

m3
 

 

Cs0 Initial concentration of the solid reactant mol S

m3
 

 

De,H2 Effective diffusivity of H2 in the solid m2

s
 

 

f
i
 Fitted/Model-predicted value  

k Reaction rate constant mol H2

kg
solid
Ās

 

 

nH2 Molar rate of H2 consumption mol H2

s
 

 

R2 Coefficient of determination  

rc Radius of unreacted core m 

Rp Particle radius m 

S Solid reactant  

SSres Sum of squares of residuals  

SStot Total sum of squares  

t Reaction time s 

x Fractional conversion/reduction  

y Mean value of observed data  

y
i
 Value of observed data  

 

Greek Symbols 

 

Units 

ɟ
s
 Skeletal solid mass density kg

msolid
3

 

 

ᶫ
''
 Thiele Modulus for zero-order gas-solid 

reaction kinetics in a spherical particle 
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CHAPTER 4 

ARGYRODITE SUPERIONIC CONDUCTORS FABRICATED FROM METATHESIS-

DERIVED LI2S 

 

Based on a paper published in ACS Applied Energy Materials1 

William H. Smith,2 Saeed Ahmadi Vaselabadi,3 Colin A. Wolden4 

 

4.1 Abstract 

Lithium sulfide (Li2S) is both a high-capacity cathode and the critical component in 

sulfide-based lithium-ion solid-state electrolytes. Conventionally produced by carbothermal or 

H2S reduction, its high cost constrains development of the next-generation batteries that employ 

it. Here, we introduce production of Li2S though room-temperature metathesis using LiCl and 

technical grade Na2SÅxH2O that was either dehydrated or further purified through hydrogen 

reduction. Li6PS5Cl argyrodites derived from metathesis Li2S display high ionic conductivity (>4 

mS cm-1 at RT), exceeding that of the commercial Li2S control. Metathesis offers an economical 

and energy efficient route for the scalable production of this critical material. 

 

 

Figure 4.1 Graphical abstract. 

 

4.2 Keywords 

Lithium sulfide, argyrodite, solid electrolyte, metathesis, synthesis 

 
1 Reprinted with permission of ACS Applied Energy Materials, 2022, DOI: 10.1021/acsaem.2c00442. Copyright 

2022 ACS. 
2 Primary author 
3 Co-author 
4 Co-author, advisor, and corresponding author 
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4.3 Article Main Text  

Conventional lithium-ion batteries (LIBs) used in todayôs electric vehicles (EVs) are 

approaching their physicochemical limit for energy density, which is constraining their wider 

adoption due to both range and cost considerations.1 Replacement of conventional liquid 

electrolytes with thin solid-state counterparts is key to enhancing the specific energy density of 

next-generation batteries while simultaneously reducing flammability concerns.2 All -solid-state 

lithium-ion batteries (ASSLIBs) could employ conventional electrodes (graphite/metal oxides) or 

be paired with anodes (Li, Si)3,4 or cathodes (S, Li2S)5 that offer higher capacity.  

Candidate SSEs include polymers, oxides, and sulfide-based inorganic glasses and 

ceramics. Among these, the latter offer favorable properties including superior ionic 

conductivity6 and ductility, which allows for the effective formation of electrolyte-electrode 

interfaces.2 Among the most promising sulfide SSEs are the Li2S-P2S5 (LPS) glasses and 

ceramics (i.e. Li 7P3S11), Li 10GeP2S12 (LGPS) and its analogues, and Li 7-yPS6-yXy (X = Cl, Br, I) 

argyrodites.7 Chloride argyrodites (Li6PS5Cl) in particular are favored due to their combination 

of high ionic conductivity (ů25°C å 1-5 mS cm-1),8 favorable synthesis and processing methods,9 

lack of expensive materials like GeS2, and the self-passivating nature of its interfaces.10 

However, a major disadvantage of sulfide SSEs is their high cost, which is primarily due 

to the high cost of the key precursor lithium sulfide (Li2S). Laboratory quantities of Li2S retail 

for >$10,000/kg and at scale the price remains ~$1,000/kg, which is not competitive with current 

LIB technology. The high cost of Li2S reflects the unfavorable methods used to synthesize it, 

summarized in Table 4.1. Lithium metal can be reacted with elemental sulfur or H2S. As recently 

reported, the elemental reaction can be conducted at ~90 °C in tetrahydrofuran (THF) with an 

electron transfer catalyst such as naphthalene.11 Alternatively, lithium can be converted to an 

intermediate alkoxide solution, then reacted with H2S gas at ambient temperatures.12-15 Fast 

kinetics coupled with favorable thermodynamics ensure complete abatement of the hazardous 

waste gas and concomitant recovery of the H2 contained therein. These methods may be 

preferred at lab scale due to their simplicity, but large-scale production is unfavorable due to the 

high cost of lithium metal relative to more common lithium salts. Furthermore, this process 

required purified H2S and presents toxicity and flammability hazards, as does lithium metal due 

to its pyrophoricity and THF due to its toxicity. The industrial standard is the carbothermal 

reduction of lithium sulfate due to the low cost of reagents and technological maturity, but this 
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method requires higher operating costs due to the highly endothermic nature of the reaction, 

which is typically conducted around 700-1,000 °C.16 Due to the energy intensity and reaction 

stoichiometry, carbothermal reduction is the most CO2-intensive synthesis route. Li2CO3 and 

LiOH may also be reduced with H2S at elevated temperatures.17,18 Drawbacks of these 

approaches, however, are relatively slow solid-gas reaction kinetics and the highly corrosive 

nature of resulting mixtures of unreacted H2S and steam. These high temperature methods also 

produce Li2S in bulk form, often requiring additional purification and processing such as ball 

milling to deliver powders with desired morphology. An alternative approach employs alcohol 

extraction and subsequent distillation/annealing.19 

A common reaction method for synthesizing transition metal sulfides is the metathesis ï 

or counter-ion exchange ï reaction, but the application of this method to the synthesis of Li2S 

has not yet been reported in the literature. Here, we describe the development of a reaction 

scheme in which lithium chloride reacts with Na2S in an alcohol solution. Reactive precipitation 

of NaCl provides favorable energetics and facilitates separation of the two products due to the 

high solubility of Li2S in alcohols relative to NaCl. The Li2S is recovered via solvent evaporation 

and purified by annealing at 300 °C under flowing argon. Figures 4.2-a and 4.2-b provide a flow 

diagram of the metathesis process and image of the final Li2S product, respectively. 

Anhydrous Na2S, like its lithium counterpart, is currently prohibitively expensive. Instead 

we employ low-cost, technical grade Na2S hydrate flakes (~$0.5/kg at scale) that are purified in 

house using a two-step procedure detailed previously.20 A low temperature anneal removes 

bound water and a hydrogen reduction step removes residual polysulfide and oxysulfur 

impurities, resulting in anhydrous Na2S powders with superior purity to commercially available 

material. Both dehydrated and fully reduced Na2S were used and compared. The metathesis 

reaction was conducted by adding a near-stoichiometric quantity of purified Na2S reagent 

directly to an LiCl solution with stirring. Upon addition of Na2S a white suspension rapidly 

forms due to NaCl precipitation. Next, the NaCl solids are separated out by centrifugation, and 

the supernatant is evaporated under vacuum with stirring at 100 °C. Additional details on the 

process conditions and representative images (Fig. 4.5) are provided in the Supporting 

Information.
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Table 4.1 Attributes of the alternative Li2S synthesis methods 

Lithium 

Source 

Costa 

(USD kg-1 Li)  

Reaction Process Tempb  

(ºC) 

Energyc 

(MJ kg-1 Li 2S) 

GHGd 

(kg CO2 kg-1 Li2S) 

Safety/ 

Hazards 

 

Li  

 

 

73.0 

2Li + S ự Li 2S 90 11.6 0.59 Li, THF 

2Li + H2S ựự  Li 2S + H2 
20/300 39.0 1.96 Li, H2S 

Li 2SO4 31.0 
Li 2SO4 + 2C O  Li 2S + 2CO2 

700-1000/300 27.3 3.29 Hi T 

Li 2CO3 26.9 
Li 2CO3 + H2S O  Li 2S + CO2 + H2O 

500-700 5.1 1.22 H2S/Hi T 

H2S/H2O 

LiOH 43.7 
2LiOH + H2S O  Li 2S + H2O 

250-450 5.0 0.25 H2S/Hi T 

H2S/H2O 

LiCl  52.5 2LiCl + Na2S ựự  Li 2S + 2NaCl 20/300 22.2 1.11 N/A 

a References16,21,22 

b Reaction/annealing (if needed) 

c Includes precursor formation (electrolysis, dehydration)/reaction/solvent evaporation (if needed). See Tables 4.2-4.7 for a detailed summary. 

d Direct CO2 evolution +0.05 kg CO2 MJ-1 (carbon intensity of natural gas) 
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The powder recovered from the evaporation step appears dry but retains 40 wt% solvent 

(Fig. 4.2-d), necessitating further annealing at elevated temperatures above 200 °C to completely 

remove complexed solvent. Annealing above 300 °C or in the presence of strong mass transfer 

limitations can cause carburization of solvent resulting in a gray discoloration to the Li2S, 

identified as carbon deposits by observation of carbon D/G bands in Raman spectroscopy. (Fig. 

4.6) Therefore, the Li2S samples were annealed in a fluidized-bed configuration (Fig. 4.11) to 

minimize transport limitations, and the annealing temperature was limited to 300 °C or below. 

TGA (Fig. 4.2-d) shows that a 250 °C anneal for 12 h reduces the solvent content to ~4 wt%, and 

a further anneal at 300 °C for 12 h is required to completely remove the solvent. Solvent removal 

throughout annealing is accompanied with an increase in crystallite size as evidenced by the peak 

broadening exhibited in XRD (Fig. 4.2-e). A Scherrer equation estimate indicates crystallites 

smaller than 10 nm in the as-evaporated material and ~18 nm in the 250 °C annealed material, 

while the 300 °C annealed material exhibits sharp diffraction peaks consistent with much larger 

particle sizes. These nanocrystals can be observed in SEM as consisting of nanoflakes with 

thicknesses on the order of 100 nm, which agglomerate into spherical secondary particles about 

1-10 µm in diameter. (Fig. 4.2-c & Fig. 4.7) In previous work, we demonstrated that this 

nanoflake morphology is beneficial for applications to both Li2S cathodes14 and in the 

mechanochemical synthesis of glassy solid-state electrolytes.15 

The Li2S recovered from metathesis is of high purity, but residual impurities not present 

in commercial material were detected with XRD and TGA. Figure 4.3 compares the properties of 

metathesis Li2S relative to a commercial standard as a function of Na2S source (dehydrated or 

fully reduced) and the Na2S:LiCl stoichiometry. Using fully reduced Na2S XRD revealed the 

presence of several impurity phases: Li3OCl, Li2O, and Li2CO3, and NaCl. Conducting the same 

synthesis with a slight stoichiometric excess Na2S (1 or 2 wt. %) diminished the intensity of the 

Li 3OCl diffraction peak, while the relative intensity of the Li2CO3 and NaCl peaks increased. 

(Fig. 4.3-a) This may suggest that the presence of impurities in the Na2S reagent necessitate an 

additional excess above the nominal stoichiometry in order to completely consume all of the 

LiCl reagent. Otherwise, the unreacted LiCl may react with oxygenated lithium compounds to 

form Li3OCl. We presume that O and C impurities derive from the decomposition of the solvated 

compound Li2SÅCH3CH2OH that is present in Li2S recovered from ethanol solutions.23  
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Figure 4.2 a) Process flow diagram of the low-temperature liquid-state metathesis for the 

production of Li2S. b) Image and c) micrograph of metathesis Li2S. d) TGA and e) XRD of Li2S 

after sequential thermal processing steps. 

 

TGA can provide semi-quantitative information about concentrations of LiOH and 

Li 2CO3, which decompose to Li2O and H2O at around 600 °C and Li2O and CO2 at around 800 

°C, respectively.24 For example, the commercial sample exhibits a ~1 wt% mass loss around 600 

°C, suggesting LiOH impurities present on the order of 2.5 wt%, though no LiOH is detected in 

XRD. The commercial sample is stable at 800 °C, suggesting the absence of Li2CO3, while the 

synthesized samples display a significant mass loss at 800 °C that decreases linearly with Na2S 

excess. (Fig. 4.3-c) However, this trend is opposite that observed in XRD, suggesting that the 

mass loss at 800 °C may be attributed to additional impurities. The decreasing Li3OCl content 

exhibited in XRD suggests that the mass loss may instead be due to thermal decomposition of 

Li 3OCl to Li2O and LiCl followed by subsequent LiCl volatilization.  
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Figure 4.3 a, b) XRD and c, d) TGA of Li2S derived from H2-reduced and dehydrated Na2S, 

respectively, along with a commercial Li2S sample. 

 

The precipitate was predominantly NaCl by XRD in all cases. However, FTIR 

spectroscopy revealed the presence of trace quantities of Na2SOx impurities. (Fig. 4.8) It is 

suggested that the Na2SOx species are derived from the Na2S reagent and act as spectators in the 

metathesis reaction due to their low solubility in EtOH, therefore passing into the precipitate 

unreacted. This is consistent with the notion that excess Na2S is required to fully consume the 
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LiCl precursor due to the presence of such inert impurities. Because of this finding, it was 

hypothesized that anhydrous Na2S could be used without purification via H2-reduction and 

would simply require a slightly greater excess to account for the higher concentration of Na2SOx 

in the dehydrated material. Aside from Na2SOx impurities, the dehydrated Na2S used in this 

study also contains sodium polysulfides, which are soluble in EtOH, and presumably participate 

in the metathesis reaction similar to Na2S. The reaction supernatant resulting from its use is 

bright yellow in contrast to the colorless solution obtained when H2-reduced Na2S is employed. 

(Fig. 4.9) The as-dried Li2S retains a light-yellow color, suggesting the presence of polysulfide 

species.25 However, annealing at 250 ÁC converts the materialôs color to white, suggesting 

thermal decomposition of the polysulfides.  

Figure 4.3-b shows XRD of Li2S samples prepared from dehydrated Na2S without H2 

reduction. Li2S synthesized from a 1 wt% excess of dehydrated Na2S exhibits diffraction peaks 

attributed to Li3OCl and NaCl along with an unidentifiable compound with a diffraction peak at 

~32.0°. In TGA (Fig. 4.3-d) this same sample, as well as a sample synthesized from 2 wt% 

excess, exhibits an anomalous mass loss with an onset around 200 ÁC, which doesnôt correspond 

to any of the previously identified impurities. Li2S samples synthesized from excesses of 

dehydrated Na2S exhibit the same trends as samples synthesized from H2-reduced Na2S: the 

relative intensity of the Li 3OCl diffraction peaks decreased with increasing Na2S excess, and the 

TGA mass loss at 800 °C decreased monotonically, while the relative intensity of Li2CO3 

diffraction peaks increased. The greater mass loss exhibited by samples derived from dehydrated 

Na2S without purification may suggest the retention of Na2SOx or Na2Sx species, which may 

decompose to Na2S and small gas molecules at high temperatures. 

To investigate the validity of metathesis synthesized Li2S, the samples were subsequently 

employed in the synthesis of Li6PS5Cl argyrodite solid-state electrolytes. Stoichiometric 

quantities of Li2S, P2S5, and LiCl were ball-milled then annealed at 550 °C to produce crystalline 

Li 6PS5Cl. Figure 4.4 compares the structure and performance of argyrodite electrolytes derived 

from metathesis Li2S relative to a commercial standard again as a function of Na2S source and 

stoichiometry. Li6PS5Cl synthesized from the commercial sample of Li2S exhibits X-ray 

diffraction peaks that can only be attributed to the argyrodite phase with no impurities or 

unreacted precursors detected. The Li6PS5Cl samples prepared from metathesis Li2S display a 

number of impurity phases. All samples, regardless of Na2S purification, exhibit Li3PO4 and LiCl 
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impurities, presumably originating in oxygenated and chlorinated species such as Li2CO3, Li2O, 

and Li3OCl present in the synthesized Li2S. In the samples derived from dehydrated Na2S (and in 

the sample prepared from 2 wt% excess H2-reduced Na2S) residual Na2S is detected. In the 

sample prepared from H2-reduced Na2S, this may simply suggest that 2 wt% excess results in 

unreacted Na2S that remains dissolved in the supernatant fraction. In contrast, when dehydrated 

Na2S is used, Na2S is present even when Li3OCl levels were high ï indicating a sub-

stoichiometric quantity of Na2S ï which suggests that the Na2S is instead derived from impurities 

in the Na2S, which apparently can partition into the final Li2S product. These impurities, such as 

Na2SOx and Na2Sx, may then decompose into Na2S during Li6PS5Cl synthesis and processing. 

(Fig. 4.4-a,b)  

While phase purity is important, performance is paramount, and therefore the ionic 

conductivity of the argyrodites was measured by temperature-dependent electrochemical 

impedance spectroscopy. The room temperature ionic conductivity of the sample prepared from 

commercial Li2S was 3.34 mS cm-1 with an activation energy of 0.18 eV. The literature value for 

the activation energy of Li6PS5Cl is reported as either ~0.35 or ~0.2 eV.26 The cause of this 

discrepancy is currently not fully understood, but has been attributed to variations in chemical 

purity27 or variations in Cl-/S2- distribution in the Li7-xPS6-xClx.
28 Importantly, despite the 

presence of trace impurities all of the metathesisïbased argyrodites displayed nominally identical 

performance to the commercial baseline. Room-temperature ionic conductivities ranged from 

2.52 - 4.21 mS cm-1, and activation energies equal to 0.2±0.02 eV. (Fig. 4.4-c,d) Room-

temperature Nyquist plots are presented in Fig 4.10 and values for ionic conductivity and 

activation energy are tabulated in Table 4.8. Most of these samples exceed all previously 

reported conductivity values for the Li 6PS5Cl8 with the exception of one report that employed 

extreme fabrication pressure (1000 MPa/4.96 mS cm-1).29 While ionic conductivity is the primary 

figure of merit for these materials, the electronic conductivity is also key for maintaining low 

leakage current and suppressing lithium dendrite growth.30 DC polarization experiments found 

electronic conductivity ranging from 1 ï 3 x 10-6 mS cm-1, in good comparison with the 

literature.31 
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Figure 4.4 a, b) XRD and c, d) Arrhenius plots of ionic conductivity for argyrodites synthesized 

with Li2S derived from high-purity and low-purity Na2S, respectively, along with an argyrodite 

synthesized from a commercial Li2S sample. 

 

The current cost of Li2S is a bottleneck to widespread deployment of solid-state batteries 

employing sulfide based electrolytes. Table 4.1 compares the attributes of metathesis production 

of Li2S with the alternatives employed to date. None of the current synthesis approaches 

successfully balances low materials costs with low intensity processing and non-hazardous 
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conditions. Metathesis is an exceptionally benign process that provides a compelling alternative 

with no outstanding drawbacks. LiCl is a moderate cost precursor, and there is potential for its 

price to decrease as up to 80% of the worldôs lithium reserves are in brines32 and there is 

substantial ongoing work to improve recovery technologies.33 Even at current pricing the 

materials cost for metathesis are <$50 kg-1 Li 2S due to the negligible cost of Na2S and recycling 

of the ethanol. The modest energy and GHG emissions are primarily associated with ethanol 

vaporization. Alternatively dissolved Li2S could be used directly in solution-based electrolyte 

synthesis methods that are being developed as more scalable alternatives to ball milling.34 The 

leading attributes of metathesis are its low temperature, fast kinetics, absence of safety concerns 

and generation of powders with favorable morphology for subsequent processing. 

In summary, this study demonstrates solution-based synthesis of Li2S via metathesis 

conducted in ethanol using low-cost precursors LiCl and Na2SÅxH2O. Li2S powders were 

recovered via solvent evaporation followed by a mild anneal at 300 °C. Metathesis Li2S retained 

residual impurities not observed in commercial Li2S that originate from the reagents employed 

and ethanol decomposition during annealing. Nevertheless, Li6PS5Cl argyrodite electrolytes 

synthesized from metathesis Li2S demonstrated a combination of properties including high 

room-temperature ionic conductivity (3-4 mS cm-1), low electronic conductivity (~10-6 mS cm-1), 

and low activation energy (~0.2 eV) that were comparable to the commercial control and among 

the best achieved to date for this material. The combination of low precursor costs coupled with 

fast and benign processing offers the opportunity to reduce Li2S costs more than an order of 

magnitude, making solid-state batteries technologies employing thio-LISICON electrolytes cost 

competitive. Work is ongoing to further improve the Li2S impurity profile and assess its impact 

in other applications such as advanced cathodes.  

 

4.4 Supporting Information  

Experimental methods, additional material characterization, Nyquist plots, ionic 

conductivity and activation energy summary, and supporting information for Table 4.1  
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4.4.1 Experimental Methods 

Materials 

Na2S hydrate flakes (60%, Sigma) were purified based on previously reported work.20 In 

brief, Na2S hydrate flakes were ground in 100 g quantities with a twin-blade grinder to form a 

powder, then heated under vacuum to 70 °C overnight, then again overnight at 150 °C to yield 

~60 g dehydrated Na2S. To remove Na2SOx and Na2Sx impurities, the dehydrated material was 

heated in 30 g quantities to 600 °C under flowing 50% H2/Ar for 12 h in a packed bed 

configuration. Commercial Li2S (99.9%, Alfa) was employed as a control. LiCl (99%, Sigma) 

was ground and dried at 150 °C under vacuum overnight. Ethanol (EtOH, <0.005% H2O, 

Sigma), P2S5 (99%, Sigma), and Ar (99.999%, General Air) were also employed. Procedures 

were conducted in an Ar-filled glovebox (<1 ppm H2O). 

Li2S Synthesis 

Nominally 5 g batches of anhydrous Li2S were synthesized as follows. LiCl was 

dissolved in EtOH for at least 1 h to form a 1.8 M precursor solution. Next, a stoichiometric or 

slight excess (see text) quantity of dehydrated or H2-reduced Na2S was added to the LiCl 

solution with stirring. Na2S can also be dissolved in a separate solution and then mixed, (as 

shown in the table of contents graphic) but this requires larger solvent volumes for the same 

quantity of Li2S, which is costly and leaches excess NaCl into the Li2S. In addition, there is some 

evidence that Na2S, unlike Li2S, undergoes alcoholysis with most alcohols meaning that 

semibatch operation is preferable to favor the desired metathesis reaction over the alcoholysis 

reaction.35 The solution was capped and stirred overnight, then centrifuged at 4,000 rpm for 15 

minutes. The supernatant was decanted and evaporated in an oil bath set at 100 °C under vacuum 

with stirring for 2 h. The resulting material was recovered and ground with mortar and pestle into 

a powder, then annealed in a 1 in tubular fluidized bed dryer oriented vertically in a tube furnace 

under 140 sccm Ar flowing upwards through the bed to provide fluidization. (Fig. S7) The 

furnace was heated at 5 °C/min to the 250 °C for 12 h, then 300 °C for an additional 12 h. The 

yield of Li2S is typically ~80% of theoretical (i.e. 4 g are recovered from a nominal 5 g 

synthesis). The loss of Li2S is attributed to retention of ~20% of the Li2S solution in the NaCl 

precipitate. This suggests yields approaching 100% can be achieved with optimized solvent 

recovery. Methods such as solvent washing could increase the yield, but would potentially 

extract additional NaCl from the precipitate. Therefore, alternative strategies to recover the 
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remaining Li2S solution are currently being developed. The NaCl precipitate was dried under 

vacuum before being recovered and dried fully at 150 °C on a hot plate overnight inside the 

glovebox. 

Li6PS5Cl Synthesis 

Stoichiometric quantities of Li2S, LiCl, and P2S5 (~ 2 g in total) were ground with mortar 

and pestle, then sealed in a ZrO2 ball mill jar (40 ml) with 8 ZrO2 balls (10 mm diameter) with a 

ZrO2 balls-to-precursors mass ratio of ~13/1 and milled for 10 h in a high energy ball mixer 

(SPEX, Mixer/Mill 8000 M). Milled samples (200-250 mg) were then pressed into pellets under 

240 MPa and then placed in a quartz tube evacuated with dynamic vacuum (~27-30 torr) for 

annealing in order to improve crystallinity/complete the reaction. The quartz tube was heated to 

550 °C at a rate of 10 °C/min and held for 1 h with an electronic heating element, then allowed to 

naturally cool to room temperature. 

Characterization 

X-ray diffraction (XRD) was measured on a Philips XôPert X-ray diffractometer with Cu 

KŬ radiation (ɚ = 0.15405 nm) between 10 and 70Á at a scan rate of 2° minī1 (step size = 0.05°). 

Samples were prepared on a glass slide with a piece of Scotch Magic Tape covering the material 

to prevent undesired reactions with ambient moisture. The contribution from the quartz slide was 

background subtracted with a polynomial fit. Thermogravimetric analysis (TGA) was performed 

by loading approximately 10 mg of sample into an Al2O3 pan, which was then transferred into a 

TGA Q50 (TA Instruments) under flowing Ar. The sample was stabilized at ambient temperature 

for 15 min then heated to 800 °C at a rate of 10 °C/min and held for 60 min. Fourier-transform 

infrared spectroscopy (FTIR) was performed with a Nicolet Summit FTIR spectrometer using an 

attenuated total reflection (ATR) accessory equipped with a diamond crystal. Raman 

spectroscopy was conducted with a WiTec alpha 300M Confocal Microscope/Raman 

Spectrometer employing a 100 mW 532 nm laser. Samples were mounted on a glass slide and 

sealed under a quartz cover slip. The laser was focused through the cover slip onto the sample 

using a 20X objective, and spectra were collected using a CCD detector (Andor Technologies) at 

ī60ÁC. Field emission scanning electron microscopy (FESEM) images were taken on a JEOL 

JSM-7000F FESEM instrument with an accelerating voltage of 5 kV. 
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Conductivity Measurements 

Samples were ground with mortar and pestle, then about 150-200 mg was pressed into 12 

mm diameter pellets in a PEEK split cell with stainless steel plungers under a uniaxial 

fabrication pressure of 240 MPa and held for 2 min. Pellets were typically 1-1.5 mm thick (~75-

90% densification). The pressure was released for 1 min, then increased again to 120 MPa for 

electrical testing with a Gamry Interface 1000E potentiostat. Electrochemical impedance 

spectroscopy (EIS) was performed in the frequency range of 1 Hz to 1 MHz with a 10 mV 

perturbation. Total ionic resistance of the sample was calculated by fitting the Nyquist data to the 

equivalent circuit (R=Q1) Q2, where R is the ionic resistance of the sample, and Q1 and Q2 are 

constant-phase elements representing grain capacitance and blocking electrode polarization, 

respectively. Non-ambient temperature testing was performed by heating the split cell apparatus 

with an electrical heating element and allowing it to stabilize at the target temperature for 1.5 h. 

The electronic current response was measured using DC polarization by applying a step voltage 

of (0.5, 0.75, and 1 V DC) and running for more than 2 h to obtain a steady state current 

measurement. Electronic resistance was calculated from steady-state current according to Ohmôs 

law. 

 

4.4.2 Supporting Data and Figures 

Table 4.2 Energy breakdown: 2Li + S Ÿ Li2S 

Processing Step Chemical Representation Enthalpy  

(MJ kg-1 Li 2S) 

Hydrate Decomposition/ 

Electrolysis/ Reaction 

2LiClÅH2Os Ÿ 2LiCls + H2Og 

2LiCls Ÿ 2Lis + Cl2g 

2Lis + Ss Ÿ Li2Ss 

10.9 

Reaction Suspension Sensible 

Heat (RT Ÿ 90ÁC) 

 0.8 

Total  11.6 
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Table 4.3 Energy breakdown: 2Li + H2S Ÿ Li2S + H2 

Processing Step Chemical Representation Enthalpy  

(MJ kg-1 Li 2S) 

Reaction/Hydrate 

Decomposition/Electrolysis 

2LiClÅH2Os Ÿ 2LiCls + H2Og 

2LiCls Ÿ 2Lis + Cl2 g 

2Lis + H2Ss Ÿ Li2Ss + H2 g 

11.3 

Solution Sensible Heat (RT-

80°C) 

 3.8 

Solution Heat of Vaporization  23.4 

Li 2S Annealing Sensible Heat 

(RT-300°C) 

 0.4 

Total  39.0 

 

Table 4.4 Energy breakdown: Li2SO4 + 2C Ÿ Li2S + 2CO2 

Processing Step Chemical Representation Enthalpy  

(MJ kg-1 Li 2S) 

Li2SO4-C Sensible Heat (RT Ÿ 

860°C) 

 2.6 

Hydrate Decomposition/ 

Reaction 

Li 2SO4ÅH2Os Ÿ Li2SO4 s + H2Og 

Li 2SO4 s + 2Cs Ÿ Li2Ss + 2CO2 g 

5.8 

Solution Sensible Heat (RT-

80°C) 

 2.6 

Solution Heat of Vaporization  15.9 

Li 2S Annealing Sensible Heat 

(RT-300°C) 

 0.4 

Total  27.3 
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Table 4.5 Energy breakdown: Li2CO3 + H2S Ÿ Li2S + CO2 + H2O 

Processing Step Chemical Representation Enthalpy  

(MJ kg-1 Li 2S) 

Li 2CO3-H2S Sensible Heat (RT-

600°C) 

 1.7 

Reaction Li 2CO3 s + H2Sg Ÿ Li2Ss + CO2 g + H2Og 3.5 

Total  5.1 

 

Table 4.6 Energy breakdown: 2LiOH + H2S Ÿ Li2S + 2H2O 

Processing Step Chemical Representation Enthalpy  

(MJ kg-1 Li 2S) 

LiOH-H2S Sensible Heat (RT-

350 °C) 

 0.9 

Reaction/Dehydration 2LiOHÅH2Os Ÿ 2LiOHs + 2H2Og 

2LiOHs + H2Sg Ÿ Li2Ss + 2H2Og 

4.1 

Total  5.0 

 

Table 4.7 Energy breakdown: 2LiCl + Na2S Ÿ Li2S + 2NaCl 

Processing Step Chemical Representation Enthalpy  

(MJ kg-1 Li 2S) 

Reaction/Hydrate 

Decomposition 

2LiClÅH2Os Ÿ 2LiCls + 2H2Og 

Na2SÅ0.67H2Os Ÿ Na2Ss + 0.67H2Og 

2LiCls + Na2Ss Ÿ Li2Ss + 2NaCls 

3.2 

Solution Sensible Heat (RT-

80°C) 

 2.6 

Solution Heat of Vaporization  15.9 

Li 2S Annealing Sensible Heat 

(RT-300°C) 

 0.4 

Total  22.2 
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Figure 4.5 Images of a) LiCl precursor solution, b) metathesis reaction product employing fully 

reduced Na2S, c) centrifuged reaction product, d) as-evaporated Li2S, and e) as-annealed Li2S.  

 

 

Figure 4.6 Images of metathesis Li2S annealed at a) 250/300 °C and b) 400 °C. c) Raman spectra 

of pictured samples. 
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Figure 4.7 SEM Images of the synthesized Li2S at a) 5,000x, b) 10,000x, and c) 15,000x 

magnification. 

 

 

Figure 4.8 a) XRD and b) FTIR of synthesized NaCl. 
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Figure 4.9 Images of metathesis conducted with dehydrated Na2S. a) Reaction suspension and b) 

separated product. 

 

 

Figure 4.10 Room-temperature Nyquist plots for argyrodite samples prepared from Li2S derived 

from a) high-purity and b) low-purity Na2S. 
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Figure 4.11 Image and schematic of the fluidized bed dryer. 

 

Table 4.8 Summary of ionic conductivities and activation energies. 

% Excess Na2S ůRT (mS cm-1) Ea (eV) 

Reduced Na2S 

0 3.74 0.19 

1 4.03 0.20 

2 2.52 0.22 

Dehydrated Na2S 

1 3.53 0.20 

2 3.94 0.21 

3 4.21 0.21 

Commercial Li2S 

N/A 3.34 0.18 
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CHAPTER 5 

SYNTHESIS OF HIGH-PURITY LI2S NANOCRYSTALS VIA METATHESIS FOR SOLID-

STATE ELECTROLYTE APPLICATIONS 

 

William H. Smith,1 Saeed Ahmadi Vaselabadi,2 Colin A. Wolden3 

 

5.1 Abstract 

Li 2S is the key precursor for synthesizing thio-LISICON electrolytes employed in solid 

state batteries. However, conventional synthesis techniques such as carbothermal reduction of 

Li 2SO4 arenôt suitable for the generation of low-cost, high-purity Li2S. Metathesis, in which LiCl 

is reacted with Na2S in ethanol, is a scalable synthesis method conducted at ambient conditions. 

The NaCl byproduct is separated from the resulting Li2S solution, and solvent is removed by 

evaporation and thermal annealing. However, the annealing process reveals the presence of 

oxygenated impurities in metathesis Li2S that are not usually observed when recovering Li2S 

from ethanol. In this work we investigate the underlying mechanism of impurity formation, 

finding that they likely derive from the decomposition of alkoxide species that originate from the 

alcoholysis of the Na2S reagent. With this mechanism in mind, several strategies to improve Li2S 

purity are explored. In particular, drying the metathesis Li2S under H2S at low temperature was 

most effective, resulting in high-purity Li2S while retaining a beneficial nanocrystal morphology 

(~10 nm). Argyrodite electrolytes synthesized from this material exhibited essentially identical 

phase purity, ionic conductivity (3.1 mS cm-1), activation energy (0.19 eV), and electronic 

conductivity (6.4Ā10-6 mS cm-1) as that synthesized from commercially available battery-grade 

Li 2S. 

 

 
1 Primary author 
2 Co-author 
3 Co-author, advisor, and corresponding author 
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Figure 5.1 Graphical abstract. 

 

5.2 Introdu ction 

Demand for energy storage is expanding rapidly as electricity generation shifts to 

intermittent sources of renewable electricity such as wind and solar along with increased 

electrification of transportation and industrial sectors. The lithium-ion battery (LIB) is the 

leading electrochemical energy storage technology due to its good performance (high energy 

density, good power capability, efficiency, and long lifetime) and relatively low energy cost 

(~100 USD kWh-1 at the cell level).1-3 However, conventional LIBs face several limitations: The 

intercalation materials used in LIBs are nearing their physicochemical limit in terms of energy 

density, which constrains electric vehicle range and limits the storage capacity of stationary 

installations.4 Furthermore, LIBs suffer from poor performance at both high and low 

temperatures. The risk of thermal runaway leading to ignition of the flammable electrolyte 

reduces the maximum operating temperature of battery packs, and the poor ionic conductivity of 

the electrolyte at low temperatures limits performance of LIBs in cold weather.5 Due to these 

limitations, complex thermal management systems are used to maintain ideal operating 

temperatures, leading to increases in system cost, mass, and volume. 

Replacing the organic liquid electrolyte with alternatives, such as an inorganic solid-state 

electrolyte (SSE), has been suggested as an elegant solution to these myriad challenges. Solid-

state electrolytes have been shown to possess improved compatibility with next-generation high-

energy active materials based on alloying and conversion mechanisms, such as Si/Li-metal 

anodes and sulfur cathodes.6-8 Solid-state electrolytes also exhibit superior thermal stability with 

greatly reduced risk of thermal runaway and satisfactory low-temperature performance.9 

Therefore, advanced batteries employing SSEs may achieve higher energy density with reduced 

need for complex thermal management systems. In addition to these benefits, all-solid-state 

batteries can be manufactured in a bipolar stack, where several cell layers are stacked in one 
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package to yield the required operating voltage, rather than combining several individually 

packaged cells in series as is done with liquid-based cells.10 

Sulfide SSEs are leading candidates for solid-state battery applications due to their high 

lithium-ion conductivity (comparable to liquid electrolytes) and favorable ductility, which allows 

for formation of low-resistance interfaces with active materials. There are many promising 

classes of sulfide SSEs, including glasses, Li7P3S11, LGPS materials, and the argyrodites.11 The 

argyrodites, with the chemical formula Li6PS5X (X = Cl, Br, I), are of particular interest due to 

their combination of high ionic conductivity (up to 12 mS cm-1), low activation energy (as low as 

0.16 eV), good stability against Li metal anodes, favorable ductility, and availability of scalable 

synthesis methods.12 

However, one drawback of sulfide SSEs is the high cost of precursor materials, especially 

Li 2S, which has an estimated bulk price >700 USD kg-1, due to the intensive/hazardous 

conditions required for its synthesis.13 Nanocrystalline Li2S is of particular interest because it has 

been shown to be beneficial for the mechanochemical synthesis of sulfide SSEs,14 cathode 

performance,15 and as a reagent for metal sulfide synthesis.16 Currently, the industrially relevant 

Li 2S synthesis methods include the carbothermal reduction of Li2SO4 ï a highly endothermic 

reaction conducted around 1000 °C that directly emits large amounts of CO2 ï and the 

sulfurization of Li2CO3 or LiOH with H2S ï reactions that off-gas a corrosive mixture of 

unreacted H2S and steam in addition to CO2.
17 Alternatives have been developed, such as the 

catalytic reaction of Li metal and sulfur or the reaction of Li metal and H2S via a dissolved 

alkoxide intermediate.14,15,18 A technoeconomic analysis of the reaction of Li metal and H2S to 

produce >20 tons Li2S per year suggests that Li2S could be produced with this process at ~70 

USD kg-1.19 While this approach may reduce the price of Li2S by an order of magnitude, the Li2S 

price was found to be highly sensitive to the cost of the lithium metal precursor. Therefore, 

lower-cost lithium salt precursors should be investigated. 

Recently, we and others reported a new approach to synthesizing Li2S via metathesis of 

low-cost, abundant LiCl and Na2S.20-22 The reaction (Eq. 5.1) can be conducted at ambient 

temperatures in ethanol, with sparingly soluble NaCl precipitating out of solution. Due to the 

lower cost of lithium chloride compared to lithium metal, we suggest this process could produce 

Li 2S at a cost of ~55 USD kg-1. 

 

2LiCl + Na2S Ÿ Li2S + 2NaCl υȢ1 
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The Li2S could be recovered from the supernatant by solvent evaporation and further 

annealing at Ó300 ÁC. However, the resulting Li2S contained oxygenated impurities ï namely 

LiOH, Li2CO3, Li2O, and Li3OCl ï that are not typically observed when Li2S is simply dissolved 

and recovered from ethanol.23-25 A preliminary study found that Li3OCl formation could be 

minimized by adding 1-2% stoichiometric excess of the Na2S reagent to drive complete 

consumption of the LiCl precursor. However, Li2CO3 and Li2O impurities persisted. The impact 

of these impurities on SSE ion conduction was studied by fabricating a model Li6PS5Cl 

argyrodite and comparing to a control obtained from high-purity commercial Li2S. It was found 

that the Li2S impurities manifest as Li3PO4 and LiCl impurities in the argyrodite. Surprisingly, 

higher ionic conductivity was not necessarily correlated to lower impurity concentration, with 

some of the least pure electrolytes possessing higher lithium ion conductivity than the control. 

Nevertheless, the role these impurity phases may play during long-term battery operation is 

unclear, so minimization of these side phases is desirable for large-scale deployment of the 

metathesis synthesis of Li2S. 

In this work, we investigate the fundamental mechanism of impurity formation during the 

metathesis reaction in ethanol. We find that Li2S is kinetically stable in ethanol solutions and can 

be dissolved and recovered with minimal retention of solvent impurities after a mild annealing 

step. Na2S however, is highly reactive with ethanol and undergoes alcoholysis in parallel with 

metathesis leading to the kinetic entrapment of EtONa in the final Li2S. The presence of EtONa 

is detected with TGA, and the decomposition products are in good agreement with literature 

reports. With this mechanism in mind, several strategies to avoid or remove oxygenated 

impurities were developed, with the resulting Li2S being applied to the synthesis of Li6PS5Cl to 

elucidate underlying composition-property relationships. It was found that complete 

removal/decomposition of organic impurities is key to achieving both high lithium and low 

electron conductivity. One purification step in particular ï drying of the Li2S under a mixture of 

10% H2S in Ar at 80 °C ï retained the desired nanocrystalline morphology and resulted in 

Li 6PS5Cl with purity and performance essentially identical to a control material fabricated from 

high-purity Li2S. 
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5.3 Experimental Methods 

5.3.1 Materials 

Na2S hydrate flakes (60 wt. %, Sigma) were purified as reported previously.26 Briefly, 

100 g was dried by grinding followed by heating under vacuum to 70 °C overnight, then again 

overnight at 150 °C to yield ~60 g dehydrated Na2S (Na2S-d). The dehydrated material is 

anhydrous but retains minor polysulfide and oxy-sulfur impurities. The Na2S-d was further 

purified by heating at 600 °C under flowing 50% H2/Ar for 12 h in a packed bed configuration 

resulting in reduced Na2S (Na2S-r). Commercial Li2S (Li2S-c, 99.9%, Alfa) was employed as a 

control. LiCl (99%, Sigma) was ground and dried at 150 °C under vacuum overnight. Ethanol 

(EtOH, <0.005% H2O, Sigma), 1-propanol (PrOH, <0.005% H2O, Sigma), tetrahydrofuran 

(THF, unstabilized, 99%, Alfa), P2S5 (99%, Sigma), sulfur (99.5%, Alfa), H2S (10% in Argon, 

Praxair), and Ar (99.999%, General Air) were also employed. Procedures were conducted in an 

Ar-filled glovebox. 

 

5.3.2 Sample Preparation 

Li2S-Solvent Compatibility. The compatibility of Li2S with EtOH and/or PrOH was 

studied. First, sufficient Li 2S-c was added to the solvent to form a suspension above the 

saturation limit. Then, additional solvent was added 1 mL at a time with 1 h stirring until all Li2S 

was dissolved. The solubility of Li2S at room temperature was ~0.7 M in EtOH and ~0.4 M in 

PrOH. The compatibility of Na2S with EtOH was studied by dissolving Na2S-r in EtOH at 0.7 M 

for 12 h. For both Li2S and Na2S, a small amount of suspended solid persists in each solvent and 

canôt be dissolved even at lower concentrations and is removed by centrifugation. This is also 

reported by others, and Li2S solutions are typically settled before use.27,28 The Li2S/Na2S was 

recovered from solution using solvent evaporation as described in the text. EtOLi was prepared 

for comparison by adding 0.15 g Li to 15 mL EtOH with stirring until completely dissolved, then 

drying under vacuum at 80 °C for 2 h. 

Li2S Synthesis. LiCl was dissolved in 60 mL EtOH to obtain a 1.4 M solution. Next, 

Na2S-r (2% stoichiometric excess) was added then stirred for 12 h. The resulting suspension was 

centrifuged at 4,000 rpm for 15 minutes, then the supernatant was decanted and evaporated in an 

oil bath with temperature and drying time noted in the text. Metathesis Li2S (Li2S-m) was 

recovered and ground with mortar and pestle into a powder, then annealed in a 13 mm tubular 
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fluidized bed dryer oriented vertically in a tube furnace under 100 sccm gas flowing upwards 

through the bed to provide fluidization. The furnace was heated at 5 °C min-1 to the target 

temperature. Additional syntheses were performed to study the impact of Na2S purity and 

alcohol chain length. In the first, Na2S-d (5% excess) was added to a 1.4 M LiCl-EtOH solution. 

In the latter, Na2S-r (2% excess) was added to a 0.8 M solution of LiCl in PrOH. 

Solid-state metathesis reactions were conducted by grinding LiCl with Na2S-r (2% 

excess) by mortar and pestle, then heating under flowing Ar at 5 °C min-1 to the target 

temperature for 2 h. The sample was allowed to cool naturally, then ground and stirred in EtOH 

for 12 h at a nominal Li2S concentration of 0.7 M. The resulting suspension was centrifuged and 

dried according to the above procedure. 

Li6PS5Cl Synthesis. Li6PS5Cl was synthesized similar to a previous report.20 

Stoichiometric quantities of Li2S, LiCl, and P2S5 were ground by hand, then ball milled in a ZrO2 

jar (40 mL) with 4 ZrO2 balls (10 mm) for 10 h in a SPEX mill (8000 M). Pellets were pressed at 

320 MPa, then heated at 10 °C min-1 to 550 °C for 1 h in a quartz tube under dynamic vacuum. 

 

5.3.3 Materials Characterization 

X-ray diffraction (XRD) was measured on a Philips XôPert X-ray diffractometer with Cu 

KŬ radiation (ɚ = 0.15405 nm) between 10 and 70Á at a scan rate of 2° minī1. Samples were 

prepared on a glass slide covered with Scotch Magic Tape to prevent undesired reactions with 

ambient moisture. Contributions from the quartz slide and tape were background subtracted with 

a polynomial fit. Thermogravimetric analysis (TGA) was performed with a TGA Q50 (TA 

Instruments) under flowing Ar by heating the furnace at a rate of 10 °C min-1. Differential 

Scanning Calorimetry (DSC) was performed on an SDT Q600 (TA Instruments) under flowing 

Ar with a 10 °C min-1 heating rate and natural cooling. Fourier-transform infrared spectroscopy 

(FTIR) was performed with a Nicolet Summit FTIR spectrometer using an attenuated total 

reflection (ATR) accessory equipped with a diamond crystal. Field emission scanning electron 

microscopy (FESEM) images were taken on a JEOL JSM-7000F FESEM instrument with an 

accelerating voltage of 5 kV. Energy-Dispersive Analysis of X-rays (EDAX) was performed on 

the same instrument at 15 kV. On-line gas analysis was performed with a quadrupole mass 

spectrometer (Stanford Research Systems RGA200). 
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5.3.4 Electrochemical Measurements 

Samples were ground with mortar and pestle, then pressed into 12 mm diameter pellets in 

a PEEK split cell with stainless steel plungers under a uniaxial fabrication pressure of 320 MPa. 

Electrochemical testing was conducted with a Gamry Interface 1000E potentiostat under 120 

MPa applied pressure. Electrochemical impedance spectroscopy (EIS) was performed in the 

frequency range of 1 Hz to 1 MHz with a 10 mV perturbation. Non-ambient temperature testing 

was performed by heating the split cell apparatus with an electrical heating element and allowing 

it to stabilize at the target temperature for 1.5 h. Bulk ionic resistance was measured from the 

resulting Nyquist plots one of three ways: If no high-frequency semicircle was observed, then the 

high-frequency x-axis intercept was taken as the ionic resistance. If a semicircle was detected, 

the impedance data was fit to the equivalent circuit shown in Fig. 5.14-h, and the total resistance 

was taken as ionic resistance. Finally, for the sample prepared from the 200 °C annealed Li2S-m, 

which displayed two semicircles, ionic resistance was calculated the same, except an additional 

RQ element was added to the equivalent circuit in series. DC polarization was performed by 

applying a step voltage of 0.1 V and measuring the current response. Electronic resistance was 

calculated from the average of the current over the final 60 s and the applied voltage using 

Ohmôs law. 

 

5.4 Results and Discussion 

The relationship between metathesis Li2S composition and annealing temperature was 

investigated using a combination of XRD and FTIR spectroscopy. (Fig. 5.2-a,b) After drying at 

80 °C under vacuum, only nanocrystalline Li2S is detected in XRD as evidenced by the broad 

signature peaks, but FTIR reveals the presence of residual EtOH impurities. Li2S is IR 

transparent except for the large absorption peak at 400 cm-1 and the minor peak observed around 

500 cm-1. Annealing at 200 °C improves the crystallinity of the Li2S, as indicated by the 

increased peak sharpness in XRD and reduced signal-to-noise ratio. However, FTIR indicates 

that EtOH impurities are retained at 200 °C. After annealing at 300 °C, no EtOH impurities can 

be detected, but Li2CO3 and LiOH are observed. XRD and FTIR suggest that these impurities 

may be avoided by annealing at 400 °C, with only residual NaCl byproduct detected in XRD. 

However, it is apparent that high temperatures simply favor the formation of alternate impurities 

judging from the stark change in color between the 200/300 °C samples and the 400 °C sample. 
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(Fig. 5.2-c) The grey discoloration of the 400 °C sample was linked to graphitic carbon via 

Raman spectroscopy previously,20 and as will be shown later, the formation of carbon impurities 

by high-temperature annealing of solvent residues has a significant impact on the resulting SSE 

electronic conductivity. Higher temperature anneals also cause restructuring of the Li2S grains as 

evidenced by reduced peak broadening in XRD and changes in the particle size and shape as 

seen in SEM. (Fig. 5.9) At 200 °C the Li2S adopts a disordered flake structure, while at 400 °C it 

adopts a smoother, denser morphology. An intermediate form is observed after annealing at 300 

°C consisting of uniform spheres of ~0.1-0.5 ɛm attached to the surface of the flakes. 

 

 

Figure 5.2 a) XRD, b) FTIR, and c) optical images of the Li2S-m at different drying/annealing 

temperatures under Ar. 

 

The formation of impurities initially seemed inconsistent with literature reports. For 

example, Li2S has been synthesized in EtOH by reacting H2S and a solution of EtOLi. The Li2S 
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was recovered from solution by evaporating the solvent and annealing at Ó200 ÁC with no 

formation of any of the impurities shown in Fig. 5.2.14 Likewise, the dissolution of Li2S in EtOH 

followed by recovery through solvent evaporation is commonly employed to generate Li2S 

nanoparticles for use as cathode active materials with claims of yielding pure Li2S.23-25 However, 

close review of the literature reveals several reports in which notable impurities can be detected. 

For example, in some reports29,30 the presence of a diffraction peak around 32-35 Á (Cu KŬ 

radiation) suggest the presence of LiOH or Li2O. In other reports,27,31 diffraction peaks are 

reported at approximately 10.5, 25.5, 29.5, and 35 °, which matches well with the alkoxide 

EtOLi. (Fig. 5.10-a) Though Li2S has been reported to be unreactive with EtOH,23 these other 

reports may suggest that is not necessarily true, with resulting purity dependent on processing, 

and that in some cases the Li2S may undergo alcoholysis. (Eq. 5.2) 

 

Li2S + EtOH ᵮ LiHS + EtOLi υȢ2 

 

To investigate the effect of solvent evaporation parameters on ethoxide formation, 

commercially obtained high-purity (99.9%) Li2S was dissolved in anhydrous EtOH, then 

evaporated under different conditions. Four combinations of high and low temperature and 

pressure were tested: RT/vacuum, RT/~1 atm Ar, 80 °C/vacuum, and 80 °C/~1 atm Ar. The 

results (XRD, FTIR, and TGA) are presented in Fig. 5.10 alongside the EtOLi control. XRD 

shows that both samples evaporated at RT (taking several days to fully dry) exhibit signatures of 

EtOLi. The sample dried at RT/~1 atm also exhibits unique XRD reflections that might indicate 

the presence of a crystalline solvate, since TGA indicates the sample retains a high concentration 

of loosely bound solvent. XRD of the material dried at 80 °C/~1 atm shows no evidence of 

EtOLi or solvate, though the broad Li2S peaks may mask minor impurity phases. (Fig. 5.10-a) 

FTIR of all samples shows similar peaks to the EtOLi, which in turn can be attributed to C2H5 

groups by comparison with the spectra of pure EtOH. (Fig. 5.10-b) Similar to EtONa, EtOLi 

exhibits a distinctive thermal decomposition, with abrupt mass loss at 217 and 393 °C. By 

analogy with EtONa, the first mass loss may be attributed to decomposition of a solvent 

complex, while the second mass loss is attributed to decomposition of the ethoxide group to solid 

oxygenated Li compounds (e.g. Li2CO3 and LiOH), carbon, and small gas molecules.32 These 

signature mass losses can be observed in the RT/vacuum, RT/~1 atm, and 80 °C/~1 atm samples 

in varying degrees. (Fig. 5.10-c,d) 
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Optimal purity was achieved with the 80 °C/vacuum dried sample, which shows only 

crystalline Li2S by XRD with no EtOLi signature mass losses in TGA. Annealing this sample at 

200 °C results in high-purity Li2S showing no impurity signatures in XRD and only faint 

absorption bands in FTIR that may indicate the presence of trace amounts of solvent impurities 

such as EtOLi. (Fig. 5.3-a,c) These results suggest that alcoholysis can proceed but may be 

attenuated by rapidly removing solvent under reduced pressure with sufficiently high applied 

heat flux, which could have important implications not only for the metathesis synthesis, but also 

for any application using the Li2S-EtOH dissolution method, such as Li2S separations and 

cathode nanoparticle preparations. It is also important to note that intrinsic differences in Li2S 

samples may also play a role in explaining variation among literature reports. For example, 

according to available SDSs, Li2S can range in appearance from pure white (as in this study) to 

yellow (as depicted in at least one other study25), suggesting that excess sulfur may be present in 

samples, which could impact solvent interactions. 

Since Li2S can seemingly be kinetically stabilized in EtOH, we turned our attention on 

Na2S. Na2S purified by hydrogen reduction (Na2S-r) was dissolved in anhydrous EtOH at the 

same concentration as Li2S, then dried under vacuum at 80 °C. In stark contrast to Li2S, Na2S is 

nearly completely decomposed in EtOH via alcoholysis (Eq. 5.3) as indicated by the NaHS and 

EtONa signature peaks detected in XRD, along with the strong IR absorption bands consistent 

with high concentrations of solvent impurities. (Fig. 5.3-b,d) 

 

Na2S + EtOH ᵮ NaHS + EtONa υȢ3 

 

Figure 5.4 shows a direct comparison of the TGA curves and their derivatives of Li2S-m 

and Li2S-c recovered from EtOH by annealing at 200 °C. The Li2S-c sample shows negligible 

mass loss until 400 °C, where a slight peak in the derivative may indicate the presence of 

residual EtOLi. The subsequent mass loss may be attributed to LiOH volatilization and 

decomposition to Li2O and H2O,33 and only 1.5 wt% is lost in total. The Li2S-m sample, 

however, exhibits a sharp mass loss at 374 °C, which is consistent with the TGA curve of 

EtONa.32 The gradual mass loss up to 300 °C may be attributed to the slow decomposition of a 

solvent-EtONa adduct. The subsequent mass loss above 400 °C is attributed again to LiOH, with 

a total mass loss of 5.4 wt% up to 600 °C. 
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Figure 5.3 a,b) XRD and c,d) FTIR of Li2S-c and Na2S-r, respectively, recovered from EtOH. 

 

 

Figure 5.4 a) TGA and b) derivative of TGA signal for Li2S-c and Li2S-m recovered from EtOH 

and annealed at 200 °C under Ar. 

 

The reactivity of Na2S with EtOH coupled with observation of the TGA signature of 

EtONa suggests that the oxygenated impurities in Li2S-m originate from kinetically entrapped 
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EtONa formed as a result of Na2S alcoholysis, which occurs in parallel with the desired 

metathesis reaction. (Fig. 5.5-a) Given this mechanism of impurity formation, several strategies 

to remove them or prevent their formation can be proposed. (Fig. 5.5-b) The simplest approach is 

to physically separate the EtONa from the dried Li2S-m using a solvent wash. THF was selected 

as the washing solvent since it dissolves many polar/nonpolar compounds (including the similar 

EtOLi), possesses a relatively low boiling point, and exhibits good compatibility with Li2S. An 

alternative approach is to avoid the formation of EtONa completely by performing reaction and 

NaCl separation independently of each other. For example, by conducting metathesis in the solid 

state (SSM) at elevated temperatures in the absence of solvents, the decomposition of Na2S could 

be avoided. The synthesized Li2S can then be extracted from the reaction product with EtOH. 

Finally, the ethoxide byproducts could also be removed by heating the sample under a sulfur-rich 

environment, favoring the formation of Li2S/Na2S over oxygenated species. To this end, H2S and 

elemental sulfur were investigated as sulfurizing agents. 

 

 

Figure 5.5 a) Reaction mechanism for formation of alkoxides. b) Outline of approaches to 

preventing/removing alkoxide impurities. 

 

Characterization of the Li2S-m produced from each of the four purification approaches is 

summarized in Fig. 5.6 and compared to Li2S-m annealed at 200 °C with no purification attempts 

as a baseline. The baseline sample shows only XRD peaks attributed to Li2S. However, FTIR 

shows strong absorption bands attributed to ethoxide groups and complexed solvent molecules. 

The THF-washed sample was dried at 80 °C under vacuum, then ground and suspended in THF 

for 1 hour followed by centrifuging three times. The wet powder was dried under vacuum at RT 
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for 1 h then annealed at 200 °C under Ar. The resulting Li2S displays greatly reduced FTIR 

solvent signatures compared to baseline.  

The SSM approach was first investigated by performing DSC on a mixture of LiCl and 

2% excess Na2S-r. (Fig. 5.11-a) The heat flow curve shows a strong irreversible exothermic 

event starting at 540 °C, and TGA shows no mass loss until 710 °C accompanied by a reversible 

endothermic event that may be attributed to melting/recrystallization of the reaction product. 

Follow-up experiments were conducted ex situ by heating mixtures of the reagents at different 

temperatures in a tube furnace under flowing Ar and conducting XRD on the resulting material. 

(Fig. 5.11-b) The results showed that, while the reaction can be initiated at temperatures as low 

as 500 °C, heating at 600 °C for 2 h is sufficient to achieve complete reaction, resulting in a solid 

mixture of Li2S and NaCl with no detectable byproducts. After suspending the product powder in 

EtOH at a nominal Li2S concentration of 0.7 M (identical to liquid-state metathesis), the 

resulting supernatant was dried at 80 °C under vacuum and annealed at 200 °C. Only Li 2S 

signatures are detected in XRD, and FTIR shows a significant reduction in vibrational bands 

from solvent impurities. However, one significant FTIR peak was detected at 955 cm-1, which 

may be attributed to SO3
2- symmetric stretch resulting from partial oxidation at elevated reaction 

temperatures. 

Next, annealing in the presence of elemental sulfur was investigated by mixing different 

percentages of sulfur with the dried Li2S. FTIR shows that intermediate sulfur loadings ~5 wt% 

(relative to the Li2S mass) are preferred when annealing at 200 °C, with 1 wt% sulfur providing 

no benefit to solvent removal, and 10% causing the formation of additional species. (Fig. 5.12-a) 

Next, annealing temperature was explored, with the expectation that excess covalent sulfur 

(visible as a yellow discoloration in Fig. 5.6-c) could be removed above the sublimation point of 

sulfur (~100 °C). However, higher temperatures favor the formation of oxidized impurities such 

as Li2CO3 and potentially SO3
2- moieties. (Fig. 5.12-b) Additionally, some excess sulfur 

preferentially reacts with the sulfide to form a dark colored material that may be attributed to 

polysulfides. (Fig. 5.12-c) 

Finally, annealing the Li2S under a 10% H2S/Ar mixture was studied. The Li2S was 

heated to 150 °C under flowing 10% H2S, and the effluent was monitored with on-line mass 

spectrometry. (Fig. 5.13-a) It showed a sudden consumption of H2S starting at 77 °C, which 

rebounded to the baseline value after ~10 min, suggesting that H2S drying could be a rapid, low-
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temperature method of removing the alkoxide byproducts. Though the use of H2S gas raises 

concerns for safety, the consumption of H2S was estimated at only ~0.05 mol H2S mol-1-Li 2S by 

integration of the H2S consumption in Fig. 5.13-a. Separate experiments were conducted by 

heating the Li2S under 10% H2S to a target temperature for 2 h. FTIR of the resulting samples 

shows a monotonic reduction of impurity signatures with decreasing annealing temperatures 

down to 80 °C. This is significant because, while Li2S precipitates from EtOH in nanocrystalline 

form, annealing at high temperatures for long times causes Ostwald ripening of the crystallites 

leading to increased particle sizes. The crystallite size of the H2S dried material is estimated at 11 

nm based on a Scherrer analysis of the XRD peak broadening. 

 

 

Figure 5.6 a) XRD, b) FTIR, and c) optical images of Li2S-m produced using different 

procedures. 
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Optical images of all samples are shown in Fig. 5.6-c. With the exception of the sulfur-

annealed sample, all are fine white powders suggesting the absence of carbon or polysulfide 

byproducts. SEM images are provided in Fig. 5.7. All samples annealed at 200 °C possess a 

similar disordered flake morphology. The H2S-dried sample has a much finer structure consisting 

of smaller, more dispersed crystallites. This fine-grained structure is also reflected at the 

macroscopic scale as seen in the optical images. 

 

 

Figure 5.7 SEM images of Li2S-m produced using different procedures. Scale bar =  1 ɛm. 

 

To investigate the impact of Li2S processing and composition on electrolyte properties, 

Li 6PS5Cl argyrodites were prepared from the Li2S-m samples purified through the methods 

presented above by ball milling stoichiometric quantities of Li2S, P2S5, and LiCl followed by 

annealing at 550 °C. Resulting argyrodites were compared to control samples prepared from 

Li 2S-c and Li2S-m annealed at 300 °C to decompose the alkoxide intermediates to Li2CO3 and 

Li 2O as described in a previous report.20 XRD of the argyrodite samples is presented in Fig. 5.8-

a. The material synthesized from 99.9% pure commercial Li2S is identified as phase-pure 

Li 6PS5Cl with no other impurities. When the baseline Li2S sample annealed at 200 °C 

(containing intact alkoxide residue) is used to synthesize the SSE, poorly crystalline Li6PS5Cl 
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results with significant Li3PS4 and LiCl side phases identified, possibly due to a sub-

stoichiometric amount of Li2S. Additional phases can be observed, but are difficult to identify 

with certainty. The Li2S-m sample annealed at 300 °C results in much higher purity but retains 

traces of Li3PO4 and LiCl.  

The THF-washed Li2S results in promising Li6PS5Cl purity, with nearly undetected 

Li 3PO4/LiCl signatures. The SSM-derived Li2S, on the other hand, results in the formation of 

Li3PO4, LiCl, and NaHS side products. Annealing with 5 wt% sulfur at 200 °C apparently was 

not sufficient to prevent impurity formation since the Li3PO4 and LiCl diffraction peaks are more 

intense than in the 300 °C annealed material. Finally, the H2S-dried Li 2S-m material yielded the 

optimal purity of all metathesis samples with essentially phase-pure argyrodite forming similar to 

that fabricated from commercial Li2S. 

The ionic and electronic conductivity of the argyrodites was measured with EIS and DC 

polarization, respectively. The Arrhenius plots of ionic conductivity and DC polarization current 

responses are presented in Fig. 5.8-b,c, respectively. Temperature-dependent Nyquist plots for all 

samples can be found in the Supplementary Information. (Fig. 5.14) The H2S-dried and THF-

washed Li2S resulted in the highest conductivity of 3.1 mS cm-1 near ambient temperature (27-30 

°C) compared to 3.3 mS cm-1 obtained with commercial material, with essentially identical 

activation energies of 0.18-0.19 eV. The material derived from SSM and sulfur annealing 

achieved below 0.1 mS cm-1 ionic conductivity, below that of even the baseline sample, possibly 

indicating the insulating nature of side phases, such as sulfur/polysulfides or NaHS.  

The electronic conductivity, which is proportional to the steady-state current response in 

Fig. 5.8-c, varies over 6 orders of magnitude. Low electronic conductivity is desired for solid-

state separator applications to minimize leakage current, stabilize SSE-anode interfaces,34 and 

prevent Li dendrite propagation.35 The lowest electronic conductivities are achieved when Li2S-c 

or Li2S-m with H2S drying or 300 °C annealing are used with all samples exhibiting electronic 

conductivity on the order of 10-6 mS cm-1. The highest electronic conductivity is achieved with 

the baseline 200 °C annealed Li2S-m, likely due to the preferential formation of graphitic carbon 

when heating solvent impurities over 400 °C. The THF-washed Li2S yielded an electronic 

conductivity nearly 100 times higher than the optimal samples, though much lower than other 

routes suggesting solvent washing is a promising approach that could be competitive with further 

optimization. The ionic conductivity, activation energy, and electronic conductivity are 
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summarized for all samples in Table 5.1. The results show that H2S drying at 80 °C was the 

optimal method for removing solvent impurities to maintain high SSE purity, with state-of-the-

art ionic and electronic conductivities. 

The goal of this work was to understand the source of impurities found in metathesis 

lithium sulfide and develop means to prevent or remove them. Drying under H2S produced 

material of comparable purity and electrolyte performance to commercial standards, while 

retaining the nanocrystalline morphology that enhances its reactivity. However, other treatments 

may be advantageous in other applications. For example, heating Li2S in the presence of excess 

sulfur can create core@shell structures of Li2S@Li2S2, with potential advantages for improving 

stability in cathode applications.36,37 Likewise, while undesirable for electrolyte applications, the 

electronic conductivity imparted by carbon impurities may be beneficial if the Li2S is deployed 

in composite cathodes. Thus, the post processing of metathesis derived Li2S can be used both for 

purification and to tailor Li2S properties for subsequent applications. 

 

Table 5.1 Summary of ionic/electronic properties of Li6PS5Cl argyrodites fabricated from 

different Li2S samples.  
ůLi+ (10-3 S cm-1) Ea (eV) ůe- (10-9 S cm-1) 

Commercial 3.3 0.18 1.4 

H2S-80 °C 3.1 0.19 6.4 

300 °C 2.4 0.21 0.43 

THF Wash 3.1 0.18 84 

SSM 0.066 0.21 4.4Ā103 

5% S 0.047 0.12 6.3Ā103 

200 °C 0.13 0.15 1.1Ā105 
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Figure 5.8 a) XRD, b) Arrhenius plots, and c) DC Polarization current responses of Li6PS5Cl 

argyrodites fabricated from different Li2S samples. 

 

5.5 Conclusions 

Solid-state lithium batteries based on sulfide SSEs can improve the performance of 

energy storage devices for electromobility and load shifting applications. However, the high cost 

of battery-grade Li2S constrains the large-scale synthesis of SSEs. Metathesis is a scalable 

method of synthesizing Li2S from low-cost LiCl and Na2S in ethanol, but the resulting material 

retains impurities. Here we demonstrate that these arise primarily through alcoholysis of the 

Na2S reagent, forming impurities such as sodium ethoxide. Alcoholysis of Li2S also occurs but at 

much slower rates, and its impact can be mitigated through efficient processing. Subsequent 

decomposition of these solvent-derived impurities during solvent removal or electrolyte 
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synthesis leads to the formation of byproducts that negatively impact the ionic and electronic 

conductivity of the SSE, and may impact long-term operation when incorporated in a device. In 

this work, we proposed and evaluated several approaches to improving the purity of metathesis 

Li 2S: solvent washing, solid-state metathesis followed by solvent extraction, sulfur annealing, 

and H2S drying. Among these approaches, H2S drying at 80 °C resulted in optimal purity while 

retaining the nanocrystallinity (~10 nm crystallites) that has demonstrated benefits for cathode 

performance and electrolyte synthesis. Argyrodites synthesized from H2S dried material 

exhibited purity comparable to electrolytes fabricated from high-purity commercial Li2S with 

nominally identical ionic conductivity (>3 mS cm-1) and electronic conductivity (~10-6 mS cm-1). 
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5.9.1 Supplemental Results and Discussion 

While most attention has been paid to reducing the presence of oxygenated impurities in 

the Li2S-m, relatively little has been focused on the NaCl that is retained due to nonzero 

solubility in EtOH. It is expected that due to the strong bond enthalpy of NaCl, it would be fairly 

inert during cell operation, though it may contribute to cell resistance due to its insulating nature. 

The separation efficiency of Li2S and NaCl in EtOH is dependent on the relative solubility of the 

two species, with an expected concentration of ~1.5 wt% NaCl in Li2S at the concentrations 
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employed here. Others have suggested reacting Na2S with a stoichiometric excess of LiCl, to 

result in unreacted LiCl that suppresses NaCl dissolution via the common-ion effect.21 The 

residual LiCl can be removed by solvent washing or used as a Cl source in the synthesis of SSEs 

such as Li6PS5Cl. However, in our case unreacted LiCl preferentially formed Li3OCl without 

purification. We suggest that the common-ion effect may be more effective when combined with 

one of the purification strategies presented here. 

We also explored the option of utilizing a longer chain alcohol ï 1-propanol (PrOH) ï 

because of its lower NaCl solubility relative to Li2S, which could theoretically reduce the NaCl 

concentration to ~0.5 wt%. We demonstrate that Li2S-c and Li2S-m recovered from PrOH both 

result in oxygenated impurities when annealed at 200 °C. However, H2S-drying at 80 °C seems 

effective at suppressing these impurities as shown in XRD and FTIR. (Fig. 5.15-a,b) The 

microstructure of the H2S-dried material recovered from PrOH appears similar to the EtOH-

derived material, though with a higher degree of agglomeration. (Fig. 5.15-c) The relative 

concentrations of Na and Cl in the EtOH and PrOH materials were measured with EDAX. 

However, both samples showed nearly identical EDAX peak intensities (Fig. 5.15-d), suggesting 

that the actual solubility of NaCl is affected by the presence of co-solutes like Li2S, or that Na 

and Cl is contributed from alternate sources, such as Na2S or LiCl. Further work is needed to 

both reliably quantify and reduce the NaCl content of the Li2S. 

Finally, in a previous study we explored the use of low-purity dehydrated Na2S (Na2S-d) 

as the precursor for Li2S formation.20 The resulting Li2S exhibited higher concentrations of 

Li 2CO3, and Li6PS5Cl argyrodites fabricated from Na2S-d-derived Li2S contained crystalline 

Na2S. However, the ionic conductivity of these samples was generally higher even than materials 

derived from battery-grade Li2S. Figure 5.16 displays XRD and FTIR of Li2S synthesized from 

Na2S-d (5% excess) and LiCl in EtOH with annealing at 200 °C under Ar or at 80 °C under 10% 

H2S, demonstrating that the H2S drying may be applicable to purification even when lower purity 

Na2S is employed. Such a process could represent the simplest and most economical route from 

Na2S to Li2S, since Na2S purification steps such as hydrogen reduction or recrystallization could 

be avoided. The metathesis synthesis was also studied in 1-propanol, and results are reported in 

the Supplemental Information. 
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5.9.2 Supplemental Figures 

 

Figure 5.9 SEM images of Li2S-m annealed at different temperatures under Ar. 

 

 

Figure 5.10 a) XRD, b) FTIR, c) TGA, and d) derivative of TGA of Li2S-c recovered from EtOH 

under different drying conditions compared to EtOLi. 
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Figure 5.11 a) DSC/TGA of a mixture of Na2S and LiCl. b) XRD of a mixture of Na2S and LiCl 

after heating to different temperatures for 2 h under Ar. 

 

 

Figure 5.12 a) FTIR of Li2S-m annealed at 200 °C with different sulfur loadings, and b) with 5% 

sulfur loading at different temperatures. c) Optical images of Li2S-m at 5% sulfur loading 

annealed at different temperatures. 

 




































































































































